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ABSTRACT A temperature-compensated MZI-based optical sensor using few-mode concentric multilayer-
core fiber (CMCF) was designed, and surrounding refractive index (SRI) sensing via interference spectra was
successfully proposed and experimentally demonstrated. This sensor with sandwich structure generated lots
of resonance dips in the interference spectra, which had differentiated sensitivities to SRI and temperature.
The homemade CMCF only supported few mode groups, and variability of the resonance drift could be
influenced by different mode excitation and sensitivity. For the two selected dips of this proposed sensor, the
SRI sensitivities experimentally achieved were —76.88 and —50.51 nm per refractive index unit (RIU), and
the temperature ones were 80.2 and 50.1 pm/°C, respectively. The experimental mechanism and results have
been analyzed in brief. The standard matrix inversion method could be used for simultaneous two parameter
determination. Therefore, the SRI detection could show good accuracy and sensitivity by temperature

compensation.

INDEX TERMS Dual-mode fiber, fiber sensor, MZI, temperature-compensated, cross sensitivity.

I. INTRODUCTION

Over the years, measurement of surround refractive
index (SRI) is increasingly essential in many fields, such
as medical biology, environmental monitoring, aerospace,
construction industry and meteorological services [1]-[4].
Fiber-optic sensors possess good application prospects in
SRI measuring, and have drawn a great deal of attention
due to several inherently distinctive features, such as low
weight, compact size, anti-erosion, chemical and biological
inert, immunity to electromagnetic interference and remote
operation [5]-[7]. However, due to the thermal-optical effect,
the fiber-optic sensor is also sensitive to temperature, and it
is difficult to make very precise measurements of SRI. The
general effect on the temperature in fiber sensors has been
widely perceived as an engineering problem that limits the
sensing applications. To solve the cross-sensitivity problem,
temperature-compensated optical fiber sensors have attained
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increasing attention in monitoring SRI, which can provide a
very precise measurement [5], [8].

Several SRI fiber sensors without temperature interference
have been proposed, which can be approximately classi-
fied into two categories: temperature-insensitive ones and
temperature-compensated ones. In the former case, the sensor
is only interested in SRI, and is indifferent to temperature.
Weng et al. proposed a double-side polished fiber sensor
based on surface plasmon resonance (SPR) which could mea-
sure the temperature and SRI simultaneously by monitoring
the resonant wavelength shifts of x- and y-polarized loss
spectrums. But the temperature sensitivity of y-polarized loss
spectrum is very low, which could probably be negligible.
As a result of being almost insensitive to temperature, this
sensor could measure SRI effectively [9]. Zhou et al. reported
a micro-structural SRI probe with negligible temperature
crosstalk, which could transform the measured wavelength
shift into SRI using the calibrated data without any mod-
ification [10]. As noted above, both of them are slightly
sensitive to temperature and then bring negligible cross-talk
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FIGURE 1. Schematic diagrams of (a) the cross-section micrograph of the CMCF; (b) index profile of the CMCF, the insets show the supported
mode groups; and (c) the dispersion curves of the supported modes.

between RI and temperature, as well as involving relatively
complex fabrication process. Apparently, these sensors are
not so absolutely insensitive to temperature, which could
bring the interference to SRI survey, as to make unnecessary
troubles in implementing effective precise measurement to
SRI. In the second case, the sensor could acquire both the
changes of the SIR and temperature along fibers, and has dif-
ferent sensing behaviors to them. Hence, such dual-parameter
sensors have different sensitivities for SRI and tempera-
ture, and could show good accuracy and sensitivity to SRI
by temperature compensation. Kinds of the temperature-
compensated SRI-sensor configurations have been proposed,
such as hybrid single-mode fiber (SMF) structure [11],
SPR [12], [13], a fiber Bragg grating (FBG) [14], [15],
a long-period grating, photonic crystal fiber (PCF) [16],
Fabry-Perot (FP) interferometer [17], [18], Sagnac inter-
ferometer [19], tapers [20], [21], dual-microspheric struc-
ture [22] and Mach-Zehnder (MZ) interferometer [23], [24].

