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A Design of Taper-Like Etched Multicore Fiber
Refractive Index-Insensitive a Temperature
Highly Sensitive Mach-Zehnder Interferometer

Farhan Mumtaz, Pu Cheng, Chi Li, Shu
Yutang Dai

Cheng, Cheng Du, Minghong Yang™,

, and Wenbin Hu

Abstract—We propose and demonstrate Mach-Zehnder
interferometer (MZI), which is the refractive index (Rl) insensi-
tive and temperature highly sensitive based on etched multi-
core fiber (MCF) structure. The MCF and Fiber Bragg Grating
(FBG) are used as hybrid sensing elements. The fabrication
of the interferometer is provided a new taper-like structure
by etching the MCF to further expose the side cores to the
surroundings. The interferometer has produced a sensitivity
of 103.2pm/°C within the ambient temperature up-to 70°C.
Moreover, the superior temperature sensitivity is 89.19pm/°C,
66.64pm/°C, 56.42pm/°C in the range of 24°C to 130°C, and RI-
insensitive in the range of 1.34 to 1.38, for different waists of
etched seven-core fiber interferometers (E7CFls) ~ 84.70um,

E7CFI

103.2 pm/°C °
highly-sensi

93.10xm, 108.67um, respectively. Compared with the conventional FBGs, the sensitivity of the interferometer is signifi-
cantly improved by 8 times. E7CFI’s novel and advantageous features can easily be distinguished other devices. Besides,
the proposed sensing architecture is compact, easy to fabricate, highly sensitive, easy to reproduce, and makes it an

inexpensive fiber optic device.

Index Terms— Mach-Zehnder interferometer, multicore fiber, etching technique.

I. INTRODUCTION

N THE field of fiber optic sensing, a wide range of
probing and their applications have been presented such
as strain [1], temperature [2], refractive index [3], humid-
ity [4], curvature [5], liquid level [6] and pressure [7]. Among
them, few have been realized by the multi-mode coupling
techniques. The phenomenon of multimode coupling leads to
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multimode interference (MMI), which has a significant contri-
bution to the sensing mechanism. The sensing mechanism has
involved multiple input parameters to sense such as temper-
ature, strain, RI, etc. Although, MMI-based optical sensors
have been extensively discussed in the literatures [8]-[14].
These sensors can be fabricated by splicing a section of
multimode fiber between two single-mode fibers (SMF), so-
called SMS sensors. In the collection of multi-core coupled
optical fibers, MCF has become a hot topic today because of
its easy implementation using in-line coupling technique. Few
optical sensors based on multi-core fiber have been proposed
to demonstrate temperature and RI sensing using tapering
and etching procedures [15]-[21]. On the other hand, being
a predominant optical temperature sensor, the fiber Bragg
grating (FBG) is the one who has relatively simple, reliable
and compatible characteristics in many practical applications,
although its sensitivity response is relatively low compared
with the optical interferometers.

The low loss etching is a unique technique to assemble
different optical fiber waists. While the fast etching technique
shows a shorter etching time but results demonstrated higher
transmission loss. The Zhang [22] and Lee [23] have been
proposed a slower etching methodology, which could help

republication/redistribution requires IEEE permission.
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to obtain a smooth waist surface and better control over the
final waist diameter. However, the non-linearity was observed
during the etching process, which could be caused by the
faster evaporation of hydrofluoric acid (HF) in the surrounding
medium than deionized water. Therefore, the contribution of
slower etching techniques has a significant impact on obtaining
the desired smooth waist diameter of the optical fibers.

The fiber optic sensors based on the MZI principle
have been studied for temperature specifically and other
applied parameter sensing [24]-[28]. From ambient to high-
temperature sensing, a variety of temperature sensing inter-
ferometers based on SMFs and specially designed optical
fibers have been discussed [29]-[32]. These literatures have
been reported analogy MZI structures with the maximum
temperature sensitivity of 54.57pm/°C [3], 59.02pm/°C [29],
55.81pm/°C [33] and 82pm/°C [18] respectively. However,
for these MZI interferometers, apart from FBG, they rarely
have functions that could be temperature sensitive and RI
insensitive. Compared with the category of interferometers,
the FBGs have offered a temperature sensitivity of 10pm/°C,
which is relatively low. The E7CFIs have compact design
with higher sensitive responses that could easily be maintained
to a level that can distinguish the reported interferometers
[34], [35]. Therefore, the classification of MZI-based sensors
insensitive to RI but highly sensitive to temperature, which is
a convincing argument for researchers.

