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ABSTRACT

The simulation for optical characteristics of optical fibers is an important key

technology in optical fiber research, and development and manufacturing.
Among them, though the micro-bending loss and Rayleigh scattering loss are extremely impor-
tant characteristics, it is difficult to predict these characteristics with simulations due to the
complex phenomena. In these respects, for the micro-bending loss, we developed a new simu-
lation method which combines the mechanical effects and the optical effects by using the cou-
pled mode theory, and regarding Rayleigh scattering, we also developed a method for finding
changes in the glass-membered ring structure distribution by using molecular dynamic (MD)
simulations. And we have successfully studied various characteristics to be reported.

1. INTRODUCTION

Large-capacity communication using optical fibers has
become one of the indispensable foundations in our daily
lives. Due to the spread of COVID-19 and growing demands
for exhaust gas control, the demand for the optical com-
munication tends to increase further. And even the higher
capacity communication by improving the characteristics
of communication fiber cables is strongly required.

One solution is to increase the number of the optical
fibers in the optical fiber cables. However, outside diame-
ters of the cables are required to be maintained at the
same sizes as before, then the optical fibers are required
to have smaller diameters than before in order to contrib-
ute to higher density.” 2 However, this modification of the
optical fibers shall be carefully approached since smaller
sizes will suffer larger deformation under the influence of
deforming mechanical effects and consequently larger
loss of the transmission will be experienced. This is the
micro-bending loss, which is very important as an index
to the change in characteristics after cable manufactur-
ing. In order to reduce the micro-bending loss, optimiza-
tion of the optical fiber structure is important.2-® But, the
characteristics prediction by simulation was difficult as
submicron order fine and random deformation in the opti-
cal fiber has to be dealt with.

One of the other solutions is to reduce the transmission
loss of the optical fiber itself. Transmission loss is largely
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dominated by the glass structure, and the technology to
determine how the glass structure changes depending on
the temperature, the pressure, and the dopant material by
simulation becomes very important®. Also, the micro-
changes on molecular level is necessary to be dealt with,
and it was necessary to build very advanced technology
as well.

The simulation of the micro-bending loss requires to
take into account not only the optical effects (solving the
Helmholtz Eigen value equation) but also the mechanical
properties of the glass and the coatings. For the descrip-
tion of the optical characteristics, the Coupled Mode
Theory (CMT)” is used which evaluates the coupling of
the propagating core modes to radiation cladding modes
due to micro-deformations of the fiber glass. On the
other hand, despite the importance of the mechanical
investigations, only few investigations have been reported
so far® 9. For discrete deformations in space where the
extent of the distortion is smaller than their average dis-
crete distances, Olshansky came up with the expression
of the power spectrum of the deformation by a correlation
function using a power form with a problem specific
adjustable parameter™. This kind of correlation function
to calculate the micro-bending loss is recently used to
evaluate the micro-bending loss properties of trench type
optical fibers' having more complicated structures than
simple step-index type optical fibers and we also pro-
ceeded with studies using this correlation function in
order to evaluate the micro-bending loss characteristics
of optical fibers with complex profiles such as the trench
type optical fibers and confirmed a good relation with the
measured values?.
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On the other hand, Rayleigh scattering loss in a current
optimized silica based optical fiber has the largest contri-
bution to the total loss of the waveguide at around the
telecommunication wavelengths. Rayleigh scattering
losses are mostly originating from the glass-membered
ring structure distribution in the spatial range of 10 A'? if
dopant concentrations in the glass are small enough. In
order to reduce the scattering loss of the glass, one may
have three options.

1) Optimize the optical fiber cooling condition including

the annealing treatment in the fiber drawing™®.

2) Apply some pressure on the melted state of the glass

preform'”- 18 |

3) Add some dopants such as large ions to the glass

that can modify the network structure of silica within
the range not to cause the large fluctuation in the ion
concentration'.

