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Inter-Cross De-Modulated Refractive Index and
Temperature Sensor by an Etched Multi-Core

Fiber of a MZI Structure
Farhan Mumtaz , Yutang Dai , and Muhammad Aqueel Ashraf

Abstract—We present a relative sensitivity of in-fiber inter-cross
demodulation of a Mach–Zehnder interferometer (MZI) based on
an etched multi-core fiber (eMCF). The sensor can measure the
external refractive index (RI) and temperature with a large fringe
visibility of 15 dB. It is tuned using a simple technique of slow
chemical etching. When the outer cores of MCF will be exposed
to the surrounding, a large difference of relative effective RI is
observed, which enhances the sensitivity of the sensor. The sensor’s
wavelength and intensity responses have displayed that it can func-
tion with three different inter-cross-demodulation phenomena. A
superior RI sensitivity of 178.20 dB/RIU in the range of 1.334 to
1.370, and temperature sensitivity of 66.73 pm/°C in the range of 30
to 80 °C are obtained, with an adequate linear response. Besides,
it can readily resolve the issues of cross-sensitivity. Moreover, it
has many advantages including easy fabrication, compact size,
multiplex, repeatable, stable, and can easily differentiate RI and
temperature, which lack others.

Index Terms—Etched Multi-core fiber, inter-cross demodulated
refractive index and temperature sensor, mach-zehnder
interferometer.

I. INTRODUCTION

NOWADAYS RI and temperature optical sensors [1]–[5]
are expanding the research dynamics and becoming a

hot-topic interest for industries and research communities. Such
sensors are capable of offering easy installation in the numerous
practical applications, due to their flexibility and compatibility.
With their inherent properties of high sensitivity, compact size,
lightweight, electrically passive operation, chemically inert,
wide dynamic range, reliable operation, electromagnetic inter-
ference immunity, and minimal loss, playing a vital role and
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making them suitable to be used in various fields of chemical,
biological and environmental engineering. A variety of ultra-
sensitive RI sensors based on tapered Multi-core fiber (MCF)
structures are reported [6]–[8]. MCF has many advantages over
single core fibers, it is comprised of multiple cores with in
the same cladding. It is supported single mode operation of
each core at the same time, such modes are called fundamental
super-modes. If the cores are separated far apart, the modal
profile overlay may be neglected, and MCF will function as
a bundle of single-mode fibers. It is noticeably observed that
when the waist of MCF is reduced via tapering or else. In
a result, the MCF will face the issues of crosstalk, due to
reduction of the pitch among the MCF cores. Therefore, such
interferometers will either restrict the measurement range up-to
one parameter or offer low cross-sensitivity issues. However, the
low cross-sensitivity is a good aspect for dual or multi parameter
measurements.

Besides, different principles of RI sensors based on intensity
and wavelength demodulation [9]–[14] are reported, including
single-multi-single mode (SMS), Fabry–Perot interferometers
(FPIs), Michelson interferometers (MI), tilted fiber Bragg grat-
ings (TFBGs), Fabry-Perot (FP), surface plasmon resonance
(SPR) and etc. Jing et al. [9] has demonstrated an intensity-
modulated RI and temperature sensor by a front taper SMS
structure, and achieved a relative RI sensitivity of −342.815
dB/RIU in the range of 1.33 to 1.37 and temperature sensitivity
of 0.307 dB/°C with a low cross-sensitivity of 0.0002 °C /RIU.
Ran et al. [10] has presented an FPIs sensor using laser micro-
machining, and exhibited a sensitivity of 27 dB/RIU for different
RI sensing applications. Xue et al. [11] has also demonstrated a
MI optical sensor for RI and temperature measurements, and
displayed a RI sensitivity as 94.58 dB/RIU and temperature
sensitivity as 0.0085 nm/°C. Javier et al. [12] has reported a
RI and temperature sensor by writing TFBG on MCF, which
is used to increase the inter-core crosstalk, and displayed a RI
sensitivity of −74.2dB/RIU from 1.31 to 1.39, −250.8 dB/RIU
from 1.39 to 1.44 and temperature sensitivity of 9.75 pm/°C
from 10 to 40 °C. A FP based sensor [13] is reported with high
resolution of RI ∼2 × 10−7 RIU and temperature ∼10−3 °C by
micromachining. González et al. [14] explored the SPR sensor,
and achieved high refractive index and temperature sensitivity,
2323.4 nm/RIU and −2.850 nm/°C respectively.

