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Abstract:

The Thesis is devoted to the study of the dependence of the losses of

transmitted energy in a bent fiber on the angle and radius of its bend. It
presents an overview of the existing types of optical fiber, its production
technologies, fiber-based optoelectronic sensors, including those based on
changes in its properties during bending. An original experimental setup for
studying this dependence is proposed. Experimental results are obtained,
indicating a strong dependence of the studied properties on the type of
optical fiber and its radius.

Key words: Optical wave, Internal reflection, Optical electron:
oSy o sl & idial) LA e CESY 3 s paddl o gall Jalal) i
o) s AN jmiianall aladiialy 5l A0
& paiieal) dralall/ AUELY yas Bl 2 ol
durghanlezo@googlemail.com
(Aslady) Afiny dnu’sa ) ol 5 g AELBLY 9S00 4 Hal) ) giSAl) ALY

sobolev@mslp.org

LA

Coaiy Ayl ) o dymidl GV 8 Al i) dalkall plas slaie) dul ol diaiade Al )
eall iy g guall LIV e Adlall 1Y) e dale 5k sy Lagliadl ks
e aaixd ) el ey Ley caldYl e Gl A geall g SV ladin) 5 el
a5 alaae 113 Al jal JLal) ool slae Y 7 sy s elias¥) ol lpaaibad 8 ol sl
LY g e gl palladll 548 el Nl Aot @il e Jganl)
L ka5 40 gl

(st pall &5 SV (AR GulSaiV) ¢ suall A sall sdpalidal) cilalsl)

553


mailto:durghanlezo@googlemail.com
mailto:sobolev@ms1p.org
mailto:durghanlezo@googlemail.com
mailto:durghanlezo@googlemail.com
mailto:sobolev@ms1p.org
mailto:sobolev@ms1p.org

2023 A 11 0 bl e boniad 14 dotibotil] gl et sl ] S

No11 November2023 Iraqi Journal of Humanitarian, Social and Scientific Research k\‘

Print ISSN 2710-0952-Electronic ISSN 2790-1254

Introduction:

The Thesis consists of 3 parts. In the 1% part literature review on optical
fiber and fiber-based sensors is presented. Special attention is given to
sensors based on fiber bending. The physics of fiber bending is discussed,
especially the change in mechanical and optical properties of the fiber
under different bending conditions.

Optical fiber is a glassy and thready material that makes use of the
phenomenon of total internal reflection to guide light waves. In 1966 it was
predicted theoretically [1] that optical fiber with extremely low loss could
be produced, and its application to telecommunications was proposed.
Combined with lasers, optical fiber made optical communication
technology possible, which is now recognized as one of the bases of the
modern information society.

Optical fibers are mainly of two different types: step-index fiber and
gradient-index fiber. Step-index fiber usually consists of a core with
refractive index n; and a cladding layer with refractive index n, < n;. In a

gradient-index fiber refractive index changes with radial distance r as

() ={n1 [I—A(g)p], r < a

n(1—-A4), r>a

where a is the core radius, A = 22 p > 0. The main characteristics of

ny
the fiber include transmission loss (mainly due to Rayleigh scattering),
number of modes (that is, the number of angles at which light waves can
propagate into fiber), and chromatic dispersion (the dependence of
refractive index on the light wavelength). The process of fabrication of
optical fiber is based on modified chemical vapor deposition technology,
where pure SiO; is produced from SiCl, and sintered to a silica preform at
1600°C. After that, the preform is drawn into a fiber at high T. To obtain
the difference in n between the core and the cladding, the pure silica is
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doped with GeO, or P,Os. Then the bare fiber is drawn into a plastic sleeve
and packaged into a cable to strengthen it.

Stimulated by the development of optical fiber technologies, many
different optical devices and components have been developed. One of the
such device types is optical fiber sensor, which is considered to be an
indispensable part of an information system.

Optical fiber sensors have experienced fast development and attracted wide
attention both in fundamental research and in practical applications. Optical
fiber in sensors plays the role of a sensing element itself. Compared with
other types of sensors, fiber sensor technology is immune from
electromagnetic interference, waterproof and resistant to chemical
reactions. It has different advantages over conventional optical sensors —
for instance, sensing can be combined with signal transmission. Fiber
sensors have been used in different areas of industry, transportation,
communication, security and defense. Basic physical conditions to which
fibers are sensitive, include strain, stress and temperature. A bent fiber can
be considered as a bent (and stretched) cylindrical silica rod. Inside the rod
a neutral surface exists, on which there is neither axial extension nor
compression, that is, the length of the neutral surface is equal to the original
length of the fiber. The neutral surface divides the fiber into two parts: the
part of the fiber closer to the center of bending is axially compressed,
whereas the other part is stretched.