In this research, a method to probe the SRI on the basis of
a temperature-compensated MZI-based optical sensor using
few-mode concentric multilayer-core fiber (CMCF) is pro-
posed and experimentally characterized. The temperature dis-
turbance is vital factors affecting the performance of fiber
sensors. According to the results of sensing experiments,
the sensing property of transmission dips in the MZI-based
sensor will perform varying degrees of deviation with SRI
and temperature. The two transmission dips could have dif-
ferent sensing behaviors. Therefore, the proposed MZI-based
optical sensor can measure the SRI without temperature
cross-sensitivity. To the best of my knowledge, the detailed
characteristic of the interference waveforms under different
mode intensity is firstly analyzed. The propagation charac-
teristic and operation mechanism of this advanced sensor is
introduced meticulously.

Il. DESIGN AND PRINCIPLES OF OPERATION

A. STRUCTURE OF THE CMCF

In order to make sure the sensor is able to get a clear
interference spectrum, our research team took advantage of
conventional modified chemical vapor deposition (MCVD)
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and solution-doping techniques to produce a special struc-
ture fiber, CMCF, which can ensure the targeted wavelength
only inspires two modes with similar amount of energy.
Fig. 1 (a) describes the micro-cross-section of CMCEF, which
consists of a circular core area on the inside and a cladding
on the outside. The white part of the fiber core consists
the high refractive index layer, which is made by doping
germanium. The gray part represents the low refractive index
layer, which is synthesized by doping fluoride. The out layer
of the fiber core is a cladding consisting of pure silica with a
refractive index of 1.444. Fig.1 (b) is the refractive index pro-
file obtained by the fiber refractive index analyzer (EXFO’s
NR9200). The positive refractive index difference in the core
region can reach nearly 8 x 1073, while the negative refractive
index difference can reach nearly —3.4 x 1073, Furthermore,
the refractive indexes along the x-axis and the y-axis do not
completely correspond with each other, which is the key to
CMCF’s ability to produce both modes. Asymmetry of the
index profiles has been introduced in the MCVD process,
which would cause the offset coupling of the incident beam
naturally [25], [26]. And the excitation of higher-order modes
would be easy to implement. Fig.1 (c) shows the relationship
between the wavelength and the effective refractive indexes
of some mode groups. Our research team found that only
two modes, LPg; and LPj;, can propagate in 1390 and
1630 nm regions. The refractive indexes measured along
the x-axis and y-axis are not exactly symmetrical in geom-
etry morphology, resulting in the four dispersion curves
of LPy; and the two dispersion curves of LPy; not fully
coincide.

B. CONFIGURATION OF THE SENSOR AND
TRANSMISSION PRINCIPLE

Fig. 2 shows a structure diagram of the sensor head, which
is made of CMCF-based fibers, playing the role of the MZI.
It constructs the CSC structure by stitching a segment of the
SMF (corning SMF-28) between two CMCF fragments of
the same size using the fiber fusion splicer (Fujikura, FSM-
100M/P). The CMCEF fragment, shown in Fig.2, plays the role
of a pattern generator and coupler; the middle SMF acts as the
arm of the MZI, and the SMFs on both sides work as the signal
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input and output. Because of difference between the SMF
and CMCF in the mode field distribution, mode mismatch
occurs at the fusion points. This specially designed practice
can excite a couple of higher-order modes. The coatings are
obtained on the SMF, whose refractive index is higher than
fiber cladding, and it can absorb the radiation modes in fibers,
which means only fundamental mode could propagate in it.
By removing the coating of the CSC structure completely,
when the Gaussian beam passes through the first CMCF from
the lead-in SMF, it excites the higher-order mode which prop-
agates in the cladding of SMF, and meets the fundamental
mode which is coupled in the core area at the second CMCFE.
Due to the optical path difference between the fundamen-
tal mode and LPjy, a clean interference spectrum could be
obtained. The loss caused by splicing between CMCF and
SMF are between 0.7dB and 1.03dB, which has little effect
on actual measurements. Both CMCFs are 4.5 mm,; the center
SMF is 50 mm, and the overall length is only 59 mm. The half
beat length L, is determined by the propagation coefficient 3,
according to basic geometrical optics equation

T

Ly = —
T Aﬁ

(1
A is the difference of the propagation constants of LP;
and LPg;. Half of the L, is approximately 0.895mm, which
is about one fifth of that of CMCEF, and the two guided
modes would be excited uniformly. As a consequence, the
output spectrum could achieve a clear and clean spectrum.
Meanwhile, due to the terse structure, there is a great potential
for development and application in the multipoint sensing
system.

