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ULTRAHIGH SENSITIVE REFRACTIVE INDEX SENSOR BASED ON
TAPERED MULTICORE OPTICAL FIBER

ZINAH ABBAS AL-MASHHADANI AND ISA NAVRUZ

ABSTRACT. The refractive index sensors based on tapered optical fiber are
attractive for many industries due to sensing capability in a variety of application.
In this paper, we proposed a refractive index sensor based on multicore fiber (MCF)
sandwiched between two standard single mode fibers (SMF). The sensor consisting
of three sections, SMF- MCF-SMF is structurally simple and can be easily produced
by joining these parts. The MFC contains seven cores and these cores are
surrounded by a single cladding. The sensing region is obtained by tapering the
MCEF section where the evanescent field is generated. The single mode propagating
along the SMF is stimulated at the first joint and is coupled to the cladding modes.
These modes interfere with the core mode after passing the second joint. The
transmission spectrum of the output light at the end of the third section is sensitive
to the refractive index (RI) of the environment surrounding the cladding. In this
study, the RI sensitivity of the proposed sensor was analyzed numerically and the
RI sensing characteristic was investigated for different measurement ranges and
different structural configurations. The results show that the refractive index
sensitivity is extremely high in the range of about 1.44 to 1.45 RIU. In addition,
the developed sensor has many advantages such as compact construction, low cost,
small size and easy fabrication. It also has the potential to perform high precision
measurements in fields such as biochemistry, health care and biological
applications.

1. INTRODUCTION

Optical fiber refractive index (RI) sensors have been widely investigated for
chemical, medical and biotechnological industries. All fiber RI sensors have been
extensively used due to their unique advantages of high sensitivity, fast responding,
compact size, low cost, immunity to electromagnetic interference, multiplexing and
remote operation capability [1-4]. Many techniques for implementing RI sensing
have been reported, such as using a fiber Bragg grating (FBG) [5], long period
grating (LPG) [6], a Fabry-Perot interferometer [7], surface plasmon resonance [§],
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micro-sphere resonator [9], D-shaped fibers [10], tapered fiber [11 ], optical ring
resonator [12], and the combination of two or more techniques above [13]. As an
alternative to these existing techniques, hetero-core spliced fiber optic sensor based
on core diameter mismatch has been proposed [14]. These sensors are easily
fabricated by cutting and fusion splicing processes. The sensor structure consisting
of two identical input and output single mode fibers SMFs axially spliced at both
ends of a middle section of thin core fiber [15], coreless fiber [16], multi-mode fiber
(MMF) [17], hollow core photonic crystal fiber (HCPCF) [18], two core fiber [19]
or multicore fiber (MCF)[20].

In recent years, multi-core fiber have shown great interest in sensing application like
temperature [21], curvature [22], strain [23], and shape sensing [24]. In this study,
we present a high sensitive RI sensor based on MCF which is different from
traditional single mode fiber. Jose et al. [19] have developed a novel fiber optic
sensor based on a two core fiber for high performance measurements of RI of liquids.
In their study, the maximum sensitivity of 3119 nm/RIU for RI range from 1.3160
to 1.3943 was experimentally measured. Ahmmed et al. [25] has implemented a
multicore flat fiber based on surface plasmon resonance (SPR) sensor operating in
telecommunication wavelengths for RI sensing. The modeled sensor showed a
maximum sensitivity of 23,000 nm / RIU in the sensing range of 1.47-1.475. In a
recent study, Chuanbiao et al. [20] have reported a scheme of splicing two single
mode fibers to a section of tapered four-core fiber for RI sensing with a sensitivity
of 171.2 nm / RIU in the range from 1.3448 to 1.3774 and with a tapered waist
diameter of 81.3 um. However, this sensitivity is not very high, but it can be
improved by decreasing the waist diameter of the tapered section to meet more
application scenarios.

In this work, a novel, highly sensitive seven cores MCF based on tapering technique
is numerically demonstrated for the first time. Two identical SMFs are connected to
both ends of a tapered MCF consisting of seven cores. Thus, a very simple sensor
has been produced in terms of manufacturing and low cost. The change in the RI of
the medium surrounding the sensing region directly shifts the transmission spectrum
showing its sensitivity to external RI. Using MCF as a sensing region to the
surrounding RI shows a great enhancement in sensitivity and extends the sensing RI
range more than 1.4455 as compared with tapered standard SMF. Maximum
sensitivity of 155000 nm/RIU in the RI range from 1.4454 to 1.4458 is numerically
achieved. The RI response of the designed sensor is quite linear over a wide range.
Our calculations show that the linear fitting coefficient, R? (R-Squared) is higher
than 0.99.
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In addition, the effect of sensor design parameters such as the tapering length and
tapering waist diameter on RI detection performance was also analyzed. The effect
of sensor design parameters such as tapering length and tapering waist diameter on
the RI sensing performance was also analyzed. The light propagation in the MCF
section has been simulated employing a beam propagation method.

