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Abstract. Self-image interference in a single mode-no-core-single mode fiber plays an important
role especially for length optimization before acting as a sensor. The interference can be observed
through optical simulation software. Past literature has successfully demonstrated the
interference via COMSOL Multiphysics®, but the simulation was not restricted to the use of
important domains and settings such as perfectly matched layer and surrounding domain causing
imprecise simulation results. This paper proposes a simulation of self-image interference in a
single mode-no-core-single mode fiber by using the wave-optics module in COMSOL
Multiphysics® software. The beam propagation method is used to observe the self-image
interference for different self-image indexes ranging from one to four indexes while the self-
image length is obtained from the theoretical calculation before a simulation is carried out. The
results show that accurate results can be obtained with restricted simulation settings. The number
of the self-image index and self-image length produced by the simulation are similar to the
calculation. The self-image point is located exactly at the calculated length with a four-decimal
point 0.0000 difference, thus overcoming the limitation of the simulated previous work. In the
future, the simulation settings and results can be used for reference to simulate the single mode-
no-core-single mode fiber structure.

Keywords: Simulation, self-image, single mode-no-core-single mode fiber

1. Introduction

Single mode-no-core-single mode (SNS) fiber has attracted interest in applications as a refractive index
(RI) sensor [1-3]. The no-core fiber (NCF) that is sandwiched between the single mode fiber (SMF)
plays an important role as a sensing region. Compared to conventional single mode-multimode-single
mode (SMS) fiber which used multimode fiber (MMF) as its sensing region [4], SNS exhibits a more
sensitive response to the changes in the environment due to the absence of a cladding layer as the fiber
itself acts as the core while the external medium acts as the cladding [5]. Instead of modifying the MMF
cladding through tapering or wet etching, the NCF sensor can be directly used as a sensor.

When the NCF is sandwiched between the SMF, it provides a unique light propagation known as
self-image interference [6, 7]. When light is coupled to an NCF, the modes that are supported by the
NCF are excited and the interference between the propagating modes gives rise to an interference pattern
along the NCF. At a certain length, light is concentrated along the NCF central axis forming replicas of
the self-image. The self-image position is affected by the NCF length so this parameter must be chosen
at the self-image point. If the self-image point is located at the output NCF/SMF interface, the minimum
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insertion loss and multimode interference (MMI) information can be obtained [1, 8]. However, other
self-image points that are after or before this interface will reduce the light intensity coupled to the SMF.

Younus et al. [9] characterized the self-image interference of the SNS structure by using COMSOL
Multiphysics® software. However, the author did not emphasize a few domain settings which are
compulsory to simulate the SNS structure. Firstly, a surrounding domain is necessary to better imitate
actual environments wherein the evanescent wave is exposed to the surrounding medium (air) although
no modification is made to the device [6]. Secondly, a perfectly matched layer (PML) is necessary since
boundary condition is applied to the simulation [10, 11]. Consequently, the results obtained without
considering the actual environment and boundary condition brought about a slightly different calculated
and simulated NCF length, indicating imprecision.

In this paper, the SNS structure is simulated via wave optic module-COMSOL Multiphysics®
software to observe the self-image interference. We included the surrounding domain and PML in the
simulation for improved simulation results. Furthermore, the electric field distribution throughout the
SNS is also studied and the underlying physics are discussed.

2. Methodology

2.1 Simulation Approach

The simulation is executed by using commercialized COMSOL Multiphysics 5.5® (COMSOL)
software. A two-dimension (2D) space is chosen to simulate the SNS structure instead of a three-
dimension (3D) to reduce the difficulty in the meshing process, computer memory usage, and simulation
time. The wave optics module is selected to study the electric field distribution and the beam propagation
method (BPM) is used to simulate the structure which allows the user to virtually observe the self-image
interference when the light propagates through the longitudinal NCF region. BPM has been widely used
to demonstrate multimode interference devices for sensing application [1, 11, 12]. In BPM, the user can
determine the inference point when analyzing the electric field distribution along the longitudinal SNS
structure.

2.2 Geometry Settings

Fig. 1(a) illustrates the typical SNS configuration in 3D. It consists of a short NCF length sandwiched
between two SMF. Meanwhile, Fig. 1(b) illustrates the geometry settings of the simulated SNS. It
consists of two SMF with core and cladding diameters of 8um, and 125 pum, respectively. The SMF
length is set to 0.1 mm length. The SMF length does not affect the simulation but rather act as a light
carrier and to ensure there are input and output light having different diameter from the NCF.
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Fig. 1 The illustration of (a) 3D SNS and (b) 2D SNS for simulation purposes
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A simple theoretical calculation is carried out to determine the NCF length as described in Eq. (1) [1,
9]:

nNCFDI%ICF (1)
L=p—g

Where, L is calculated NCF length, p is the self-image index, ny.s is the NCF RI, D is the NCF

diameter and A is the peak wavelength that will replicate the pt™ image of the input field in an NCF. For
a fixed D of 125 pm, n,, ¢ of 1.4440, and A of 1550 nm, the calculated self-image length is found to be
1.4556 cm, 2.9112 cm, 4.3669 cm, and 5.8225 cm representing one, two, three and four self-image
indexes, respectively. The SNS is covered by the analyte domain which represents the analyte medium
in actual experiment. Considering the boundary condition for the whole simulation area, PML is added
with a thickness of 10 um as suggested by COMSOL. This highly effective PML is introduced to inhibit
spurious reflections from the computational boundaries in the wave propagation model [11]. The
geometry settings are summarized as in Table 1.