When the excitation coefficients of the fundamental mode
and LPq; are dominant and close to each other, the output
pattern is usually clean and stabilized. According to the
weakly-guiding approximation, and ignoring the loss of the
radiation modes, the normalized distribution of the incident
light, ¥(x, y, z), can be expressed as

N
Yy, =) ¥ (x, y)e e @)
1

N is the number of the excited modes. 5, is the excitation
coefficient of the nth order mode in the CMCEF, and 1//nCMCF
is the guided mode distribution. When there are mainly two
modes, the fundamental mode and the LP11, N can be equaled
to 1. B is the propagation coefficient. n, is determined by the
guided mode and injected field distribution. The excitation
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coefficient governed by the incident filed and the dominant
mode distribution, can be calculated by two-dimension over-
lap integral as follows

LM e, Y MEE (x, y)ddy
Y EMCE (x, y)yy CMCF (x| y)dxdy
wSM F

o is the incident filed distribution.

Fig. 3(a) describes the excitation coefficients of the LPy
mode group and LPj; mode group respectively, which are
determined by (3). The sum of the excitation coefficients is
approximately equal to 1, indicating that there are almost
only two guided modes supported by the CMCF. And the
excitation coefficients of LPy; and LPy; are close to each
other, which is essential for high output spectral extinction
ratio. That is to say, this CSC structure is conducive to
producing a clear output pattern. There are, of course, some
other high-order modes whose power in the sensor would be
very low, and they have minimal effect on the interference
and sensing. Hence, the interference in this sensor would be
approximately dual-mode operation. Fig.3 (b) and (c) show
the field evolution and the normalized power along the z axis
in liquid and air, respectively. As shown in Fig.3 (b), the
energy is concentrated around the core and the evanescent
wave caused by a small number of high-order modes is so
weak that can be neglected in experiments. Fig.3 (c) shows
that the sensor has a higher profile value in the air than in
liquids due to a larger refractive index difference.

Because there are only two dominated interference modes
coupled in the CSC based MZI, the output result can be
seen as a simple dual-mode interference process. The dis-
tance between the two resonance dips, as the free spectral
range (FSR) can be described as

3

"n

52
FSR = “)
AnME Loyip 4+ 2AnSMF Leyer

In SMF, ni’}f’(ﬁ and ni’gﬁ are the effective index of the two
modes respectively, while nf%fF and nE%EF are the effective
index of the two modes respectively. AnLi‘.f[F represents the
difference between n3yit and 5wl , while AnEMCTF is the
difference between ng}g%’: and ng‘,}ﬁF . Lsyr/Lepcr is the
effective length of SMF / CMCF.

By (4) our research team could know the value of FSR in air
and water are 7.5 nm and 6.7 nm respectively. The measured
transmission spectrums of the CMCF-based modal interfer-
ometer are depicted in Fig. 4(a), which are stable and clean
due to the few-mode property. To investigate the stability of
the interferometer, the spectrums have barely budged with
repeated spectrometer scans for an hour, and the difference
is difficult to find. The experiment result is quite close to the
calculation of (4), indicating that a small number of higher
order modules has no obvious effect on the output pattern.
The output data is processed by Fourier transform (FFT)
and the results are shown in Fig. 4(b). As seen, the spatial
frequency spectrum of the MZI mainly has two peaks, which
represents the fundamental mode and the LP1; respectively.

