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A Fourier analysis applied to the Mach—Zehnder interferometer (MZI) transmission spectrum for simultaneous
refractive index (RI) and temperature measurements is proposed and experimentally demonstrated in this
Letter. In the fast Fourier transform (FFT) spectrum of the MZI transmission spectrum, several frequency
components are generally observed, which means that the transmission spectrum of the MZI is formed by
the superposition of some dual-mode interference (DMI) spectra, and each frequency component represents
different core-cladding interferences. We can select some dominant frequency components in the FFT spectrum
of the MZI transmission spectrum to take the inverse FF'T (IFFT). Then, the corresponding DMI patterns can be
obtained. Due to the shift of the wavelength of these DMI spectra with changes in the environmental parameters,
we can use the coefficient matrix of these DMI spectra for multi-parameter sensing. In this Letter, two DMI
patterns are separated from the resultant transmission spectrum of the MZI. As the RI and temperature change,
the shifts of the two DMI patterns with respect to the RI and temperature will be observed. The sensitivities of
the RI and temperature are —137.1806 nm/RIU (RI unit) and 0.0860 nm/°C, and —22.9955 nm/RIU and
0.0610 nm/°C for the two DMIs. Accordingly, it can be used to simultaneously measure RI and temperature
changes. The approach can eliminate the influence of multiple interferences and improve the accuracy of the
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All-fiber Mach—Zehnder interferometer (MZI) sensors
have attracted great attention due to their small size, high
sensitivity, and ability to be directly embedded into the
system structure, etc. So far, various types of all-fiber
MZIs have been reported™™. Dong et al. fabricated an
MZI sensor based on a multimode polymer and a micro-
hole drilled by a femtosecond laser for liquid refractive in-
dex (RI) sensing?. The sensor has a good linear response
to the RI in a large dynamic range of 1.333-1.473. How-
ever, femtosecond laser fabrication is time consuming and
expensive. Shao et al. presented an MZI sensor based
on a single-mode fiber/thin-core fiber/multimode fiber/
single-mode fiber (SMF-TCF-MMF-SMF) structure for
RI measurement?, in which both the TCF and MMF
act as sensing arms. Therefore, the sensor is virtually a
combined one with two cascaded MZIs, which is more
complicated in an interference situation. Wang et al. pro-
posed a high-sensitivity photonic crystal fiber (PCF) MZI
sensor based on a tapered SMF-PCF-SMF for RI measure-
mentsZ; this approach was also costly. MZIs have been
used for RI sensing by monitoring the shift of the trans-
mission spectrum. However, due to the thermo-optic effect
and thermal expansion, MZI sensors are also sensitive to
the temperature. Therefore, there is a potential tempera-
ture cross-sensitivity problem for the RI measurement. It
is significant that the temperature can be measured
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simultaneously with the RI in the applications. MZI sen-
sors for the simultaneous measurement of the RI and tem-
perature can be attained by measuring the wavelength
shifts of two specific interference orders in the MZI trans-
mission spectrum®LY. However, in many previous studies
LI multiple interferences have frequently been observed
between the core mode and cladding modes in the trans-
mission spectrum of the MZI. The final measured specific
peak (or dip) shift is an integrative result of all the peak
(or dip) shifts of each excited cladding mode. The trans-
mission spectra of different cladding modes shift at
different rates relative to one another. Therefore, the
simultaneous measurement of the RI and temperature
cannot be reliably attained by monitoring the wavelength
shifts of two specific interference orders in the MZI trans-
mission spectrum?2. To overcome this limitation, we pro-
pose a dual-interference method in this study. With our
dual-interference method, two dual-mode interference
(DMI) spectra representing different core-cladding inter-
ferences are separately extracted from the resultant trans-
mission spectrum of the MZI by a Fourier analysis. As
different DMI spectra have different RIs and temperature
sensitivities, the simultaneous measurement of the RI and
temperature has been achieved via the sensitivity matrix
method. This way, we can eliminate the influence of multi-
ple interferences and improve the measurement accuracy
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of the MZI. The proposed approach is experimentally
investigated by a new all-fiber MZI constituted by sin-
gle-mode/bitaper /multimode/single-mode/lateral offset
joint/single-mode fiber structures. A bending-vector MZI
sensor based on lateral offset and up-taper was proposed
by Zhang et al.’Y. The configuration of the sensor is sim-
ilar to ours, but the sensor components and measuring
method are very different.