In this paper, we are experimentally demonstrated MZI
coupled etched multicore fiber (EMCF), which is further used
to fabricate the SMF-MMF-EMCF-MMF-SMF-FBG struc-
ture interferometer. The proposed structure is abbreviated as
E7CFIs. The response of the device is highly sensitive to
temperature and in-sensitive to RI. FBG is inscribed at the
SMF lead-out section to cross-check the real-time temperature
sensitivity of the E7CFIs. The wet etching of MCF is per-
formed independently by using HF concentrated solution. The
interferometer spectrum is enclosed MZI interference, which is
caused by the central core light intensity coupled with the side
cores that can be detected at the output of the proposed E7CFI.
The transmission spectrum characteristics are controlled by
the length of the MMF section. When the environment tem-
perature changes, the transmission spectrum will be produced
red-shift. On the other hand, a negligible blue-shift can be
observed when performing RI sensing. Subsequently, the
interferometer showed low RI sensitivity. Due to its compact
structural design, the proposed E7CFIs exhibits ideal stability
and repeatability during the experimental inspection.

The experimental setup includes the fabrication of the
interferometer, the independent etching procedure, the working
principle of the interferometer and the experimental demon-
stration are discussed in Section 2. Based on the theoretical
analysis the simulations and experimental results are demon-
strated in Section 3.

II. EXPERIMENTAL SETUP
A. Fabrication of Interferometer

The schematic interferometer structure of the proposed
E7CFIs is shown in Fig. 1. During the fabrication, the ordinary
commercial step-index multimode fibers (MMFs) and MCF

MMF Etched MCF () MMF I |
|‘- SME 2mm 20 mm I 2mm FBG 1

Before
etching |

After
etching

Surrounding
(b)

Lead-out

Etched MCF

—»|<— MMF —>|<- T ->|

+|+— mMvF —»|<—

Fig. 1. (a) Schematic diagram of the E7CFI structure; (b) cross-section
of MCF before and after etching; (c) E7CFI structure under microscope.

were used. The MMF length of each segment was about
2mm with the core and cladding diameters were 105xm and
125um, respectively. The core and cladding diameters of
MCF (FIBERCORE-SM-7C1500) were 6.1um and 125um,
respectively. The MCF core pitch A between adjacent cores
was 35um. Further, three different EMCF segments having
diameters of 84.7um, 93.10um, and 108.67um were fabri-
cated by etching, respectively. The length of each segment
was 20 mm. The splicing segment of MMF and EMCF
has produced a taper-like structure, as shown in Fig. 1(c).
The design of the interferometer could be made unique
because of its splicing and assembling was performed by
independent etching of MCF. Further, it was assumed that
the EMCF cross-section was weakly coupled and its side
cores were uniformly distributed in the hexagonal transfor-
mation, as shown in Figure 1 (b). Then, the Taper-shaped
MMF-EMCF-MMF segment was sandwiched between the
SMF lead-in and lead-out, respectively. Finally, after finalizing
the above-mentioned steps, three different E7CFIs were made,
which were ~ 84.7 ym, 93.10 um, and 108.67 um, respec-
tively. In addition, the lead-out side of SMF was inscribed by
an FBG at the wavelength of 1550 nm. The MMF section can
be used to excite multiple modes and provide MZ interference
so that all the cores carried by EMCF will be induced coupling.