However, experimental optimization of the conditions
would require a lot of efforts. Instead, MD simulation can
be used to study the micro changes in the glass structure
under different processing conditions. So far, most of the
glass structure studies have been carried out by using the
two-body interaction potentials' ¥, In addition to these,
in order to investigate the changes in glass structures
caused by different process conditions and dopants with
higher accuracy, we also investigated the three-body
interaction potentials and confirmed interesting results.

For this time, we conducted a simulation study with the
following two aspects, and are reporting here the details.

1) Decrease the sensitivity of the fiber against the

micro-bending loss which is an important factor
showing the increase in the loss due to the fine
deformations from the cabling process.

2) Decrease Rayleigh scattering loss, which is largely

dominated by the uniformity of glass structure, in a
drawing process and by the dopant materials.

2. MICRO-BENDING LOSS SIMULATIONS

2.1 Theory

Micro-bending loss based on the CMT is calculated, as
shown in Equation (1), by the multiplication of the cou-
pling coefficient C2 (between the LPor core transmission
mode and the LP1s type radiation modes) and the power
spectrum of the deformation function ®(Af):

2a = ) CLOWB) (1)

where ABys; = Bo1 — Pis is the difference in propagation
constant between the LPo1 core mode and the LP1s radia-
tion mode, where s=1, 2, ..., - . Here we can do the
summation for a finite number of radiation modes due to
the nature of ®(Af; ) that is a decaying function resulting
in negligible small contribution from large s values. To
evaluate the coupling coefficient, one needs a mode solv-
er to obtain the electric field distributions of the neces-
sary modes. By using the electric field distribution, the

coupling coefficient can be evaluated by the following
Equation (2).
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Where Eo1 is the electric field distribution of LPo1 and Eis
is the field distribution of LP1s modes, k is the wavenum-
ber and no is the initial refractive index profile of the fiber
without any deformation. The normalized power spectrum
for the deformation distribution given by the f(z) function
is given by the following Equation (3).
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where L is the length of the deformation centered
around zero, and z is the axial coordinate. Method to
choose a deformation function that has a power spec-
trum in the form of 1/AB2P was introduced by Olshansky'®
where p=1.1 was obtained by measuring a coiled fiber on
a fiber drum®. However, there is a question what value we
can get for p in the sandpaper test with a higher surface
roughness than that in REFERENCE 8). In response to
this question, we created a list that can simulate experi-
mental conditions with high accuracy, and set up an envi-
ronment that can be optimized without experimentation.

Other shape of the normalized power spectrum of the
other form of the deformation function at the spatial fre-
quency Af; can be found by examining the mechanical
deformation of the fiber on sandpaper particles. We com-
pared our micro-bending loss measurement data with the
calculated results using different shape of the power
spectrum of the deformations, and we fit the p exponen-
tial factor with the experimental results. We also intro-
duced a new type of ®(AB,;) formula based on the
mechanical simulations and compared the results with
the approximate values introduced in REFERENCES 10)
and 11).

Regarding mechanical fluctuations, we have analyzed
the optical fiber as it is deformed by a particle using the
finite element analysis. The model contains a piece of
fiber fragment, and its end facets are disabled to move in
the z and y directions, allowed only up and down move-
ment (x-direction, See Figure 1). One end of the fiber is
touching the particle and the other end is loaded by a
force that has a magnitude comparable to the tension
used during fiber coiling in the experiments. The obtained
displacement function with a fiber length of 1 mm is
shown in Figure 1 where displacement of the core resem-
bles to a Gaussian profile. If we assume that the deforma-
tion function has a Gaussian shape, we can write that
function in the following form.

2
f(2) = ae 72 (4

where A and b are positive, real numbers. Similarly, a
deformation function in the form of A -z - e 2"/@* can
be defined but as we show below this does not add to
the accuracy of the micro-bending loss modeling related
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to the sandpaper test. By using Equation (3), one can cal-
culate the power spectrum of the deformation given by
Equation (4) and obtaining the following Equation (5).

(ABys) = (Ab)2e™*bhis ()

where A is practically the amplitude of the deformation
which is proportional to the diameter of the fiber glass
and the thickness of the coatings. Therefore, one can
write the micro-bending loss in the following form using
Equations (1) and (5) and the assumption for the ampli-
tude (A) suggested in RFERENCES 3),4) (secondary coat-
ing has small contribution and is omitted now).

