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Abstract: Fiber optic has extraordinary properties and is
suitable in sensor applications due to its special potential.
Currently, macro bending characteristics of newly developed
hetero core fiber optic element are designed and evaluated. This
paper presents the preliminary results obtained from the
numerical simulation analysis of the bending sensitivity of
U-shapefiber opticstoward the 2D electromagnetic wavein terms
of mesh, curvatureradius, corefiber size, and turn number. Fiber
optics with core sizes of 4, 9, 50, and 62.5 um were designed. In
addition, the combination of core diameters 50-4-50, 50-9-50,
62.5-4-62.5, and 62.5-9-62.5 um is evaluated to compare the
outcome of transmission power in terms of hetero core structure
of fiber optic. Simulation is performed using COMSOL
Multiphysics simulation tool. The devel oped U-shape fiber opticis
designed to sensethe distortion of reducing power transmission by
comparing input and output power. Results show that the selected
mesh depends on the size of geometry bending fiber optics, and
fine and finer mesh is the best for U-shape fiber optic.
Furthermore, the power flow on the fiber decreases with the
decreasing curvature radius and increasing turn number. The
fiber with a core size combination of 62.5-4-62.5 um has high
sensitivity in terms of loss. The attained results possess higher
potential in thefield of sensor applications, such as displacement,
strain, pressure, and monitoring respiration, on human body.
This study serves as a basis for further investigation of
nanomaterial coating on fiber optics, thereby enhancing its
credibility for sensing.

Keywords. Wave optic, power flow, macro bending, hetero core,
COMSOL Multiphysics.

. INTRODUCTION

Bendi ng optical fiber causing several powers and affects

the transmission efficiency in applications. Numerous
theoretical and experimenta studies on bending effect have
been conducted, such as studies on curvature radius, turn
number, and bend structure. Researchers have attempted to
eliminate loss to improve the efficiency of fiber optics. The
bending structure has some good effects on specia
applications, such as on strain, displacement, and pressure
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sensors. The loss in bending structure enhances the sensor
sensitivity and has a good impact on certain applications.
Therefore, the preliminary results obtained from investigating
the propagation through bending fiber optics are presented in
this paper. The U-shape structure of fiber opticsis considered
to simulate bending at the macroscopic level in terms of mesh
type, core diameter, turn number, and

curvature radius.

I1. EFFECT OF STRUCTURAL CHARACTERISTICS

A. Effect of mesh size selection

A free mapped mesh with an extremely fine element was
chosen and calibrated for the fiber optics. All mesh sizes,
namely, extremely fine, extrafine, finer, fine, normal, coarse,
coarser, extra coarse, and extremely coarse, were tested to
identify the size that can generate aperfect result. Theresultis
usually perfect when an extremely fine mesh is used for long
fibers.

B. Effect of corediameter

The mode field diameter is the most important in
determining the susceptibility of the bending fiber that
induces loss. A small mode field diameter indicates that light
is tightly confined to the center of the fiber. That is, light is
lesslikely to leak when the fiber is bent. In the bending fiber,
the total number of modes can be related to the index profile,
the propagating wavelength, and the radius of curvature as

shownin (1)
%
J 1)

where N is the number of modes supported in a straight
fiber, « defines the index profile, A is the core-cladding

Ng = N, 41—
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index difference, n,is the cladding index, k = i , and
A

Ristheradius of curvature of the bend [1].

C. Effect of turn number

Consequently, the power loss increases with the number of
turns ( N ), resulting in increased bend loss. The relationship
between lossesand N can be simplified using

Ly = &N @
where L, is the bending loss for a specificN, and & is
the fitting parameter dueto N [2].

D. Effect of curvatureradius
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Bending loss has a direct relationship with the bending
radius. The loss increases as the radius decreases. The radius
of bending is an important parameter.

The bending measurement is used to determine the loss
associated with it. Bend loss has a direct relationship with the
radius of bending.

The critical radius of curvature, R, , is defined as
3n,A
Re=— " )
47 (NA)
where R isthe critical radius of bending, n,is the refractive

index of the cladding, NAis the numerical aperture of the
fiber, and A4 isthewavelength[1, 2].

I11. COMSOL SIMULATIONS

In COMSOL, 2D U-shape fiber optics rectangular and
semicircle are generated as the geometry of the model. All
parameters are tabulated in Table 1.

Table- |: Parameter of U-shapefiber optic

Study Corediameter Cladding L oop
(nm) diameter
(um)

Effect of mesh sizes 9 125 1

Effect of curvature radius 9 125 1
Effect of turn number 9 125 1to9

Effect of core diameter 9 125 1

4 125 1

50-9-50 125 1

62.5-9-62.5 125 1

50-4-50 125 1

50-9-50 125 1

In this simulation, we solve the wave equation using
electromagnetic wave in the wave optics module [3]. The
electric field for the wave can be written as

,'kl.
E(r)=E,(r)e" @
for the wave vector set to unidirectional, where E, is a
dowly varying field envelope function, and @
approximates the propagation phase for the wave. Inserting

this electric filed formulation into Maxweel’s equation results
in following wave equation for the envel ope function