The schematic diagram of the proposed MZI sensor is
shown in Fig. 1(a). An electrical arc method was employed
to fabricate a bitaper and lateral offset using an FITEL
S177B fusion splicer. The splice parameters are listed in
Table 1. A conventional SMF is spliced to a short piece
of MMF with a length of about 600 pm. These sections
are taper spliced to an SMF at the left end and connected
to another SMF at the right end with a small lateral offset.
Figure 1(b) shows the profile of the bitaper with a waist
diameter of 180 pm and a length of 281 pum. Figure 1(c)
shows the profile of the core-offset section with a lateral
offset size of 3.5 pm. The core/cladding diameters of
the SMF and the step-index MMF are 9.2/125 and 40/
125 pm, respectively. The input light begins to diffract
when it enters the waist-enlarged fusion region and partly
goes to the MMF core region. The light injected into the
SMF from the MMF will re-excite several modes propa-
gating within the cladding region of the SMF because
of the fiber core mismatch. These cladding modes with dif-
ferent effective refractive indices travel a length L along
the sensing segment, finally re-coupling back to interfere
with the core mode at the core-offset joint. Therefore, the
transmission spectrum of the interferometer can be
expressed as that of a multimode interference. Namely,
the resultant transmission spectrum of the sensor is not
a simple cosine curve as in a common dual-mode MZI,
but a superposition of many cosine curves representing
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Fig. 1. (a) Schematic configuration and principle of the proposed
sensor. (b) Microscopic image of the bitaper. (¢) Microscopic im-
age of the core-offset joint.

Table 1. Parameters of the Fabricated Interferometers

Arc Arc Overlap  Offset
duration  power size size
(t:ms) (units)  (Lpm)  (I:pm)
Bitaper 3000 100 140 0
Lateral offset 750 85 0 3.5

different DMIsY. As we know, any periodic signal can
be decomposed into a series of harmonically related sinus-
oidal functions with specified amplitudes, frequencies, and
phase offsets' 2 Based on this concept, the different DMI
spectra can be separately demodulated from the resultant
transmission spectrum of the sensor. We can extract the
selected frequency component to take the inverse fast
Fourier transform (IFFT) and obtain a DMI pattern
between the core mode LP(; and cladding mode LP,,,.
The phase difference between the core mode LPj and
cladding mode LP,,, traveling the same distance (L)
can be expressed as A¢ = 27Ang L/, where Angy =
negre — nZ?flddmg is the differential effective RI between
the core mode and the cladding mode, and A is the light
wavelength. The wavelength spacing Al between the
adjacent attenuation peaks can be expressed by22!
2
= ﬁ : (1)
Mot

As the RI increases, the effective RI of the cladding
mode will increase, but that of the core mode is hardly dis-
turbed. This means that Ang will decrease with the sur-
rounding RI increase and a wavelength shift in the DMI
pattern will be observed. As the temperature increases,
both the effective RlIs of the fiber core and cladding modes
are increased due to the thermo-optic effect and thermal
expansion. Since the thermo-optic coefficient and thermal
expansion coefficient of the fiber core are higher than that
of the fiber cladding, An.g will increase as the temperature
increases. Consequently, the interference spectrum will
shift to a longer wavelength. When the RI and tempera-
ture are applied to the sensor, two different DMI patterns
may exhibit different RI and temperature responses.
Thus, the sensing performance of the sensor can be
expressed by a matrix, as follows:

|:A/11:| _ I:kl_’m kl"T:H: A’I’L:| (2)
Al kopt ko || AT |

where A, and Al, are the wavelength shifts of the two
DMI patterns; An and AT are the applied RI and temper-
ature changes, respectively; ki g1, korr, k1 7, and ky p are
the RI and temperature sensitivities of the two DMI
patterns, respectively. The matrix coefficients can be
obtained by separately measuring the RI and temperature
responses of the two DMI patterns. In principle, the
applied RI and the temperature changes can be obtained

simultaneously though the use of a standard matrix inver-
sion method:

An

7]
B 1 kor =k [ A
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3)
The transmission spectrum of the sensor is measured

by using an optical spectrum analyzer (OSA) integrated
with a broadband light source (BBS). The wavelength
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resolution of the OSA (Anritsu, MS9740A) is 0.02 nm, and
the BBS (Lightcomm, ASE-CL) bandwidth is 100 nm, as
shown in Fig. 2. The spectrum of the interferometer with
L =25 mm is shown in Fig. 3(a). In order to investigate
the number and power distribution of the modes, Fig. 3(a)
is Fourier transformed to get its corresponding spatial
frequency spectrum, as shown in Fig. 3(b). It is shown that
many modes construct the interference pattern, and the
power is primarily distributed in the fundamental mode
and two cladding modes with the spatial frequency located
at 3.0x 107 and 1.0 x 1073 nm™", respectively. The
other cladding modes have little contribution to the
interference pattern. This means that the transmission
spectrum of the MZI is dominantly formed by the super-
position of two DMI spectra. The two spatial frequency
components are marked core-cladding 1 and core-cladding
2 for the following discussion.

The coupling efficiency has been changed between dif-
ferent core-cladding interfering modes in the proposed
MZI, which is the main reason for the intensity differences
among these interfering modes. The RI distribution
around the mode coupler joints is highly dependent on
the fusion splicing parameters (e.g., arc discharge power
and arc discharge time) in the electric-arc method, which
will influence the coupling efficiency.