The basic effect found in bent fiber experimentally is birefringence. Is
happens because the round rod is deformed to be elliptical, and asymmetric
strain occurs around the center. The bending-induced birefringence
depends strongly on the bending curvature (1/R). It is observed in
experiments that the birefringence becomes quite notable when the

curvature radius reaches less than a few centimeters.
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Fiber bending not only induces birefringence but also causes propagation
loss. Fiber loss is one of the main characteristics in fiber sensors [2].

It is evident that the bending will cause the peak of the mode to move from
fiber center toward the outer circle, like shown in Fig. 1, and some energy
of the guided mode may radiate out. Considering the fact that the curvature
radius of bending, R., is usually much larger than fiber diameter, a

commonly used approximation is to convert the curved fiber into a straight

- v

Figure 1. Bent fiber and coordinates used

waveguide with an equivalent index ng(x), a function of position x, instead
of the original uniform step index.

The mathematical concepts used in the work are given in works [4, 5]. We
will give here the abridged version of the concepts. According to the
symmetry of the problem, let’s find the solution to Maxwell equations in
the form of E == E,E, expifz. Here B is the propagation constant,
2 = —1, and the coordinate axes are given in Fig. 1. The azimuthal part
can be rewritten as expifiz = expiffR.0 = expiqf, where q = (R,.
Substituting the solution into the Maxwell equations for electric field
VXxVXE =k?n?E and VE =0, we get the following system of

equations:

(6_2 16 ik q2+k2 2>'DE— 2 0E,

+ =
op?  pap ' 0y R. " R0y
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92 19 0% g2
10,0 9 i )E —0
<6p pop 9y p? Y

(1 a)E +6E +lgE9 =0
p Op dy p

As the bending radius is so large that the RHS in the first equation can be
neglected, the first and second equations in the system have the same form
and are coupled with each other. If we convert the coordinates to Cartesian

from the center of the fiber (let p = R, + x) and introduce new functions

3 1

P (x, y)—( )E (p,y) and P, (xy) = (£ )E (p,y), the two

equations can be rewritten into one

62
[@ +gy7 + Mea G |1 (6 y) =0,

where the equivalent refraction index (depending on x) is
nggk* = n?k* + i(; 4_6”;22 (n? — gff)kz +'82;_i:ﬂt2 +ﬂ22_1c

As the equivalent refraction index depends on x, it can be shown that there
is a critical position of x. beyond which the equivalent index is larger than
the effective index of the straight fiber; the optical wave in the region
becomes a radiating wave, resulting in fiber bending loss.

These losses can be estimated by finding the propagation constant; the
procedure is described in [4]. By using some simplifications and

approximations, the propagation constant for the fundamental mode can be

Béy ’ 1 2%,
Fio = 4V2 |R.BL KL (Bera ) < 3p3 ﬂR)

As it is evident from the formula above, the bending loss is proportional to

deduced as

R7%5 exp —CR,. The objective of the work is to try to confirm the formula,

or, in other words, to study whether the absorption of the input power and
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radiation losses in optical fibers bent at different angles and radii can be the
actual indicator of the bending angle. To reach this objective, several tasks
need to be completed: experimental setup must be designed and created,
experiment must be carried out, data obtained as a result of the experiment

must be analyzed.

[/

Figure 2. Outer view of the setup

The 2™ part of the Thesis contains the information on the proposed
experimental setup. The setup consists of a wooden box with the
dimensions 420x500x170 mm (Fig. 2) which was painted with matt black
coating from the inside in order to reduce environmental lighting and to
avoid reflections that might occur. Inside the box a second bottom surface
holding the light source and the bending area was made. The second
bottom can be levelled horizontally using supplied levelers, as it stands on

four springs with four thumbscrews in the corners of the box.
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The bending area consists of two wooden circles attached to each other
concentrically; they can rotate around the same axis. That axis can be
locked tight by friction with a big thumbscrew. This guarantees that none

of the circles will move while getting the output results. The optical fiber is

&f
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Figure 3. Electronic circuit

guided using steel nails and metallic jaws during bending. The losses arisen
from the bending are found using the light dependent resistor connected to
Arduino Nano microcontroller with an electric circuit shown in Fig. 3.

The 3rd chapter of the Thesis is devoted to discussing the results of the
experiment. The fibers taken for the experiment were of different lengths
and radiuses. The first fiber that was tried was 5m long and 0.3mm in
diameter. The results obtained with this fiber were of insufficient quality:
almost all transmitted power was lost. Other fibers that | used was 35 and
45 c¢cm long and 0.9 mm in diameter. These fibers were too thick: they were
wrapped in an insulating material that prevents light from escaping in the
bending spot. The third set of fibers were 35 and 45 cm long and 0.3mm
thick; from these fibers we were able to extract experimental results, that
are presented in Fig. 4, 5 and 6.
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Figure 4. Dependence of the transmitted power and the power loss on the bending angle for R,
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Figure 5. Dependence of the transmitted power and the power loss on the bending angle for Rc
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Figure 6. Dependence of the transmitted power and the power loss on the bending angle for Rc
= 20 cm (another optical fiber, same characteristics)
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