(V= iky) < ((V - ik, )x E; ) - K’E, =0 )
For time-harmonic and eigenfrequency problems. The wave
number, Kk isdefined by

k=k,n (6)
where n isthe refractive index and the wave number of free
space, Kk, isdefined

1)
Kk, = w./eouo = C— ™
0

IV. RESULTSAND DISCUSSION

In the part hereof, the influence of the selected mesh size,
core diameter, curvature radius, R and number of turns,
N on the losses of bend fiber was investigated.
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A. Effect of mesh selection

Free mapped mesh element was chosen and calibrated for
the U-shape fiber optics. All mesh sizes, including extremely
fine, extra fine, finer, fine, normal, coarse, coarser, extra
coarse, and extremely coarse, were used to determine which
Size can generate a perfect result for all bending fiber optics
(i.e., fine mesh). Fig. 1 shows the mesh of the U-shape fiber
optic geometry and the electric field with different mesh sizes.
Clearly, the selected (best) mesh size for simulation provided
the best solution for determining the best objective. Although
the extremely fine mesh isagood mesh, it did not achieve the
desired outcome for this study. Fig. 2 clearly shows which
power flow at Port 2 isthe smallest, which isirrelevant to this
study. Extremely coarse, extra coarse, coarser, coarse, and
normal meshes are unsuitable for this geometry. Although the
power flow output was high using an extremely coarse mesh,
this mesh is unsuitable. Meanwhile, the power flow at the
output port, using extra coarse, coarser, coarse, and normal of
meshes, was larger than that at the input port, which is
illogical. It is because of the shape of bending fiber not
smooth and it will ignore then affect the propagating light at
the curve geometry. Generally, macro bending affects the
propagating light and shows that the modes at the curve
section exit the core. Fine and finer meshes show the real
outcome of this situation. Therefore, the mesh size must be
selected based on the geometry and the length of the
geometry. The result is perfect when using an extremely fine
mesh for long fibers. It means each mesh component isa set of
characteristics equations shall be governed that describe the
flber supported modesin its calculanon [4]
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Fig. 1. U-shapefiber optic geometry with (a) extremely
coarse and (b) extra coarse (c) coarser (d) coarse (€)
normal (f) fine (g) finer (h) extrafine (i) extremely fine
meshes
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Fig. 2. Power flow at Port 1 (Input) and Port 2 (Output)
with different meshes

B. Effect of curvatureradius
The power flow at radius of curvature R = 0.5, 0.75, 1.0,

Retrieval Number: 100.1/ijeat.B20821210220
DOI:10.35940/ijeat.B2082.1210220
Journal Website: www.ijeat.org

International Journal of Engineering and Advanced Technology (IJEAT)
I SSN: 2249-8958 (Online), Volume-10 I ssue-2, December 2020

1.25 cmwas investigated by examining the power flow at the
input and output ports. In this geometry, the length of the
U-shaped fiber islonger than geometry in effect on mesh size.
Therefore, extreme mesh was selected to ensure that the
results are near the real values. The core and cladding sizes
for this study are 9 and 125 um, respectively. To ensure that
the range of bending radiusis not equal to the critical radius,
the minimum critical bend radius of the single mode fiber with

negligible loss is obtained at R, ~ 100mm according to the
following equation
-3
A
J ®
/10

204
Re = ——| 2.748 — 0.996

JA

n

where 4 and 4. are the operating and cut-off wavelengths,

respectively [5]. Thus, the curvature radius ranging from 0.5
cmto 1.25 cm at the operating wavelength of 1550 nmisvalid
for usein this study. On one hand, if the bend radiusis greater
than the critical value, then the bending is insensitive macro
bending. In this situation, the photon in the propagated bend
light wave movesin a circular path with the axis of bending.
On the other hand, if the bend radius is below the critical
value, the bend loss will increase rapidly because the phase
velocity of the outer part of the fiber is equal to the light
velocity in the cladding. However, it cannot be more than the
light velocity in the cladding. This mechanism allows the
construction of a relatively sensitive bending fiber sensor.
Table 2 shows the power flow for all curvature radii. Clearly,
the input power is greater than the output power.
Table- I1: Power flow at Port 1 (Input) and Port 2
(Output) with R values of 0.5 cm, 0.75 cm, 1.0 cm, and
1.25 cm at 1550 nm.

Curvature Radius Power flow (mW/m?)