Several in-line interferometers based on chemically eMCF are
reported [15]–[20]. May-Arrioja et al. [15] has experimentally
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demonstrated an eMCF structure, and displayed a maximum RI
sensitivity of 1.25x104 nm/RIU. Whereas such structures could
able to resolve very small scale RI tracing, i.e., 10−4−10−5

with standard laboratory graded equipment. Kilic et al. [16]
has presented a refractometer of an etched chirped Fiber Bragg
Grating (FBG) in MCF, and exhibited a RI sensitivity of 1.43
nm/RIU with a detection limit of 2.4 × 10−6 RIU in the back-
ground RI of 1.316, moreover, temperature sensitivity can be
compensated by the central core of MCF. In recent, we have
reported two different kinds of interferometers related to eMCF;
a RI sensor with temperature in-line compensation has displayed
a RI sensitivity of 42.83 nm/RIU and temperature sensitivity of
9.89 pm/°C [19], and the other structure has displayed superior
temperature sensitivity of 103.2 pm/°C in the range of 24 to 70
°C with an insensitive feature of RI in the range of 1.34 to 1.38
[20].

In this research, we propose a MZI structure based on an
eMCF. The structure consists of a cascaded formation of single-
multi-eMCF-multi-single mode fibers (SMEMS). In order to
expose the outer cores of MCF, a slow etching technique [20],
[21] is employed to fabricate the sensor. The eMCF is employed
to generate coupled super-modes for stronger interference and
enhanced the interaction of outer-core modes with surrounding
medium. However, the proposed sensor can easily discriminate
temperature and RI through inter-cross-demodulation, and also
can function via multiplex configurations. The proposed work
is the series of existing paper related to eMCF [20], upon
experimental demonstrations the sensor poses repeatability and
reproducibility. Whereas the MCF outer cores are exposed near
to surrounding, the intensity response of RI is enhanced but
temperature shift response decreases. By employing intensity
and wavelength demodulations of inter-cross phenomena; the
sensor can effectively sort the issues of cross-sensitivity.

The fabrication, working principle and simulation of the pro-
posed SMEMS sensor are discussed in Section II. Experiment
results are reported in Section III.

II. PRINCIPLE OF OPERATION

A. Sensor Fabrication

The schematic diagram of the SMEMS sensor and experi-
mental setup is shown in Fig. 1. The proposed structure can
be fabricated with subsequent steps. Step-1: Prior to the fu-
sion of the fibers, a piece of MCF is independently etched
using an etching technique reported in [20], [21]. Step-2: A
SMF and an ordinary commercial step-index multimode fiber
(MMF) are fused together, and the MMF is then cleaved at a
distance of 2 mm. Step-3: By repeating the above procedure,
two analogous sets of SMF-MMF segments are prepared. Then,
these segments are deployed to be Lead-in (L/I) and Lead-out
(L/O), respectively. Step-4: A pre-fabricated segment of eMCF
of length 20 mm (diameter∼76.4 μm) is then spliced in between
SMF-MMF L/I and SMF-MMF L/O, so that SMEMS structure
can be constituted, as shown in Fig. 1(a). Since handling of
eMCF is difficult task due to fragility, but it is carefully cleaved
by adjusting the blade position of an ordinary cleaver. Nowadays,
different packaging platforms are available to handle the issue
of fragility. The proposed eMCF is fragile somehow but have

Fig. 1. (a) The schematic SMEMS senor and (b) experimental setup.

TABLE I
FIBER PARAMETERS

Fig. 2. Images under the microscope (a) MCF before etching, (b) eMCF after
etching, and (c) SMEMS sensor.

considerable strength compared with tapered fiber structures.
All fusion splicing is performed with a commercial splicer de-
vice (COMCORE), a KEYENCE Digital microscope (VHX-100
series) is used to record the images of fibers, and the parameters
of utilized fibers are listed in the Table. I. The cross-sectional im-
ages of MCF, eMCF and SMEMS sensor under the microscope
can be seen in Fig. 2(a)–(c), respectively.