B. Etching Setup and Monitoring

The MCF etching was performed independently. The
schematic structure of the etching platform is shown in
Fig. 2(a). The 10cm length of MCF was placed in the highly
chemical-resistant test tube made up of PFA (perfluoroalkoxy:
fluoroplastic) material. The purpose of longer length of MCF
is to make 3-4 samples in one go. Secondly, we know that
the etching rate of MCF Ge-doped silica cores are faster
than the pure silica cladding. Consequently, the immersed
end face of MCF in HF solution become waste, which was
about 150~200xm. While fabrication of sensor, firstly cleaved
the waste portion of MCF and then retained the remaining
etched MCF to make 3-4 samples for sensor. The test tube
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Fig.2. Schematic diagram of (a) etching platform for MCF and (b) etching
performance rate.

was filled with a concentrated solution. The concentrated
solution consists of 40% HF and 60% deionized water and
was used to perform the MCF etching. We deployed FAN-
IN (manufactured by FIBERCORE) with an interrogator to
synchronize data with the laptop so that the reflection spectrum
can be monitored while etching. At the same time, we were
gradually recorded different waist diameters of MCF, as shown
in Fig. 2(b). The etching method [22] was followed during the
etching process and the rate of change in waist diameter can
be estimated as,

(1

D(t) :D(t:O).[ Crr @) )}

CHF(I =0

where, D(t) is the waist diameter, and Cgyp(¢) is the HF
concentration. Fig. 2(b) depicts the nonlinearity, which was
observed during the etching process. A non-linear trend
appears in the output graph, which is due to the higher
evaporation rate of HF in the surrounding medium than the
deionized water. The slower etching rate can greatly help
to achieve the desired smooth MCF waist diameter. As a
result, slower etching techniques exhibit better control over
the final waist diameter of the optical fibers. The finishing
cross-section of the EMCF used for the experimental demon-
stration can be seen in Fig. 4(d-e). The microscopic images
of fiber were recorded with a KEYENCE Digital microscope,
VHX-100 series.

C. Working Coupling Principle

The coupling principle of an arbitrary dielectric coupled
systems can be explained relative to the coupled-mode theory.
The single-mode waveguides with linear interaction of N
arbitrary mode and their propagation can be expressed as [36],

| — = CmA 2
ldz M 2)

where, A is a vector element including the complex amplitude
of the electric field of each core along the z-direction, and
C is regarded as a coupling matrix. Generally, Cy explains
the coupling interaction between a pair of the cores, and the
coupling matrix Cy can be expressed as,

ko 01 co2 CO(N—l)
10 ki c12 cr(N—-1)

Cy = €20 21 ko -1 | 3)
C(N-1)0 C(N—1)I C(N—1)2 kv-1)

where, k; is the propagation constant of the fundamental mode
of the i~"" waveguide, and cij is the coupling coefficient
between the i /" and j~'" cores. Generally, for independent
waveguides, modes with different propagation constants are
ki # kj, and these modes interact with each other under the
condition of ¢;; # 0. The Cy coupling matrix can explain
the interaction between waveguides in the form of the core
pair. Ultimately, an arbitrary coupling technique can help to
solve the matrix elements. Considering the weakly guided
approximation, it can be explained the couplings between two
parallel single-mode waveguides, and the coupling coefficient
¢ of two identical cores with a circular geometry can be
expressed as [37], [38],

. V2A u? I:KO(U)éij/r)i|

(K1(w))?
where, r is the radius of MCF core, A is the relative refractive
index difference between core and cladding, d;; is the distance
between the i "M core and j~" core, and K and K are the
modified Hankel functions of order 0 and 1, respectively. v
is the normalized frequency equal to (u? 4+ w?)'/?, u and
w represent the normalized transverse propagation constants
of the LPp; mode propagating in the core and cladding,
respectively.

“)

roo3

D. Experimental Demonstration

The experimental setup for temperature sensing is shown in
Fig. 3. The fusion points of the interferometer are all spliced
by a commercial splicer machine (COMCORE), using the
manual MULTI MODE function in the fusion splicer menu.
The spliced joint of MMF and EMCF has produced a taper-
like structure, as shown in Fig. 4(a-c). The fiber cross-sections
(assuming in xy-plane) with and without etched MCF can be
seen in Fig. 4(d-f). Generally, when the light is launched in
the E7CFlIs from the SMF Lead-in to the MMEF, the SMF core
mode is coupled to the MMF core modes due to the greater
modal mismatch between the SMF and the MMF, which is
caused by multiple guided excitation modes. The MMF section