158653



IEEE Access

B.-Z. Zuo et al.: Detection of Refractive Index With Temperature-Compensated MZI-Based Optical Sensor

g 03+
£
2 £
(_) -~
% 0.2 =
S 5
= g
2 =
I
Soaf 2
'S H
~ 2

0.0 0 -
LP01 LP11a LP11b 30 60
Mode Index
(a)

X axis / 1 m

1.0
— Air
E 08 —— Liquid n=1.4
L
2 06
=
T el MGG R ERG
5 0.
s
2° 0.2
l 0.0 F
60 30 30 60 0 1‘0 2‘0 3‘0 41) 51) 61) 7‘0 2;0 9‘0 160 li
Sensor head lenght L / mm
(b) (c)

FIGURE 3. (a) Excitation coefficients for different modes; (b) Contour map of the beam propagation along the sensor head in air and liquid;

(c) normalized power along the sensor head.
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FIGURE 4. Interference-pattern analysis: (a) measured transmission
spectrum of the CMCF-based modal interferometer, and (b) spatial
frequency of these spectra.

The other peaks corresponding to higher-order modes are so
weak that they would be neglected. The principal reason is
that the coating of the CSC structure is removed completely,
and the higher-order modes would be excited, which propa-
gates in the cladding of SMF. However most of them would
be evanescent waves and disappeared after propagating a
distance. That is to say, there are only two major mode groups
interfered in this MZI-based fiber sensor. The guided modes
in the fiber sensor would be sensitivity to the surroundings
influence. Obviously, the more modes the sensor has, the
harder to control the interference spectrum would be. This is a
requisite for a clean and stable output pattern. And the FSR is
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wider than that of multiple-mode interference, which would
provide a large sensing range. The resonance dips for sensing
would be conducive to facile distinction because of the clean
interference spectrum, and the demodulation method would
be simple, accurate and easy to operate. Finally, big range and
high accuracy would be obtained.

C. SENSING PRINGCIPLE

This MZI-based fiber sensor could be susceptible to the
surrounding temperature and RI, which is hinged on the dips
of the interference spectrum. After removing the coating,
the cladding effective refractive index ngl of this MZI-based
senor could be affected by SRI, while the core effective
refractive index nSg would be hardly changed for the deep
location. When the disturbance only caused by the RI changes
of liquid samples, it is easy to have the functional relationship
between the Nth resonant wavelength of mode m, Ay, and
SRI as follows

co cl cl
AW — Z(Aneﬁ‘ — A”eﬁf)LSMF o _2AneﬁcLSMF
N 2N +1 2N +1
—2KLsyr
N1 A= Onan ©)

ALY is the wavelength shifts of AY. N is the number of
the resonant wavelengths. Angl /AnSg is the refractive index
change of the cladding / core in the middle SMFE. QY% is
a constant. An is the refractive index change of the SRI.
Therefore, the shift wavelength could be expressed as follows

AN = AN+ ALY (6)

An and Ay o are the resonance dips before and after the
SRI changes respectively. Our research team could find
out that there is a linear relationship between wavelength
drifts of mode m and SRI. In the following part, the SRI
sensing characteristics of the MZI-based sensor made of a
certain fiber parameter are simulated by Finite difference
time domain (FDTD) method. Parts of the simulation result
are given in the Fig. 5(a) and (c). Fig. 5(a) describes the
blueshift of the interference spectrum as the SRI increasing
(1.333, 1.343, 1.353, 1.363, 1.373). Fig. 5(c) shows the
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surrounding temperature; the fitted result of dips wavelength shifts in response to (c) the refractive index

change and (d)the temperature change.

SRI sensitivity for each dip,
respectively. The correlation coefficients R? for linear fitting
are 0.998 and 0.997 respectively, demonstrating the SRI is
linearly related to the wavelength drifts. Analysis of this data
shows that the experimental results are with high sensitivity
and linearity.