Mechanical effect
2d, 2, N
= a’- e e Wb z ci - PR 6)
s=1
Optical effect (V)

Where dg is the diameter of the fiber glass, tp is the
thickness of the primary coating and a, tg, 1o are parame-
ters characteristic to the experiment. The first three terms
are related to the magnitude of the deformation called
mechanical characteristics, and the term added to them
is related to the mode overlap and the propagation con-
stant difference, thus the optical properties.

For the mechanical simulation, in consideration of the
stiffness of the glass and the coatings, a 125 pm standard
glass diameter and a standard coating thicknesses with
250 pym outer diameter were used. The order of the defor-
mation magnitude obtained in Figure 1 is sub-micrometer,
which is in good agreement with the values obtained in
recent experiments on the shape and the magnitude of
micro-deformations using a multi-core fiber?.

Fiber displacement /um

0.0

— - Gaussian fit

T T T T
-15 -10 -05 00 05 10
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2.2 Results in Micro-bending Loss Simulations

We used the description obtained in Equation (6) to cal-
culate the micro-bending loss for each experimentally
investigated optical fiber designs by applying three differ-
ent deformation functions(Table 1). For the calculation we
used 1/ABZP, that is the functional form introduced by
Olshansky'® with p=0, 1, 2, and e P88 that is
obtained in Equation (5) assuming the Gaussian deforma-
tion of the fiber and an additional exponential factor p
similar to Olshansky’s formula. As it is shown in Table 1,
we have also calculated using Aﬁfspe—bzAb’ff power spec-
trum function but this did not improve the micro-bending
model giving the same regression parameter as for the
Gaussian deformation.

The loss calculation is inserted into a constrained opti-
mization algorithm with minimum and maximum boundar-
ies and changed the parameters until the best fit is
obtained reconciling with the experimental results. The
two different power spectra of the deformations show the
different simulation results as shown in Figure 2 and the
fitted lines have different slopes on the graph. The corre-
lation between the two different calculation methods and
the measurements are good for both models but slightly
better for the Gaussian approximation obtained by
Equation (5). R? regression parameter is 0.934 for the first
case and 0.951 for the Gaussian form as shown in Table
1 and 0.95 for the more complicated, combined Gaussian
and power formula. The p parameter in the 1/A[312§’ for-
mula is obtained to be 2.2387 for the sandpaper test that
is close to 2 as mentioned in REFERENCES 8) and as a
contrast to 1.1 in REFERENCES 3) where the surface
roughness was less than in our experiments with the
fibers coiled on sandpaper.

—— Mechanical calculation

10 _1g 10 -4
x10°m -5

Figure 1 The model to calculate the mechanical deformation of a piece of fiber including
primary and secondary coatings, and the obtained displacement function along

with a fitted Gaussian profile.

Table 1

Different deformation functions, power spectrum of the deformations, obtained parameters

and the accuracy of the regression (R?). A amplitude parameter contains a, g, 75 as it is written

in Equations (4), (5) and (6).

f(@) P(AB1s)

Tq Tp b p R?

A-|z| ANBTPP 10°

12.8 9.8 - 2.2387 0.934

A-e-2*/(2b?)

A2p2e~b*8B:Y 10°

25.4 19.5 3.02 0.2582 0.951

A-z-e-22/(2b)

A2.p6.ABZ e VBB | 10%6

25.4 19.5 4.04 0.2043 0.950
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Figure 2 The measured and simulated micro-bending loss using
two different power spectrum functions at 1550 nm.

The obtained parameter set that provides the best fit
with the combined micro- and macro-bending effects are
the following

p =2.67, A=105,

11 = 12.8 ym, 12 =9.8 um, 13 = 29.6 um @)

These parameters and the CMT model are used to cal-
culate the micro-bending loss as a function of the wave-
length shown in Figure 3. The calculated results are com-
pared with the measurement results of a step-index
waveguide and a trench assisted fiber. Values predicted
by the calculations show good agreement with the mea-
sured values. We use therefore this model in the follow-
ings to evaluate the micro-bending loss of different fiber
designs.