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on August 21,2023 at 18:28:54 UTC from |IEEE Xplore. Restrictions apply.
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Fig. 4. Microscopic images for the E7CFls, including a spliced section
of MMF-EMCF by varying etched waist diameters along the z-direction
(a) 84.70um, (b) 93.10um, (c) 108.67um, and xy- cross section with
etched MCF (d) 84.70um, (e) 108.67um, and without etched MCF
(f) 125um.

is implemented as a coupler to emit the coupled light from
the central core to the six side cores, and then re-couple the
light at the MMF to the SMF lead-out. At the SMF lead-out
side, the inscribed FBG is performed like an interferometer’s
real-time cross-examiner while sensing, simultaneously. In the
first MMF-EMCEF section, the coupling phenomenon interacts,
the transverse optical field is distributed at each core of
the EMCEF, and partially part of the energy is also coupled
to the cladding mode. Similarly, the core modes and low-
order cladding mode are recoupled and become part of the
interference spectrum in the second section of EMCF-MMF.
The derived transmission spectrum at each temperature set-
point are recorded by an optical spectrum analyzer (OSA,
YOKOGAWA AQ6370D), and the shift of these resonant dips
are monitored with the change of external physical quantities
in real-time. The transmission spectra with the different waists
of the E7CFIs are shown in Fig. 5.

I11. RESULT AND DISCUSSIONS
A. Simulations

COMSOL multi-physics® is employed to perform the sim-
ulations for the proposed E7CFIs. The finite element method
(FEM) is used to simulate the modal field distribution of
E7CFIs. These E7CFIs have different etched waist diameters

——84.70 um
93,10 pm
[=--= 108.67 um

Transmission (dB)

-40

T T T L T i T U T 1
1530 1540 1550 1560 1570 1580 1590 1600 1610 1620
Wavelength (nm)

Fig. 5. Transmission spectrum of the E7CFls by varying etched waist
diameters at room temperature.

of 84.70um, 93.10um, and 108.67um, respectively. It is
assumed that the effective refractive index of each core of
the MCF is 1.46, and the refractive index difference between
the core and the cladding is taken as ~0.007. The original
core-to-core pitch A of the MCF is 35um with the core
and cladding diameters are 6.1um and 125um, respectively.
The core and cladding diameters of the MMFs section are
105um and 125 um, and their refractive indices are 1.444 and
1.439, respectively. Both the core and cladding diameters of
the SMF lead-in and lead-out are 9um and 125xm, and
their refractive indices are 1.462 and 1.457, respectively. The
simulation parameters are consistent with utilized fibers for
E7CFIs. When light is launched in the central core of the
E7CFI, the transverse modal field distribution and normalized
electric field mode are influenced by the side cores relative
to the reduced waist diameter of the E7CFI. When light is
launched into the EMCF through a segment of MMEF, firstly
several fundamental super-modes are excited at the first section
of the MMF. Among them, some super-modes are degenerated
in intensity with different phases across the core. Due to
circular symmetry of fiber cores, only two super-modes are
excited by the fundamental mode of SMF in the central core.
When the excited super-modes propagate along the length of
the EMCF segment, the interference between the two excited
super-modes causes the continuous variation in the spatial
patterns and can be recoupled from MMF back to the SMF
lead-out. The energy field distribution of the two fundamental
super-modes at A = 1550 nm for three different waists of MCF
are illustrated in Fig. 6(a-f).

On the other hand, the light field propagation and intensity
distribution of the MMF-EMCF-MMF is simulated by using
beam propagation method (BPM). In the simulation, the length
of EMCF and MMF are maintained 20mm and 2mm, respec-
tively. However, the etched cladding waist is varied from
84.7um to original waist of MCF, as shown in Fig. 7(a-d). It
can be seen from Fig. 7(a-d), the light is not only distributed
in the center core but also distributed in hexagonal distributed
cores of the MCF. It is more obvious, when the light is
launched into the MMF then EMCE, the light is coupled and
different modes are excited. In the excited modes only two
fundamental super-modes could propagate. Here, the MMFs
are used as a coupler, the two super-modes can be recoupled
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Fig. 6. COMSOL simulation result, two fundamental super-

modes by varying etched waist (a), (b) 84.70um, (c), (d) 93.10um,
and (e), (f) 108.67um.
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back at the second MMF and further become the part of MZ
interference. The output value of central core is varied with
the variation of etched waist of MCF, which is dominant and
can be seen at output monitor value (a.u) of simulation result.
The total output intensity of light can be expressed as,