2. SENSING PRINCIPLES

The schematic perspective of SMF-MCF-SMF structure is shown in Figure 1 (a).
The MCF has one central core and six outer cores. The sensor was designed by
inserting 2 cm section of MCF between two sections of SMF. The core of the input
and output SMF are ideally aligned with center core of MCF. Both the SMF and
MCF fibers have a step index profile and the core/cladding refractive indexes of SMF
were 1.45 and 1.445 respectively and core/cladding diameters were 9/125 pm.
Figure 1 (b) shows the cross sectional view of the untapered seven core MCF which
was used in our sensor designs. The MCF has a diameter of 125 pm, and the diameter
of all cores was 8.8 pm. The central core/outer six cores refractive index were 1.4535
and 1.4529 respectively. The refractive index of the MCF cladding was 1.45. The
outer six cores have the same refractive index and were distributed in the six vertices
of the regular hexagon. The distance between each core (pitch 4) was 37.75 pm.

The injected light injected from SMF into the MCF will excite multiple high order
modes in the cladding of the MCF. These excited modes would propagate along the
seven cores of MCF and interference between these multiple modes occurs and then
back into the core of SMF [20]. On the other hand, the core/cladding diameter in the
tapering region become thinner due to the tapering, so the light in core can be
transmitted along with the surface of the tapered MCF due to the evanescent wave
[26]. The propagation constant of the cladding mode is influenced by the RI of the
surrounding environment. Thus, the relative phase difference between two
interfering modes can be expressed by [20],

AQ = %”(An)L (2.1)

where A is the wavelength of the light source, L is the length of the MCF, and An is
the effective refractive index difference, which can be expressed as,
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An =ngzp —ngfs (2.2)

where ng? . is the effective refractive indices of core mode and ngy is the effective
refractive indices of higher order modes out of the core. An is a function of RI of
both the MCF and the surrounding environment. Assuming the SMF and MCF are
ideally aligned, when light travels from SMF to MCF, only LP,,,, modes are excited
in the MCF depending on the circular symmetry of the input field. If the input light
in the SMF has a fundamental mode field distribution E (r, 0) at z=0, then the input
field can be decomposed into eigenmodes LP,,, in the MCF when the light enters
the MCF section [17, 20]. By defining the field profile of LP,,, as a function of
Y, (1), the input field at the MCF can be written as [17],

E(r,0) = Z%:l by Wi (1) (2.3)
where ¥,,, (1) are the eigenmodes of the MCF and b, is the excitation coefficient

of each mode. The field MCF section at a propagation distance L can be described
as

E(r,L) = YXm b E1(r)exp(jBmL) (2.4)

where f3,,, is the propagation constant.
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FIGURE 1. (a) the schematic diagram of the sensor, (b) a cross- sectional view of the seven
core multicore fiber.

3. BPM NUMERIC SIMULATION RESULTS AND ANALYSIS

We carried out a simulation of light propagation through MCF and joint regions. We
used BPM, which is suitable for long structure design. The initial condition for the
BPM simulation was assumed to be a fundamental mode with wavelength of 1550
nm in first SMF. All simulations were carried out using two dimensional structures.
The tapered waist diameter and tapered length were set to 20 um and 2 cm,
respectively. The upper and lower tapered region were each 5 mm long. An overall
structure length of about 9 cm was used in all simulations. Figure 2 shows the
distribution of electric field amplitude in the SMF-MCF-SMF structure for
surrounding RI of 1.4455. It shows that most of the power stays in the central core,
and after tapering region splits into upper and lower cores. When light enters the
MCEF, it excites the supermodes in the tapering region. After a specific distance, the
interference of excited supermodes provides equal power distribution in each core.
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So, the power distribution at the output of the MCF is strongly depends on the taper
waist length.

40 50 60
X (x10A3)

FIGURE 2. The electric field amplitude distribution of SMF-MCF-SMF fiber sensor with
the tapered waist diameter of 20 um and the tapered length of 2 cm. The surrounding RI is
1.4455 and the operating wavelength is 1550 nm. The X and Y axes represent the longitudinal
and transverse directions of the optical fiber, respectively.

