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In this paper, a numerical analysis of algorithm of optical fiber systems with dimensions much
larger than light wavelength has been presented. This algorithm can be used especially in the case
of multimode fiber-optic elements. The presented technique of the analysis is based on the ray
tracing method (RTM). Up to now, the RTM was widely used for an analysis of lens-systems.
In this paper, a new possibility for this method in fiber optic elements analysis has been shown.
The algorithm permits to determine thousands of ray traces simultaneously in a desired 3D area
of an arbitrarily defined refractive index. This technique can be applied for a gradient index (GI),
step index (SI) fibers, different types of optical couplers, etc. The algorithm has been extended to
analyze dispersion properties and pulse shape evolution tracking along a fiber-optic system.
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1. Introduction

Different types of analysis of optical systems have been developed for many years.
Most of algorithms are described in a comprehensive way in [1]. This book treats
analytical and numerical methods including the finite element method, finite difference
method, and various kinds of beam propagation methods (BPM).

In this paper, authors have shown that in the case of large aperture systems,
including multimode fiber optic systems of a large modal number (hundreds and
thousands), the RTM (geometrical optics) based on Fermat’s principle [2] can be
effectively utilized. This method is not treated in the mentioned reference [1] but is
worthy of consideration. Until now, the RTM was widely used in commercial optical
system design programs for lens-systems analysis. In contrast, this paper presents
the new usage of the method used for fiber optics elements analysis. The examples,
shown in the paper, prove the usefulness of RTM.
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2. Ray tracing algorithm

Utilized in the paper, the ray tracing method (RTM) assumes that light wavelength is
infinitesimal (4= 0). This assumption leads to the so-called “geometrical optics”,
in which a light ray runs along a path called trajectory or ray trace [2]. Equation
for the ray trace can be derived from Fermat’s principle which says that the path of
a ray of light between two points pP;(X;, Y;, Z;) and p,(X,, ¥,, Z,) minimizes the travel
time,

P,
. ds
i ey .

where U(X, Y, ) is a speed of light (full version of Fermat’'s Principle states that
the optical path length must be extreme [3, 4]). In this equation, dS represents
the elementary step of a ray path. The speed of light u(x, y, z2) in the medium of
refractive index N(X, Y, z) can be expressed by U= c/n (¢ — speed of light in vacuum).
Minimization of the above equation by Euler—Lagrange method leads to the following
equation:

d dR |
K{n(xa Y, 2) K} = grad(n) (2)

where: dS—elementary section of trajectory, n—refractive index, R — positional vector
of the ray (Fig. 1).

Figure 1 explains that dR/dsSis a unit vector directed along the ray path and can be
written as

% = [cosq, cosf, cosy] = A 3)

where: «a, B, y — angles between the direction of a ray path and X, y, Z — axis
respectively.

A

X

Fig. 1. Explanation of vector spatial symbols in Eq. (2).
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Equation (2) can be now rewritten in the following form:

dA dn
n—- = d(n)— A — 4
—— = grad(n) - A )
where dn/ds is a derivation of the refractive index n in the direction of dsthat can be
expressed as

dn
rr A grad(n) (5)

Combining (4) and (5) we have

dA 1

s AT [grad(n) —A(A grad(n)ﬂ (6)
where

grad(n) = [%, g—;, %} = [ne Ny, (7

Equation (6) can be rewritten in the form below:

% = % {nx - ([nx, ny, nZJ . [cos a, cos f3, cos 7}} cos a}

M = L {ny - [[nx, n, nz] . [cos a, cos f, cos 7}} cosﬂ} (8)

ds n

% = % {nz - ([nx, ny. nZJ . [cos a, cos f, cos }/}j cos ;/}

The standard approach to the above written equation consists of the left-hand
side manipulations to achieve angles ¢, £, yand use them as integration variables. In
the algorithm presented, the authors use cos &, cos S, cos y as integration variables.