50 | —— Measurement (step-index) e
Measurement (trench)
= Simulation (step-index)
40+ = Simulation (trench) R

MBL / dB/km

1400 1500 1600

Wavelength / nm

1300

0
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Figure 3 Calculated and measured wavelength dependency
of MBL in a step-index fiber with 68 pm and a trench
assisted fiber with 80 pm glass diameter.

We also tested the coating behavior based on Equation
(6), in such a manner that the term for the secondary
coating is similar to the one of the primary coating, and
we compared the effect of coating thicknesses in the
simulations with the measurements. To do this, the mea-
sured and calculated results on the micro-bending loss
are divided by the calculated optical factor (Y) and that
part of the mechanical factor that does not contain the
investigated parameter. For example, if we investigated
the effect of glass diameter, we divide the measured and
calculated am by Y - e2t0/%2 . ¢=2ts/Ts_ This way, accord-
ing to Equation (6) we obtain a?e~2%/™ which is a pure
exponential function for the calculations and those opera-
tions should yield a similar behavior on the measured
data as well. This test is visualized in Figure 4 where the
measured data shows similar exponential decay with
increased glass diameter (Figure 4 (a)) and the primary
coating thickness (Figure 4 (b)) as the calculation results.
This indicates that the glass diameter and the primary
coating thickness parameters are essential properties
from the micro-bending loss point of view. According to
Figure 4 (c), the secondary coating does not show such a
clear trend for the measurements than the one that is
obtained from the theoretical investigations. The shallow
slope of the nearly linear function of Figure 4 (c) is still
decreasing with increased secondary coating thicknesses
but the measured micro-bending loss has an even weak-
er correlation to the secondary coating. We can state that
in general, Equation (3) is a good approximation to
describe the mechanical properties with the properly fit-
ted parameter set. And also, the secondary coating does
not play an important role in the micro-bending loss
reduction.

As an example, we investigated a simple step-index
fiber design consisting of a core and a cladding region.
This investigation can establish the relation between the
effective core area and the fiber parameters. The results
with different core sizes (2a) and the core-cladding rela-
tive index differences (A)of the step-index design are
shown in Figure 5. The parameter ranges used in the cal-
culations are the following: Ar = 0.32, 0.33, ..., 0.42% and
2:0=28,9, ..., 13 ym. In most cases for the relative core
index difference, one can find an optimum core size that
corresponds to a certain core relative index difference that
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Figure 4 The measured and calculated micro-bending loss divided by the optical factor Y and the exponential mechanical factors for the
disjoint fiber properties as functions of (a) glass diameter, (b) primary coating thickness and (c) secondary coating thickness.
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provides a minimum micro-bending loss. For example, for
A1 = 0.32%, the optimum value is between 2a = 9 ym and
2ag = 10 ym. Smaller than the optimum core size will
enhance the coupling of the fundamental core mode to
radiation cladding modes. At a fix core size, the smaller
the relative core index difference, the larger the effective
core area as well as the micro-bending loss. More com-
plex structures can be investigated and analyzed with our
model. The model can be used in conjunction with other
models that can calculate other fiber parameters (disper-
sion, cut-off wavelength, mode-field diameter, etc.), and it
becomes possible to study and analyze in consideration
of various characteristics trade-off.

0.40+
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030| @ .
0.25
0.151
0.10
0.40 -
0.05 ‘!_.;,d‘!' '
0004, = 0.42%
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Micro-bending loss / dB/km
g
I
o
w
N
o

Figure 5 The micro-bending loss as a function of an effective
core area in a step-index fiber, by changing two fiber
parameters: the relative index difference of the core
(A,) and the core radius (a).