B. Working Principle

When the light is launched from the SMF-MMF L/I toward
eMCF, several modes can be excited due to a large core mis-
match of SMF and MMF. MMF is an optical fiber that support
multiple transverse guided mode for an applied frequency and its
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guided modes can be determined by wavelength and refractive
index profile. Here, for suitability, 2 mm of MMF’s length is
used to tailor the best spectral interference. Further, the excited
multiple higher-order modes from MMF are degenerated in
intensity while propagating through eMCF. Due to large core
of MMF, it is expected that light intensity will be weakly
coupled from the center to outer hexagonal distributed cores of
eMCF. Here, we can realize that only two super-modes would
mainly contribute to the interference, as the other higher-order
modes will be degenerated due to circular symmetry of the
eMCF cores and phase differences across the cores. The modal
interference between two super-modes is continuously varied the
spatial pattern, and finally when the light reaches at next MMF,
the light re-couple back toward SMF L/O. Whereas the total
light intensity received by an optical spectrum analyzer (OSA:
YOKOGAWA AQ6370D) at the output, can be expressed as,

Itotal = Ict + Iot + 2
√

IctIot cos θ (1)

where Ict and Iot are the light intensities of the super-modes
corresponding to center and outer core of the SMEMS sensor,
respectively. The relative phase difference θ between the super-
modes can be expressed as,

θ =
2πΔnct,ot

eff L

λ
(2)

where λ is the operating wavelength of the transmitted light
from a broadband source (BBS), L is the length of the eMCF,
and Δnct,nt

eff represents the relative effective refractive index

difference. Δnct,nt
eff can be written as,

Δnct,ot
eff = nct

eff − not
eff (3)

where nct
eff is the effective refractive index of the center core

super-mode and not
eff is the effective refractive index of the

relevant outer core super-mode. From Eq. (1), we have found
that when the interference reaches to minimum intensity, then
the phase difference between two super- modes should be equal
to (2m+1) π while propagating through the eMCF of length L.
Thus, the wavelength of the m-th order attenuation peak can be
written as,

λm =
2Δnct,ot

eff L

2m+ 1
(4)

Here, λm is the resonant wavelength, which is directly related
to the eMCF of length L. From Eq. (4), the free spectral range
(FSR) of the proposed MZI sensor can be estimated as,

FSR = |λm − λm−1| ≈ λm
2

Δnct,ot
eff L

(5)

C. Simulation and Interference Spectrum

The working principle is simulated by a Beam propagation
module (BPM). The simulated results are explained that when
the light enters from SMF-MMF L/I toward eMCF, the mul-
timode interference is generated at first MMF. Then, the light
will not be only remained in the center core but also spread into
the outer cores, and the cladding of eMCF. As a result, when

Fig. 3. Simulated profile of SEMES sensor (a) Beam propagation describes
the power distribution of the center core, outer core and cladding region while
propagating through sensor; and the transverse E-field of the eMCF for (b) center
core mode, (c) outer cores super-mode, and (d) the partially coupled outer core
and cladding supper-mode.

such two distinct beams will interfere each other to form an
MZI interferometer, as shown in Fig. 3(a). It can be realized
that when the multi-mode interference would excite from MMF
toward eMCF. Most of the higher-order modes are found to
be degenerate in intensity while propagating through eMCF.
Whereas the theoretical agreement has also explained; due to
different phases across the cores, mostly higher-order modes
will be degenerated. Nevertheless, such modal interference can
play a vital role to attain a strong interference pattern. Also,
it can be seen that when the light propagates through eMCF
toward SMF L/O via MMF, only two dominant super-modes
could propagate in the sensing probe, which are center and
outer core modes, as traced by the power pathway monitor in
Fig. 3(a). In order to obtain a direct interaction between outer
cores and surrounding medium, the eMCF is deployed. As a
result, the evanescent field will become stronger at the eMCF
clad-surrounding interface. Moreover, the simulated transverse
electric (E) field distribution of fundamental super-modes are
obtained, as shown in Fig. 3(b)–(c). Also, the light intensity
has to be partially coupled among outer cores and cladding of
the eMCF. For realization, we have also obtained the transverse
E-field distribution of the couple cladding mode, as shown in
Fig. 3(d). Therefore, we can realize from the simulations that the
power distribution in the proposed SMEMS sensor has clarified
the coupling and recoupling phenomena of light intensity at
SMF-MMF-L/I and SMF-MMF-L/O, respectively. Also, such
spatial variation of modal interference will substantially take
part to form a stronger MZI interference pattern. The interfer-
ence transmission spectra of the SMEMS sensor under different
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Fig. 4. Transmission interference spectra of the SMEMS sensor (a) under
different surrounding RI and (b) under air with temperature rise.

surrounding RI and under air with temperature rise are recorded
by an OSA, as shown in Fig. 4(a)–(b) respectively.