Table 1 Geometry settings

Parameter Value

SMF core 8 um
SMF cladding 125 pm
SMF length 0.1 mm
NCF diameter 125 pm
1.4556 cm for one self-image index

2.9112 cm for two self-image indexes
4.3669 cm for three self-image indexes
5.8225 cm for four self-image indexes
PML thickness 10 pm (recommended by COMSOL)

NCF length

2.3 Refractive Index Settings

A three-term Sellmeier equation is used to express the fiber RI at the near-infrared wavelength region
as described in Eq. 2 [13]:

o | ME AR A @)
"= et Ete-z

Where n is the material RI and 4 is the operating wavelength. Assuming the SMF core is made of
6.3 % of germanium oxide (GeO,)-doped silica and the cladding and NCF is made from pure silica [13-
15], both materials have different Sellmeier coefficients which are shown in the following Table 2.
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Table 2 Sellmeier coefficient for simulation [16]

Sellmeier Coefficient SMF Core SMF Cladding and NCF

Aq 0.7083925 0.6961663
A, 0.4203993 0.4079426
A 0.8663412 0.8974794
A 0.0853842 0.0684043
Ay 0.1024839 0.1162414
A3 9.8961750 9.8961610

The RI settings are summarized in Table 3. The analyte RI is set 1.0000 RIU, representing the air RI.
All the RI medium is set to isotropic. The SMF and NCF are made up from glass and the SNS is assumed
to be exposed in the air medium, so they possess only one RI for all directions [17, 18].

Table 3 RI settings

Parameter Expression Value
Operating Wavelength - 1550 nm
SMF core RI 1.4529 RIU
SMF clad RI Sellmeier Equation

NCF RI 1.4440 RIU
Analyte RI - 1.0000 RIU

3. Results and Discussion
The simulation output is presented in two forms, which are a colored illustration of the electrical field

intensity through the SNS structure which helps in visualizing optical properties such as light
propagation and self-image interference, and a graph to analyze the electric field distribution and mode
field diameter of the simulated device.

Fig. 2 shows the self-image interference along the NCF structure surrounded with air RI of 1.0000
RIU. The number of the self-image increased as the calculated length increased. The electric field
distribution shows a few peaks that existed at a point at which the self-image is repeated, representing
the interference point. According to Guzman-Sepulveda et. al [6] this result indicates the first clear hint
of the typical filter-like spectral response of the SNS sensor.

The results obtained from the simulation are evaluated. SNS relies on the evanescent wave existed
at the NCF/analyte boundary to interact with the sensor. In a selective study, Fig. 3 shows the evaluation
of the simulated NCF with a length of 5.8225 cm. Fig. 3(a) shows the line to be studied and Fig. 3(b)
shows the mode field diameter at the corresponded line. Line 1 and Line 3 represents the destructive and
constructive interference, respectively, while Line 2 represents the speckle interference. From Fig. 3(b),
there is no evanescent wave existing at the destructive and constructive line. However, the significant
evanescent wave can be seen at speckle interference line which proves the speckle-gram interference as
a part of multimode interference for sensing applications [19, 20].
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Fig. 2. Light propagation and the electric field distribution of the NCF structure at the calculated self —
image length of a) 1.4556 cm, b) 2.9112 cm, ¢) 4.3669 cm and d) 5.8225 cm
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Fig. 3. (a) Light propagation and (b) mode field distribution of the NCF structure at the calculated self-
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Fig. 4 shows the enlarged image of the self-image point for one and four self-image indexes that is
located at the NCF/SMF core boundary. The point is located exactly at the calculated NCF length with
four decimal point, giving 0.0000 difference between the calculated and simulated length. Table 5
compares the suggested works with previous research findings. The results show that, with restricted
simulation settings, the accuracy can be improved.

1.4556 cm

5.8225 cm

(b)

Fig. 4. Self-image point location for (a) one and (b) four self-image indexes. The point located exactly
at the NCF/SMF boundary with restricted simulation settings

Table 5 Comparison study with the previous work.
NCF

Self-image . Length from Length from Eq. .
index Dl(aﬁ;er COMSOL (cm) (1) (cm) Difference Ref.
1.4520 1.4550 0.0030 9]
! 1.4556 1.4556 0.0000  Lhis
125 Work
5.8060 5.8220 0.1600 9]
4 5.8225 5.8225 0.0000 This

Work
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4. Conclusion

This work has successfully demonstrated self-image interference of the SNS by using COMSOL
Multiphysics® software. The results show that, the restricted simulation settings such as PML layer and
air domain has promised a good simulation illustration, improving the accuracy of the simulation results
with four decimal 0.0000 difference between the theoretical calculation and simulation. The simulation
settings can be used for future reference.
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