When the disturbance only caused by the changing of
the temperature, the influence caused by surrounding tem-
perature can be mainly divided into thermo-optic effect
and thermal expansion, minimally affected by other factors.
Thermo-optic effect means that the RI of materials could be
influenced by the surrounding temperature changes, while
thermal expansion means that the general increase in the
volume of a material as its temperature is increased. The exact
relationships are given as follows

1 dn
= —— 7
¢ T @)
1dL @®)

o =——

L dT

¢ is thermal optical coefficient, which represents the sensi-
tivity of thermal-optical effect; o is the dilatation coefficient,
which indicates the sensitivity of thermal expansion. n is
the RI of the fiber; T is the surrounding temperature. L is
the effective length of the MZI-based interferometer ; and

o can be regarded two constants. Lgyr, né ﬁ and n¢ ff are
related with T, which could be expressed as dLsyr(T) =
LsyrdT, dngj‘% = C}’de dnd = neﬁch respectively.
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—54.7nm/RIU and —49.5nm/RIU,

(9) can be derived from (6) by simple algebraic transforma-
tions as follows [3], [27]

Z(Heﬂ - neﬂ YLsmr

AN = 9
N 2N +1 ®
Taking the derivative of this expression, we can get
cl
W=y * 1k =Ly +(dnf —dnip Loy
(10)

when the surrounding temperature is uniform for the whole
the MZI-based sensor, combining (7), (8) and (10), we could
evaluate the temperature susceptibility of wavelength dips.

m o AMy 2Angg — ng;y)LSMF
T ar — 2N +1
7 is the temperature coefficient of this fiber sensor.
It is easy to find out that GY} is a constant, indicating that
the Nth dips of mode m are linearly related. The relationship

between Ay - and the change of surrounding temperature AT
is as follows

(049 (1)

M =M+ GRAT (12)

A7 and Ay  are the resonance wavelength dips before and
after the surrounding temperature change respectively. In the
following part, the surrounding temperature sensing charac-
teristics of the MZI-based sensor under the certain parameters
are simulated by FDTD. Parts of the simulation results are
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FIGURE 6. (a) The variation of the excitation coefficients as a function of the external Rl changes
for different modes; the mixing waveforms with different intensity of (b) frequency 1,

(c) frequency 2 and (b) frequency 1 + frequency 2.

given in the Fig. 5(b) and (d). Fig. 5(b) shows the redshift of
the output wavelength line as the temperature in the environ-
ment increases (30°, 35°C, 40°C, 45°C, 50°C, 55°C, 60°C,
65°C, 70°C). The corresponding data points are recorded in
Fig. 5(d). Our research team find that the linear bivariate asso-
ciations between the temperature and the two dips are differ-
ent, which can be seen in the Fig. 5(d). It describes the average
surrounding temperature susceptibility of 63 pm/°C and 47.5
pm/°C for dip1 and dip2 respectively. The correlation coeffi-
cients R? for linear fitting are 0.9999 and 0.9999 respectively.
Excellent linearity between the surrounding temperature and
wavelength dips is achieved. Due to the different temperature
and RI response sensitivities of the two dips, in the absence of
temperature cross-sensitivity, SRI could be measured by the
proposed MZI-based optical sensor accurately.