3. RESULTS IN GLASS SIMULATIONS

In MD simulations, we cool down the amorphous SiO2
structure with few thousands of atoms from the melting
(furnace) temperature to room temperature as it is hap-
pening during the fiber drawing process. We changed
and investigated the effect of cooling rate; we introduced
different cooling patterns and we checked the effect of
the initial temperature (furnace temperature) as well. The
effect of pressure during the drawing process was also
calculated applying different magnitude of pressure on
the melted state of the glass at the beginning of the
drawing process. For the simulation of the cooling pro-
cess, we used the Vashishta potential?® with N=number

of particles, V=volume, T=absolute temperature (NVT)
ensemble and for the pressure effects the Tersoff poten-
tial?" is applied because that can capture the pressure
dependent effects with an N=number of particles,
P=pressure, T=absolute temperature (NPT) ensemble
which is more reliable compared to the Vashishta poten-
tial because it does not handle the melted state of the
glass well in atmospheric pressure with the original
parametrization. For dopants we calculated with different
concentration of Cl and F-doping in SiO2 glass using the
Ohta-Hamaguchi potential??. All these investigations
showed that these effects may have significant influence
on glass homogeneity at a microscopic level.

Our model contained 3375 randomly placed Si and O
atoms in a 37 A rectangular box at 1000°C initial tempera-
ture. We noted that the Tersoff potential needs significant-
ly higher temperature range to cause the melting of the
glass than what is happening in the reality; this fact is
known from the literature® but pressure related calcula-
tions remain close to the range of natural behavior, for
instance, system does not goes apart on close to atmo-
spheric pressure as it does with the Vashishta potential
with NPT ensemble.

We expect a glass transition temperature between
1300°C and 1800°C for silica but using the Tersoff poten-
tial in an MD simulation this happens at around 2500°C.
This is due to the parameter settings of the potential. We
used its original parametrization as described in
REFRENCES 21). This is a recognized problem with MD
simulations and could be overcome with the re-parame-
trization of the force-field. With the original parametriza-
tion however, the annealing process is set to heat up the
system to 5000°C and cool down to room temperature in
case of pressure dependent calculations. The cooling is
approximated by a linear function as a function of time in
our models. Figure 6 entirely corresponds to calculations
with the Vashishta potential. Figure 6 (a) shows the glass-
membered ring structure distribution obtained as an
effect of different cooling rates using NVT ensemble. The
clear trend with the increasing glass homogeneity can be
seen with the decreasing cooling rate that is indicated
also with the fitted Gamma functions. That may be also in
general interesting in what will happen if we cool down
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Figure 6 (a) The glass-membered ring structure distribution and Gamma function fitted curves for different cooling rates with

constant temperature change along the fiber. (b) The glass-membered ring structure distribution and Gamma function fitted
curves when the cooling rate is changed near the GTT of the glass. (c) The relations between the GTT of the glass and the
initial temperature.
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the fiber with varying cooling rate between the output
window of the furnace (~2000°C) and the coiling of the
fiber (~room temperature). What will happen if we slow
down the cooling just around the glass transition temper-
ature (GTT) of the glass (at around 1250°C in this exam-
ple)? Corresponding cooling patterns are shown in the
inset of Figure 6 (b). The idea is that we cool down the
fiber with the same average speed or with the same time
in order to apply the coating after the fiber reaches the
required temperature to be able to receive the coating,
but the cooling rate is slow around the GTT of the glass.
One may set some additional furnaces to heat up the
environment of the fiber and slow down the cooling at
that segment. Figure 6 (b) shows the glass-membered
ring structure of the corresponding structures at the dif-
ferent cooling around the GTT of the glass. The constant
cooling (red curve in Figure 6 (b) and red bars) has the
most diverse glass-membered ring structure distribution
meaning that statistically the large number-fold glass-
membered ring structures and the three membered ring
and the four membered ring structures are in the highest
number in this structure. The effect of the initial tempera-
ture or the furnace temperature on the final structure can
be interesting too. That is shown in Figure 6 (c). We cal-
culated the same cooling process as before, but the cool-
ing rate is chosen at a constant 10" K/s for each simula-
tion, and the initial temperature is changing between
1800°C and 2200°C. A minimum in GTT of the glass was
found at around 2000°C.