III. EXPERIMENT AND DISCUSSION

The experimental setup of the proposed SMEMS sensor for
RI measurement is shown in Fig. 1(b). A BBS with a laser
wavelength range from 1540 to 1610 nm, and an OSA are
employed to monitor the transmission spectrum of SMEMS
sensor. In order to investigate the surrounding RI, we have
calibrated a series of RI solution in the range of 1.334 to
1.370 using an Abbe refractometer. A percentage of glycerol
is added into deionized water to calibrate different RI solution
by Zinah’s method [8]. The interference dip variation with
respect to different surrounding RI is plotted in Fig. 4. It can be
observed that resonant interference dip has slightly fluctuated
in wavelength at different surrounding RI, but a large variation
occurred in wavelength intensity. Whereas the RI fluctuations in
wavelength might be affected due to external temperature error
±0.00255 °C. Also, the intensity shift of resonant interference
dip at different surrounding RI has displayed a good agreement
of a linear fit response. The inset of resonant dip with RI changes
is taken from Fig. 4, which can be seen in Fig. 5(a). Whereas
the RI sensitivity of SMEMS sensor has exhibited as 178.20
dB/RIU in the range of 1.334 to 1.370, with a linear fitting of
0.9945, as shown in Fig. 5(b). Compared with several previously
reported RI sensors (27 dB/RIU [10], 94.58 dB/RIU [11],−74.2
dB/RIU [12], and −110 dB/RIU [22]), the proposed sensor is
substantially enhanced and improved the sensitivity.

Fig. 5. (a) Transmission spectrum evolution of the SMEMS sensor under
different surrounding RI; (b) measured sensitivity with dip intensity change
and linear fit at room temperature.

Afterward, in order to investigate the temperature response
of SMEMS sensor; the sensor is placed into a heating furnace,
whose temperature error is ±0.01 °C. We have measured the
temperature in the range of 30 to 80 °C with an increment of
5 °C during each heating. Whereas the temperature is kept for
10 min during each increment of heating. When the tempera-
ture rose, the resonant dip has linearly shifted toward a longer
wavelength, but the dip intensity has hardly changed. During
experimental demonstration, we have observed that the temper-
ature has induced a “redshift” in the wavelength. However, the
redshift is found obvious due to the material characteristic of
MCF. As the thermo-optic coefficient of the Ge-doped silica
core is higher than the fused silica cladding, so the effective
refractive index difference between the core and cladding modes
has become large with surrounding temperature change [23].
Since the thermo-optic coefficient of the center core of a MCF
is higher, so it could have formed a large difference of effective
refractive index between center core and surrounding medium.
Correspondingly it could effectively enhance the temperature
sensitivity. The theoretical relationship between the temperature
and resonant interference dip can be calculated as [20],

dλ

dT
=

λ

Δnct,ot
eff

[
dnct

eff

dT
− dnot

eff

dT

]
(6)

From Fig. 6(a), It can be inferred that the resonant interference
dip of SMEMS sensor has linearly shifted toward the longer
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Fig. 6. (a) Transmission spectrum evolution of the SMEMS sensor under
surrounding temperature change; (b) measured sensitivity with dip wavelength
shift and dip intensity, and their linear fit responses.

wavelength with temperature rose, but the dip intensity could
have rarely changed within ±0.0037 dB, which is negligible.
Besides, the sensor has displayed temperature sensitivity 66.73
pm/°C in the range of 30 to 80 °C with a linear fitting of 0.9856,
as shown in Fig. 6(b).

After the experimental demonstrations, we have found that
the proposed SMEMS sensor can be a potential candidate for
a multiplex configuration of the inter-cross-demodulation sys-
tem and support operations under three different demodulation
phenomena, which are as follows:

1) Simultaneous measurement of RI and temperature by in-
tensity and wavelength demodulation, respectively.

2) Temperature in-sensitive and RI sensitive by intensity
demodulation.

3) RI in-sensitive and temperature sensitive by wavelength
demodulation.

Besides, we haven’t found any serious deterioration in trans-
mission spectra and the extinction ratio, with variation of sur-
rounding RI and temperature rose. Also, the sensor has been
solved the issue of cross-sensitively.

IV. CONCLUSION

In summary, the proposed SMEMS sensor based on an eMCF
structure of a MZI principle has been realized to achieve the

RI and temperature measurement. The slow etching technique
is employed to fabricate the sensor. The sensor exhibits RI
sensitivity ∼178.20 dB/RIU in the range of 1.334 to 1.370 and
temperature sensitivity∼66.73 pm/°C from 30 to 80 °C. Besides,
SMEMS sensor has displayed the merits of easy fabrication,
stable response, and nil cross-sensitivity. The stability and nil
cross-sensitivity features indicate that the proposed sensor is
a promising candidate, and may find potential applications in
various fields of science, such as ocean engineering, chemical
inspection, biomedicine and etc.
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