We simulated that how the surrounding RI change affect the multimode interference
and hence the sensitivity of the sensor. Three different ranges of RI were used in the
simulation. The selected RI value ranges are from 1.345 to 1.375, 1.4454 to 1.4458,
and from 1. 4455 to 1.44558. It can be observed that the transmission spectrum
moves toward longer wavelengths (red shifting) as the surrounding RI increases in
each step. The wavelength dips shift about 7nm, 13nm and 2nm, when the RI change
from 1.345 to 1.375, from 1.4454 to 1.4458, and from 1.4455 to 1.44558 as shown
in Figure 3 (a), (b) and (c) respectively.
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As shown in Figures 3 (b) and (c), small changes of 0.0001 and 0.00001 in the RI
have resulted in wavelength shifts that can be easily measured in the transmission
spectrum resulting in high sensitivity.
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Tapered waist diameter and tapered length are 20 pm and 2 cm, respectively a) for the RI

range of 1.345 to 1.375 (b) for the RI range of 1.4454 to 1.4458 (c) for the RI range of 1.4455
to 1.44558.

Figure 4 shows the simulated data of the wavelength-RI variation and the linear
curve fitting for all three transmission spectrum. As expected, the sensitivity
increases when the surrounding RI is around 1.445. The sensitivities for the RI range
of 1.345-1.375, 1.4454-1.4458 and 1.4455-1.44558 are 703 nm/RIU, 155000
nm/RIU and 148500 nm/RIU, respectively. Their R? coefficients are greater than
0.9974, which indicates that the wavelength shift exhibits good linear relationship
with the RI change over a small RI range. The proposed sensor has a perfect RI
sensing performance in the RI range 1.4454-1.4458 and 1.4455-1.44558.
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FIGURE 4. Wavelength shift versus surrounding RI a) for the RI range of 1.345 to 1.375,
b) for the RI range of 1.4454 to 1.4458, c) for the RI range of 1.4455 to 1.44558.

In order to analyze the sensing performance of the designed sensor, three sensors
with different tapering parameters which are tapering length L and tapering waist
diameter W, were simulated. The sensitivity enhancement can be achieved by
increasing the taper length or by creating thinner tapers, which increase An as
represented in Eq. 2. The beat length between the guided mode and the radiative

modes increases with reduced fiber radius resulting in strongest coupling between
the modes.
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Figure 5 (a) shows the transmission spectrum of the designed sensor with different
tapering length of 1, 2 and 3cm. The tapering waist diameter W, and surrounding RI
were set to 20 pm and 1.4455, respectively. As the length of the tapering increases,
the frequency of oscillations increases. However, an increase in the number of
oscillations leads to reduction in the dynamic range of the sensor. On the other hand,
Figure 5 (b) shows the transmission spectrum of the sensor with different tapering
waist diameter 20, 30 and 40 pm.
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It can be seen that the sensors with tapering waist diameter of 20 and 30 um show
almost same responses to RI changing as compared with waist diameter of 40 pm.

In addition, although the sensor has a waist diameter as wide as 40 pm, oscillations
in the spectrum indicate that the multiple modes in the sensing region still exhibits a
strong interference influenced by the surrounding RI. This result cannot be achieved
with tapered standard SMF only within this range of waist diameters as compared
with our previous work [27].

4. CONCLUSION

In conclusion, we numerically demonstrated a RI sensor based on MCF fixed
between two standard SMF sections. By employing tapering on the MCF as a sensing
element, a sensitive RI detection could be obtained over a selected RI ranges. BPM
is used to simulate the light propagation in the MCF and the sensing performance of
the designed sensor to different sets of RI is analyzed. A maximum sensitivity of
155000 nm/RIU is obtained in the surrounding RI range from 1.4454 to 1.4458. The
tapering length and the waist diameter are set to 2 cm and 20 pm, respectively, in all
simulations. The RI sensitivity is increased with the increase of surrounding RI
greater than 1.445. Using MCF with tapering technique shows a great sensitivity
enhancement as compared with traditional tapered standard SMF. Moreover, the
proposed sensor has many advantages, such as ease of production with conventional
insertion, flexibility to work in different RI ranges, and small size. It can be used for
high-resolution RI measurement in many areas such as chemistry, biology,
biomedical or photonics applications.
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