From simulation analysis above, it could be seen that
these dips are different in drift-direction, drift-sensitivity and
intensity for sets of environment variables. As in a previous
study, the principle behind it is not discussed in detail. The
causes of this phenomenon are diverse, which have been
analyzed as shown in Fig. 6. It is shown in this paper that the
interference spectrum variation could be realized by adjusting
the power ratio of the guide modes in the MZI-based sensor.
Fig. 6(a) presents the variation tendency of the mode-
excitation coefficient in the sensor with the external RI vari-
ation. Since the guide mode, LPy;, is trapped in the fiber
core, the LPy; power in it would be hardly affected by the
external RI. In contrast, the LP;; and LP;; mode group
in the fiber cladding is with synchronous change of the
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external RI, and is sensitive to it. According to the interaction
among three low-order modes which are excited in the sensor
due to the waveguide property, a stable interference pattern
would be caused. The multi-mode interference in this CMCF-
based sensor is taken analogous to sinusoids mixing which
would be possible to analyze and simulate the spectral shift
during SRI or temperature sensing. This pattern could be
decomposed into three series of tone which would be distin-
guished by the frequency, expressed as Frequency 1 (Frl),
Frequency 2 (Fr2) and Frequency 3 (Fr3). With the change of
outside condition, the effective refractive indexes of the guide
modes in the sensor would have changed slightly, which have
a substantial effect to the excitation coefficients of different
modes. And then, the intensity of the tones could be tuned by
it. Fr1 and Fr2 have been most heavily affected, which has
played a great role in the dips shifting. The impact of Fr3
would probably be negligible as its low power proportion.
Fig. 6(b)-(d) are the mixing waveforms with different inten-
sity of tones. ‘“Normalization time’ presents the timelines
of sinusoids. Fig. 6(b) would be got by Frl with different
intensity + Fr2 with fixed power; Fig. 6(c) would be got
by Frl with fixed power + Fr2 with different intensity;
Fig. 6(d) would be got by Frl 4 Fr2 with different intensity.
Fig. 6(b)-(d) present that how the interference spectrum could
be subject to variation with different energy ratio of Frl
to Fr2 which is changing from O to 1 with each increase
of 0.2. As depicted in Fig. 6(b), the interference spectrum is
shifted with the increment of the energy of Frl. It can be seen
that the marked dips show red and blue shifts respectively,
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and the drift sensitivities are different. It can be seen from
Fig.6(c) that the interference spectrum is shifted with the
increment of the energy of Fr2. The marked dips show red and
blue shifts respectively, however, in which they differed from
Fig. 6(b). Fig. 6(d) shows the change of the interference spec-
trum, which can be connected directly with the adjusting of
Frl and Fr2. As can be seen from the illustration, the variation
in intensity of the tone exerts an independent influence on
the drift directions and sensitivities of the dips. However,
the whole interference waveform is coupled by these single
tones. The drift directions and sensitivities could be flexibly
adjusted by the tone intensity. In other words, the waveform
drift is ultimately decided by the variation on the neg of
guided modes under their surroundings influence. To sum up,
the otherness of the sensitivities and intensities of the dips
would be well illustrated.

lIl. EXPERIMENTAL METHODS AND DISCUSSION

In this experiment, the MZI-based sensor using homemade
CMCFs is taken to measure the RI of NaCl solution and
the surrounding temperature. Fig. 7 shows the schematic dia-
gram of the sensing experimental setup. An optical spectrum
analyzer (OSA) (YOKOGAWA, AQ6375), integrated with a
super continuum light source (KOHERAS, superK) which
provides an injection light, is used to investigate the output
spectrum of this sensor. A pentrough and an incubator are
used for RI and temperature sensing respectively.

To prevent and obviate the interferences of temperature
and macrobending loss in the SRI sensing experiment, the
sensor head is secured with two fiber clips in the pen-
trough, and placed in the incubator as shown in Fig. 7.
The incubator could stability control the temperature around
fiber. By adding NaCl to the pentrough, the refractive
index of the liquid under test can be changed at room
temperature (20°C). With each increase of 3%, the concen-
tration of NaCl in this experiment is changing in 0%-15%,
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FIGURE 8. (a) Experimental transmission spectra under different RI of
surrounding areas; (b) the fitted result of dips wavelength shifts with
different RI.

while the SRI increasing from 1.33299 to 1.3609. The cor-
responding SRIs are measured by an Abbe refractometer,
and the measuring approach is references to [28]. Before
each measurement, the sensing head must be cleaned up
with distilled water and compressed air to make sure the
result undisturbed. The results are shown in Fig.8 (a), which
describes the blueshift of the central wavelength. SRI and the
wavelength of resonance dips are recorded in the Fig.8(b).
The correlation coefficients R? for linear fitting can reach
0.987, which means that an excellent linearity between SRI
and wavelength dips is achieved. It gives average SRI sensi-
tivities of —76.88 nm/RIU and —50.52 nm/RIU separately.

In addition, the linear relationship between the wavelength
of resonance dips and the surrounding temperature is also
investigated as shown in Fig.7(c). The temperature range
measured in this experiment is 0°C-70°C, and record the out-
put result every 5 °C. The results are shown in Fig.9(a). There
is a redshift of the central wavelength. The resonance dips
and the corresponding temperature are recorded in Fig.9(b).
The linear fitting of the experimental data, R2, is close to 1,
and similar to the previous simulation. And it demonstrates
that the sensitivity of the surrounding temperature could
achieve 80.2nm/°C and 50.1nm/°C respectively. From the
experimental results, it is clear that the resonance wavelength
dips are different in drift-direction and drift-sensitivity for
sets of environment variables. Therefore, this sensor has great
potential to temperature-compensated sensing.