Tiota = 11 + 1o + 24/ 1112 cos (A ) (5)

Ag 1is the phase difference between the two super-modes
carried by I} and I, respectively. Here, Ag is the phase
difference between two super-modes equal to (27 AnegL / 1),
L is the length of EMCF, Aneg is the effective refractive index
and 4 is the operating wavelength. The MZI interference is
formed due to the effective refractive index difference between
the super-modes. The phase difference Agp between super-
modes should be equal to (2m+ 1)z . Therefore, the attenuation
peak can be determined as [28],

_ 2AneL
T 2m+1

Here, A, is the resonant wavelength and is directly related
to L. According to (Eq. 6), the free spectral range (FSR) can
be obtained as [29],

Am (6)

A
AnegL
It can be clearly seen from Fig. 7(a-d), by reducing the waist
diameters of the E7CFIs, the output power of the central
core is different for different waists. This can be explained
by the interaction between the central and side cores of the
E7CFlIs, which is caused by the thermo-optic coupling effect.
When the environment temperature changes, the refractive
index of the central core and the side core of the EMCF
also varies. Due to the higher Germanium doping, the central
core has a higher thermos-optic coefficient than the side
cores. As shown in Fig.8(a), the simulation results showed
that the central core energy distribution is significantly varied
with the reduction of cladding waist of MCF. As a result,
the refractive index difference between the central core and
the side core becomes larger as the temperature increases.
As shown in Fig. 8(b), simulated E7CFlIs interference spectra

FSR = Adm = [Am — Am_1]| &

)

Center core mode
x10* x10¢

Sidecoresmode — Cladding mode
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Fig. 7. Beam propagation of E7CFls, with etched MCF (a) 84.70um,
(b) 93.10um, (c) 108.67um, and (d) without etched MCF ~125um.

60 -30 0
X (um)

from 1520 nm to 1620 nm for different waists of EMCF are
obtained. The variation in the coupling coefficient c is resulting
FSR to be shifted.

B. Experiment and Transmission Characteristic Analysis

In order to illustrate the relationship between interference
and the coupling principle, we selected three different waist
diameters of the E7CFIs for the experiment. Fig. 5 shows
the transmission spectra of E7CFIs with three different waist
diameters of 84.70um, 93.10um, and 108.67um at room
temperature. The monitored light in the wavelength range
of the optical spectrum analyzer (OSA) and the broadband
light source (BBS) is 1520nm to 1620nm with a wavelength
resolution of 0.02nm. The length of the EMCF and MMF
determines the distribution of the transverse electric field in
addition to the strength of coupling effect between the core
modes. As per theoretical consent, the length of MMF~2 mm
and EMCF~20mm is selected to obtain the desired transmis-
sion spectra. While investigating the temperature response of
E7CFlIs, the following expression can explain the relationship
between temperature and interference wavelength [33],

di A

di _ dniff B dnsz
dT  An

dT dT

: ®)
f
where, T is the degree of temperature, 1 is the dip wave-
length of interference spectrum, ngff and n} ., is the effective
refractive indices of the central and side core modes, these
two modes are called supper mode. Anisf is the difference
between the two effective refractive indices of super modes.
Howeyver, the effective refractive index should be different
between the central core mode and the side core mode.
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Fig. 8. Simulation result of E7CFls (a) Comparing EMCF, central core
energy distribution, (b) Interference spectrum.

According to Eq. (8), the following conditions must be sat-
isfied to realize the relationship between A and T.

|:dngff B dnszi| 20

dT dT ©)