We calculate and investigate also the impact of apply-
ing pressure on the melted state of the fiber glass that
can be achieved, for instance, by introducing a pressure
chamber below the furnace. The obtained changes in
density at different pressures are shown in Figure 7 (a)
using 10" and 10" K/s cooling rates. The presented
results are averages of five different calculation sets with
five different random seeds for initial speed vectors and
directions of the atoms at the beginning of the MD simu-
lations. These curves show that the final density of the
glass depends on the pressure, but we have to note that
the error of the calculation is acceptable only at above
1MPa pressure. At low pressures, the calculated pressure
values from MD are noisy. Regarding the pressure depen-
dence of the two calculated cases, we can see the
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change in the density of the glass above an applied pres-
sure of 10 MPa value. The density of the glass here is
2.256 g/cm® while the density is 2.254 g/cm?® at 1 MPa for
10" K/s cooling rate.

The obtained glass-membered ring structure distribu-
tion can be seen in Figure 7 (b). The applied pressure
doesn’t significantly affect the number of the three mem-
bered ring or the four membered ring in the structure. The
difference between differently pressurized melted glasses
appears in the large number of the glass-membered ring
structures such as the eight membered ring, the nine
membered ring, the ten membered ring, etc. This fact
indicates that the applied pressure suppresses the voids
in the silica structure which is also stated in
REFERENCES 18).

For doped glass simulations (Cl, F), we have tested by
implementing the Ohta-Hamaguchi potential which
potential is originally developed for etching purposes for
Silica?® that can describe interactions between Si, O and
halogen atoms with two- and three-body interactions. We
use a system with 3375 Si and O atoms to test the effect
of different Cl doping with 10" K/s cooling rate. This
potential is computationally intensive therefore we stick
first with the 10" K/s cooling, and we will carry out com-
putations with 102 K/s later. Figure 8 (a) shows a small
portion of the structure emphasizing a Cl atom appearing
in a tetrahedron formed by a Si atom with three additional
oxygen atoms. Chlorine blocks the formation of a Si-O
bond here forming a free termination. Figure 8 (b) shows
another example in the same structure where the Chlorine
atom is placed in a ring instead of a Si atom. O-CI-O trip-
let is featured here that is clearly defined by the force-
field developed by Ohta and Hamaguchi®®. The glass-
member ring structure distribution obtained with different
Cl doping amount is shown in Figure 8 (c). This indicates
a trend with increasing amount of a nine membered ring,
a ten membered ring, an eleven membered ring and a
twelve membered ring with increasing Cl concentration.
The break-up of certain Si-O bonds by Cl is likely result-
ing in larger ring sizes than in the absence of Cl atoms.
Figure 8 (d) shows a structure obtained from MD simula-
tion adding Fluorine to the SiOz system. Five-fold coordi-
nation is a viable possibility in Si coordination?”.
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Figure 7 (a) Density changes of the obtained glass structure applying different pressure on the melted state of the drawn fiber
(b) The glass-member ring structure distribution of the structure obtained applying different pressures.
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4. CONCLUSION

We have derived the loss formula for the micro-bending
loss in case of two different Gaussian deformations
caused by sandpaper particles including the important
mechanical properties of the fiber glass and coatings. We
compared the experimental and simulation results using
three different power spectrum functions after optimizing
the simulation parameters in the loss formula given in
Equation (6). We calculated the wavelength dependent
behavior of two different fibers, and we demonstrated
how we can use the developed model to select low
micro-bending loss fibers.

We demonstrated MD simulations by the Vashishta,
Tersoff and Ohta force-fields to capture the effects of
annealing process, pressure effects and the impact of
doping on the fiber glass during the drawing process. We
found the following statements in connection with glass
structure. (1) Low cooling rate is advantageous from the
scattering loss point of view. (2) Applied pressure on the
melted state of the fiber glass suppresses high number
membered rings that also reduces the scattering of light
due to local density fluctuations. (3) Cl doping showed
increasing nine to eleven membered rings blocking the
formation of smaller membered ring structures. This dop-
ing effect and its consequences require further analyses.
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