Comparing with the simulation result in the same sit-
uation, the experimental result provides a sensing feature
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FIGURE 9. (a) Experimental transmission spectra under different
temperature of surrounding areas; (b) the fitted result of dips
wavelength shifts with different temperature.

consistent with it. Both the emulational and experimental
results are uniform in drift-direction, drift-sensitivity and
intensity. In both the simulation and experiment, the interfer-
ence spectrum has a blueshift as the temperature increasing,
and the one has a redshift as the SRI increasing. In addition,
both the results have good curve fitting characteristics. The
sensitivities experimentally achieved are closed to the simu-
lation ones. The SRI sensitivities experimentally achieved are
—76.88 and —50.51 nm/RIU, and the temperature ones are
80.2 and 50.1 pm/°C; in the simulation, the SRI sensitivities
would be —54.7 and —49.5 nm/RIU, and the temperature
ones would be 63 and 47.5 pm/°C. Both in the simulation and
experiment, the latter sensitivity, which depends on the ng;}
changes, is consistent, and some difference is shown in the
former one which depends on the nzl changes. The reason
of difference would be analyzed as below. From the above
discussion in Fig. 3, there are almost only two guided modes
in this sensor, and the other high-order modes in cladding is
so weak that can be neglected for simplicity. Therefore, in the
simulation, the LP; has been considered only. In practice,
however, there are some higher modes which would affect the
experiment result and not considered in the simulation. Thus,
the experimental sensitivity due to the nijly changes is higher
than the simulation one. The simulation is in order to give the
experimental direction, and the proper simplified condition
would be desirable. In general, the calculated results are in
good agreement with the experimental data.
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In practical application, it is impossible to avoid the prob-
lem of temperature cross-sensitivity. Traditional RI sensors
take advantage of some particular structure or exotic mate-
rial to guarantee that the sensor head would be insensitive
to temperature to mitigate the error. However, through the
different response to the SRI and temperature, this MZI-based
optical sensor can resolve the temperature cross-sensitivity
problem. The accurate SRI can be quantified by solving the
two simultaneous equations, (5) and (12). A dual-parameter
sensing equation could be got as follows

AMZ Gl [ar

AT Lom || An (13)

where the ALY 7 = Ay 7 —AT. The dual-parameter measure-
ment matrix enables the adverse effects of cross-sensitivity
to be quantified. When the SRI needs to be accurately mea-
sured, we can take advantage of surrounding temperature to
compensate the SRI.

In the end, this MZI-based optical sensor using few-mode
CMCEF has an advantage of getting stable and clean spectrum,
high extinction ratio. Combined with wide FSR, the sensor
has large range and high resolution. Furthermore, as the out-
put wavelength dips response to surrounding temperature and
SRI differently, by analyzing the dual-mode interference pro-
cess and calculating the dual-parameter measurement matrix,
the problem of temperature cross-sensitivity can be resolved.
With a terse structure, this sensor is suitable for precise
localized measurement.

IV. CONCLUSION

This study sets out to propose and experimentally charac-
terize a temperature-compensated MZI-based optical sen-
sor. The MZI arm in this fiber only supports fundamental
mode and LPy;, and the excitation coefficients of the two
modes are similar. These features ensure stable interferom-
etry and high-quality output images. This specially designed
MZI-based optical sensor using few-mode CMCF has well
characteristics of being susceptible to the surrounding tem-
perature and SRI. With technology of resonance demodu-
lation, experiments are carried out to analyze its sensing
ability. The accurate sensitivity of the response to both SRI
and temperature would be obtained. The different sensitiv-
ities would enable the temperature-compensated SRI mea-
surement caused by the dual-parameter measurement matrix.
Therefore, the sensor system has potential application value
in the precision RI measurement system, medical biology and
meteorological services.
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