The A1 and T describe the dip wavelength of the inter-
ference spectrum. Where, 4 can shift as the temperature
increases or decreases. In the experimental setup, the tem-
perature is measured with a 10°C shift from 24°C to 130°C.
Fig. 9(a-c) describes the transmission spectral response of
different E7CFIs. As the temperature increases or decreases,
the spectrum has produced red-shift or blue-shift, respectively.
The linear relationship between the temperature and the inter-
ference dip is traced by observing red-shift, as shown in
Fig. 10(a). The E7CFIs exhibits the sensitivity of 103.2pm/°C
within the ambient temperature up-to 70°C. In addition, for
different E7CFI waists of 84.70um, 93.10um, 108.67um,
the sensitivity is 89.19pm/°C, 66.64pm/°C, 56.42pm/°C in the
range of 24°C to 130°C, and linearity is 0.991, 0.998, 0.997,
respectively. The average sensitivity of the inscribed FBG
is 13pm/°C, which is consistent with the conventional FBG
[39], as shown in Fig. 10(b). Here, FBG is implemented as a
real-time cross checker for E7CFIs. According to the analysis
performed through experimental demonstration, the proposed
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Fig. 9. Spectral response to temperature for E7CFls by varying cladding
waist (a) 84.70um, (b) 93.10um, and (c) 108.67um.

Wavelength (nm)

E7CFIs are significantly improved the temperature sensitivity,
which is 8 times better than that of the conventional FBGs.
Moreover, as shown in Fig. 11(a-d), the RI responses
of the interferometers are also experimentally investigated.
According to RI responses of the different waists of E7CFIs,
the interferometers are produced a slight blue-shift in the
range of 1.34 and 1.38. The E7CFIs with waist diameters
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FBG response.

of 84.70um, 93.10um, 108.67um have displayed the RI
sensitivity of —4nm/RIU, —24nm/RIU, —11nm/RIU, with
the linearity of 0.85, 0.93, and 0.91, respectively. The
RlI-insensitive response is instigated by the surrounding RI.
As the surrounding RI becomes larger, the effective refractive
index of the MCF cladding mode can be produced a slight
blue-shift in wavelength. This is caused by the coupling
phenomenon between the central and the side cores of MCF.
As we know that the EMCF pitch A between all cores is
constant during etching. There are two different techniques
that can produce a stronger evanescent field to maintain RI
sensitivity; one is to reduce the pitch A distance between the
central and the side cores by tapering or else, and the other
is to maintain the extended length of MCF. In the proposed
E7CFI design, a shorter length of EMCF is chosen, which
is not sufficient to expose the stronger evanescent field in
the surrounding medium. Consequently, the refractive index
of the core mode to the surrounding medium becomes much
smaller. As a result, the E7CFIs wavelength shifted very
slightly, as shown in Fig. 11(b-d). The experimental results
demonstrate that when the cladding waist is etched near to
the hexagonal distributed outer cores, the RI insensitivity
increased. Hence, the RI response of E7CFIs is as low as
insensitive. This is an advantageous feature of the proposed
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Fig. 11.  Surrounding Refractive index (a) linearity and sensitivity

response by varying etched waist diameter of E7CFls (b) 84.70 um,
(c) 93.10 um, (d) 108.67 um.

E7CFlIs, which showed a good response on one parameter
and can be suppressed other parameter. In addition, E7CFIs
are also provided excellent compatibility, repeatability, and
stability during experimental demonstrations.

IV. CONCLUSION

In conclusion, an interferometer based on MZI etched multi-
core coupled structure is proposed. Its novel advantageous
feature includes insensitive to RI and highly sensitive to tem-
perature. The E7CFIs structure is fabricated by an independent
slow etching methodology. The tuning of the interferometer
is controlled by an appropriate etching technique. The exper-
imental results showed that E7CFIs not only a temperature
sensitive having sensitivity as high as 103.2pm/°C in the
ambient temperature up to 70°C, but is also RI insensitive,
so it can be easily distinguished similar MZI sensors that
have been reported, with a sensitivity of only 54.57pm/°C [3],
72.17pm/°C [35] and FBGs [39]. In the demonstration, com-
pared with the conventional FBG, the responsiveness and
sensitivity of the E7CFI is improved by 8 times. In contrast,
based on the best experimental and simulation results, it is
suggested that the proposed E7CFIs structure can also be
used as a potential candidate for the measurement of higher
temperature sensing up to 1000°C. The proposed E7CFIs
may find the possibility of using this sensing architecture
in a wide range of practical applications, such as optics,
environmental sciences, life sciences, chemistry, medicine, and
communication models.

Disclosures: No potential conflict of interest was reported
by the authors.
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