Introducing finite differences, instead of derivative, Eq. (8) becomes

d(cosa) = (cosa), , ; — (cosa),

d(cos ) = (cos f)y 41 — (cos B)y
)
d(cosy) = (cosy), ;| — (cosy)y

ds— As
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where the subscript k denotes the integration step, and AS is a finite elementary
integration step. The final numerical algorithm can be expressed in the form

(cosa) | = % {nx— ([nx, ny. nz} .[cos a, cos f3, cos 7/}} cos a} As+ (cos a),
k
1
(cosPBlh+y = ?{ny— [[nx, n, nZJ -[cos a, cosf3, cosyﬂcosﬁ} As+ (cos ),
k (10)

(cosy)ys = % {nz - ([nx, ny, nZJ . [cos a, cos f3, cos 7/}] cos y} As+ (cosy),

k

Because the vector [cos &, cos 5, cos ¥ ] is a unit vector
cos’a + coszﬁ+ cos’y =1 (11)

so the equation system (10) and (11) is overdetermined and one of the expressions in
Egs. (10) can be omitted.
In practice, the algorithm Eq. (10) has been modified to the subsequent form:

(cosa) | = % {nx— ([nx, ny, nz} -[cos a, cos B, cos y]j cos a} As+ (cosa),
k
1
(cosP+ = - {ny— ([nx, ny. nz] -[cos a, cos f, cos y}j cosﬂ} As+ (cos ),
k (12)

(CosP)ysq = A/l —(COSOf)iH—(COSﬁ)iH

The last expression in Eq. (12) assumes that cos y is always greater or equal to
zero. In the case of fiber optic systems analysis, where the z-axis is directed along
the fiber — the y angle is relatively small, the assumption is always satisfied (only
the forward propagation is analyzed).

Finally, the ray path (ray position in the system) can be expressed in the following
form:

Xci1 = Xg T Ascosa

Yei1 = YT Ascosp (13)

Z . = Z, t Ascosy
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Simultaneously with the light ray travel, time along the analyzed optical system
can be summed up:

As AS

Ty = Tk+T = Tk+—c/n(x, ™5 (14)

This new feature of the presented algorithm gives a possibility to calculate fiber
system dispersion properties.

Examining travel times of a large number of rays enables us to estimate dispersion
properties of the fiber system or even observe the evolution of a pulse shape propagated
in the fiber.

To complete the derivations, it should be explained that in the algorithm, the
refractive index nis calculated in a uniform mesh {X;, y;} witha grid AX=Ay = 0.5 pm
for each z,. The value n between the grid nodes is taken as a linear interpolation of

n({xh yp Zk})

n(x; + AX, Y, Z) — (X, ¥y, Z)

n(x,y,z) = AX (x=%)
. n(x;, y; + Ay, ij — (X% Y 20 (y-y)
(X ¥ & * AAZ; Yz, Z) (15)
X; + AX 2 X > X
yjtAy2y>y, Y

zk+Azz Z>7Z,

For so defined distribution of the refractive index n, the function grad(n) can be
obtained as a finite difference:

grad(n) = [nx, n, nZJ

_INX+8X Y, 2) —N(X Y, 2) N(XY+dY,Z)—N(XY,2) N(XY,Z2+82) —N(X Y, 2)
dx ’ Sy ’ 8z

(16)

where, in the below presented examples, 0X =0y =0z=0.5 um were chosen (in
general, A and 6 can be chosen differently).

It should be emphasized that the presented algorithm applies geometrical optics
and can be used for large diameter fibers. RTM does not take into account the phase,
polarization and back scattering that are neglected for the presented examples.
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3. Examples of analysis

The following part of the paper presents the results of the analysis of two types (GI
and SI) of fibers. The refractive index profile for SI fiber has been defined as

L\
n,—n

nr) = n, 1+°°n—°1exp - I;z (17)
co

CO

where: n., — core refractive index, N, — clad refractive index, R, — core radius, I —
radius.

The exponential part simulates the realistic shape of the refractive index in the step
index fiber. The power 20 in this expression has been chosen to achieve a total change
of the refractive index in the thickness of 5 um (Fig. 2).

1.460 T T

1.455 =

1.450 -

1.445 -

1.440 -

1.435 1 | | I | 1 : 3 :
i B . a4 e = Fig. 2 . Refractive index profiles n(r) for both GI

r [um] and SI analyzed fibers.

The main advantage of such an approach is that the function n(x,y, z) is
continuously differentiable, particularly on the border between the core and the clad.
GI fiber was assumed to have a truncated square-law [5] profile defined by

0.5
2
r
n_|1-2An —— for r<R
n(r) _ co Rio CO (18)
Ny for >R
where:
n2 -Nn
An = __EE__z__?l_ (19)
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The refractive index profiles n(r) for both types of fibers are shown in Fig. 2. As
seen, the differences in the core and the clad refractive index are the same for GI and
SI fibers. The core refractive index has been taken n,, = 1.4567 (silica glass refractive
index). The core radius R,, = 50 pm has been chosen for both fibers.