(cm) Port 1 Port 2
0.50 1.25 x 10° 0.28x 10°
0.75 420 x 10° 2.70x 10°
1.00 3.52x10° 2.85x 10°
1.25 3.25x 10° 2.79x 10°
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The variation of power loss against the radius of curvature is
illustrated in Fig. 3. The results in Fig. 3 indicate that high
bending lossisinduced by asmall bend radius. The measured
bending lossin this simulation at different curvature radii fits
the following equation

LR — gRle(_fRzR) 9
where L, is the bending loss for various bend radii, while

& and &, are the fitting parameters [2]. The curve shows

good agreement. Thus, the simplified formula can be used to
estimate the bending loss for the bend fiber sensor at various
bend radii.
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Fig. 3. Relationship between the bend loss and the
corresponding bend radius at 1550 nm

C. Effect of core diameter

In this study, macro bending was anayzed at core
diameters of 9, 4, 50-9-50, 50-4-50, 62.5-9-62.5, and
62.5-4-62.5 um. Fig. 4 shows the power flow at the input and
output ports of the bending fiber optic for different core
diameters. The figure shows that the fiber optic with a core
diameter of 4 um generated a higher loss than that with a core
diameter of 9 um. The same is true with the fiber optic with
the hetero-core combinations of 4 pm with 50 and 62.5 um.
The single mode in the transmission fiber partialy leaks into
the cladding at the boundary interface between the
transmission fiber (50 um or 62.5 um) and the hetero-core
part (4 um or 9 pum). In this case, the core diameter of 9 um
could be large enough to support single mode propagation,
and most of the power can pass through this region compared
with the core diameter of 4 um. Thus, the 9-um core diameter
has alow-insertion loss type and generates more power at the
output port. Meanwhile, the 50-4-50- and 62.5-4-62.5-um
combinations can be categorized as high sensitivity types of
fiber optic. In other words, single mode propagation in the
transmission line easily collapses at the interface of the
multimode and single mode fiber optics at the wavelength of
1550 nm. After passing through the second interface of the
single-mode and multimode fiber optics, al the light modes
are coupled back to multimode [6, 7]. However, recoupling in
this part could be very sensitive to the change in radius of
curvature due to macro bending [8]. Generally, the fiber size
and the index of refraction are the common key factors that
impact light travel in afiber. It causes limited discrete modes
that are determined by the wavelength of the light. The
normalized frequency can be written as

2ra 2

V =——4/n

2
1 core ~ Nojad (10)

where a isthe corediameter of thefiber, A isthewavelength

of the propagating light wave, and n_,, and ny, are the

core cla
refractive indexes of the fiber core and cladding, respectively
[9].

For the hetero-core fiber structure of 50-9-50 um, the
normalized frequency is approximately 21.29 in the
multimode and 2.33 in the hetero-core part, while the numbers
of supported modes are 226.63 and 2.71, respectively. In the
cal culated mode, the supported mode in the core was trimmed
down fromits origina value when it passed through the first
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interface part (from 50 pm to 9 um). Then, the light wave was
coupled into the cladding modes at the single mode region.
Then, at the second interface (from 9 pm to 50 pum), the
energy of the propagating modes in the multimode region was
coupled with those from both the cladding and core modesin
the single mode fiber. This situation also happened in the
other hetero-core fiber optic combinations, namely, 50-4-50,
62.5-4-62.5, and 62.5-9-62.5 pum. Therefore, the number of
modes decreases with the fiber diameter, except at the core
diameter of 4 um. The fiber optic with a core diameter of 4 um
isthe special fiber, which is all-glass highly bend-insensitive,
with alarge numerical aperture of 0.29-0.31.

Table 3 shows the number of modes for 4, 9, 50, and 62.5
pm at the wavelength of 1550 nm.

Table- I11: Power flow at Port 1 (Input) and Port 2
(Output) for core diameters 9 pm, 4 pm, 50-9-50 pm,
50-4-50 pm, 62.5-9-62.5 pm, and 62.5-4-62.5 pm at the
wavelength of 1550 nm.

Core diameter (um) Power flow (mW/m?)

Port 1 Port 2
9 3.9x10° 2.6x10°
4 2.35x 10° 0.1x 10°
50-9-50 1.8x10° 0.81x 10°
50-4-50 3.39x 10° 0.1x 10°
62.5-9-62.5 1.29 x 10° 0.13x 10°
62.5-4-62.5 2.38x 10° 0.17 x 10°

Table- 1V: V-number and number of modesfor 9, 4, 50,

and 62.5 pm
Diameter Wavelength V-number Number of Modes
9 pm 1550 nm 2.33 271
4 um 1550 nm 247 3.05
50 pm 1500 nm 21.29 226.63
62.5 um 1550 nm 37.72 711.39
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D. Effect of turn number

In this section, the impacts of N on bending loss are
considered. A fiber optic with nine U-shape is modelled on
COMSOL as shown in Fig. 4. The core and cladding
diameters in this study are 9 and 125 pm, respectively. The
variation of power flow against the N for bending radius R =
0.5,0.75, 1.0, 1.25 cmis shown in Fig. 5. Clearly, the power
flow decreases as N increases. In other words, the loss
increases the N of the U-shape.
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Fig. 4. Nine of U-shape fiber optic for study the impact of
turn number
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V. CONCLUSION

The bend fiber was studied by simulation using COM SOL
Multiphysics via the wave optic module. The power flow
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obtained at the input and output ports of U-shaped fiber optics
indicates that mesh size affects the simulation outcome.
Further investigation also shows that the power flow at the
output port decreases as the curvature radius decreases and
the turn number increases. Moreover, decreasing the
V-number by reducing the Anwill reduce the number of
modes and affect the output of fiber optics. The presented
preliminary results of the numerical simulation of bend fiber
opticsindicate that further developments are possible through
additional coating on the fiber surface.
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