For the RI measurement, the measurement sample used
is a sucrose solution and the environment’s temperature is
kept at room temperature. The transmission spectra are
measured with several Rls calibrated by an Abbe refrac-
tometer at room temperature. Figure 4(a) shows the spec-
tral response of the sensor with Rls ranging from 1.3333 to
1.4040. All the attenuation peak wavelengths become
shorter. For the temperature measurement, Fig. 4(b)

BBS
- O e
a
SMF s[]

’ﬁ

Sensor

Water Bath

o

OSA

Fig. 2. Schematic diagram of the experimental system.
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Fig. 3. (a) Transmission spectrum of the sensor and (b) its
spatial frequency spectrum obtained by taking the Fourier
transform.
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Fig. 4. Measured spectra with (a) RI variations and (b) temper-
ature variations.

illustrates the spectral response of the sensor to tempera-
ture. In this experiment, the surrounding medium was
water. The temperature performance was investigated
by mounting the sensor on a tubular oven with temperature
control range of 20°C to 90°C at intervals of 10°C. As the
temperature increases, all the attenuation peak wave-
lengths become longer. However, Figs. 4(a) and 4(b) show
that different interference peaks shift at different rates
related to one another with the RI and temperature varia-
tion. It is thought that the multiple interference is the main
cause of the different rates among the interference peaks.

In order to analyze the characteristics of the measured
transmission spectra in the Fourier domain, we take the
fast Fourier transform (FFT) of the wavelength spectra
in Figs. 4(a) and 4(b). Figures 5(a) and 5(b) are the
Fourier spectra calculated from Figs. 4(a) and 4(b), respec-
tively. An important feature in Fig. 5 is that the
positions of the core-cladding 1 and core-cladding 2 are al-
ways fixed with the RI or temperature increment, which
means that there are two stabilized interfering modes
during the course of the experiment. This is critical in
simultaneous RI and temperature measurements. We ex-
tract the core-cladding 1 and core-cladding 2 peaks in
Fig. 5(a) to take the IFFT and get the wavelength spectra
as Figs. 6(a) and 6(b) responding to the RI variation for
corresponding DMIs. Similarly, the wavelength spectra
in Figs. 7(a) and 7(b) that are responding to the temper-
ature variation for corresponding DMIs can be obtained
by extracting the core-cladding 1 and core-cladding 2
peaks in Fig. 5(b) to take the IFFTs. The wavelength shifts
of each DMI responding to the RIs and temperature
variations are demonstrated in Fig. 8, where linear fits
of the experimental data are implemented and the
RI and temperature sensitivities of the two DMI patterns
are  kypp = —137.1806 nm/RIU  (RI unit), Kop; =
—22.9955 nm/RIU and  k; 7 = 0.1000 nm/°C, kg =
0.0633 nm/°C.
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Fig. 5. (a) Spatial frequency spectra calculated from Fig. 4(a).
(b) Spatial frequency spectra calculated from Fig. 4(b). The in-
sets are the enlarged displays.
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Fig. 7. Wavelength spectra obtained by taking the IFFT of the
selected frequency components in Fig. 4(b) as the applied tem-
perature changes: (a) DMI patterns correspond to core-cladding
1, and (b) DMI patterns correspond to core-cladding 2.
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Fig. 6. Wavelength spectra obtained by taking the IFFT of the
selected frequency components in Fig. 4(a) as the RI changes:
(a) DMI patterns correspond to core-cladding 1, and (b) DMI
patterns correspond to core-cladding 2.

It is worth noting that the RI of the water varies with
the temperature because of the thermo-optic effect, which
should be considered when measuring the Rls. So the re-
sponse of the temperature is the integrative effect of the
direct contribution of the temperature change and the
indirect contribution of the RI change of the water. Ac-
cording to a previous study2, the temperature sensitivity
of the sensor can be approximately expressed as

k= kp + kgt X Rgr 7, (4)
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Fig. 8. Dependences of the wavelength shift on the RI and tem-
perature for the core-cladding 1 and core-cladding 2 interference
patterns.

where kr; and kp denote the pure sensitivities of the RI
and temperature. Rpy ¢ is the temperature RI coefficient
of the water, which has a value of about 1.02 x 10~* from
Ref. [23]. Thus, the pure temperature sensitivities of the
two DMIs can be calculated from Eq. (4) as 0.0860
and 0.0610 nm/°C when the temperature increases from
20°C to 90°C, respectively. Based on the aforementioned
experimental results, Eq. (3) can be rewritten with the
achieved RI and temperature sensitivities as follows:

An]l_ 1 0.0610 —0.0860 ][ A4y (5)
AT|  6.3904 | 22.9955 —137.1806 || A4, |’
In conclusion, a Fourier analysis applied to the MZI

transmission spectrum for the simultaneous measurement
of RI and temperature is proposed and experimentally
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demonstrated. It is the key point of the sensing idea
that two different DMI spectra representing different
core-cladding interferences with different sensitivities
for RI and temperature variations are extracted from
the resultant transmission spectrum. The two DMIs are
investigated with sensitivities of —137.1806 nm/RIU and
0.0860 nm/°C, and —22.9955 nm/RIU and 0.0610 nm/°C.
Therefore, the configuration is able to measure the RI and
temperature simultaneously. The measuring approach dis-
cussed in this Letter can eliminate the influence of multiple
interferences and improve the accuracy of the sensor. It can
also be utilized with other modal interferometric sensors.
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