The example of rays’ paths for GI and SI fibers are shown in Fig. 3.

In Figure 4, a few ray paths in two types of fiber couplers, made with the polishing
technique, are shown. The profiles of the refractive index are the same as in the previous
examples described by Egs. (17) and (18).

[um] [um]
4000 — 4000 —
3500 3500
3000 — 3000 -
2500 - 2500 -
2000 - 2000 -
1500 1500 -
1000 < 1000 <
500 500 |

0

Fig. 3. Examples of ray paths in GI and SI fibers.
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= _»MJ ] e _\ﬁ—ﬁ/n[; ]
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Fig. 4. Ray paths in GI and SI fiber couplers made using polishing technique.
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In Figure 5, the refractive index profile for the coupler made with GI fibers
Eq. (18) is shown. The described algorithm allows us to determine such parameters as
a coupling ratio and an attenuation ratio of fiber couplers. More practical results were
presented in [6, 7].

As seen, the described algorithm can be used to analyze 3D systems where
the refractive index N(X, y, 2) is a function of not only the radius but z-axis as well.

Estimating of the numerical aperture (NA) for an arbitrary fiber is yet another
possibility of the above algorithm. Figure 6 illustrates a few ray paths that are lunched
into the center of a fiber at different angles , (a = 90° —see Fig. 1). Through an analysis
of propagated and leaked rays, it is possible to determine NA. The predicted from
the above algorithm values of NA are accurate up to the fourth decimal digit when
compared to the precise analytical solution

NA = Jn2 -1’ = J14567°— 14387 = 0.2283 (20)
co cl

In the next part of the paper, the authors have studied modal dispersion and power
density in a cross section of the fiber. Calculations have been performed for the clad
radius R equal to 100 pm, and refractive index profiles as in previous Eqgs. (17), (19).
Through analyzing positions of a large number of rays propagated in the fiber (in
presented examples 5000) for the desired cross section, it is possible to calculate
the ray density, which corresponds to the power density of the conducted light in this
cross section. In this way, it is possible to obtain power density as the function of z
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Fig. 6. Light ray paths in GI and SI fibers allowed to determine numerical aperture (NA).

Presented in Fig. 7, ray travel times correspond to a pulse shape for a given zunder
assumption that the fiber is excited with an infinitely short pulse. For presented results,
the calculated dispersion with respect to 1 km and 90% of power is 0.43 ns/km.
Analogical results for the fiber of a different length (0.1 cm shorter) are shown in
Fig. 8. A very significant difference in the power density and the pulse shape can
be seen. In this case, the calculated dispersion is equal to 0.50 ns/km. Differences in
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Fig. 7. Power density in the GI fiber at z=18.22 cm and for uniform excitation at z=0cm (a).
The histogram of ray travel times (calculated dispersion with respect to 1 km and 90% power is
0.43 ns/km) (b).
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Fig. 8. Power density in the GI fiber at z=18.12 cm and for uniform excitation at z=0cm — a.

The histogram of ray travel times (calculated dispersion with respect to 1 km and 90% power is
0.50 ns/km) — b.
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Fig. 9. Profile of relative power density P(r) for GI fiber according to (21) for r=0.14R,, (——-),
r=03R, (***),r =0.8R, (-« -); R, — core radius.
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Fig. 10. Power density in the SI fiber at z=17.99 cm and for uniform excitation at z=0cm — a
The histogram of ray travel times (calculated dispersion with respect to 1 km and 90% power is
50 ns/km) — b.
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the pulse shape and the dispersion for both cases result from the feature of GI fiber
and lie in the power density changes along the fiber (compare Fig. 7a and Fig. 8b).

The periodical changes of the power density in the GI fiber is presented in
Fig. 9, where the power density in the fiber cross section obtained as the ratio of
the power contained in a circle of radius r to the surface of the circle has been analyzed.
The relative power density defined as:

r2m R2n -1
j p(r, @)rdedr jjp(r, O)rdedr
00 00

(21)
Tcr2 nRz

P(r) =

(r —radius, R - radius of core, p(r, ®) — power distribution) is shown in Fig. 9.

Due to periodical changes of the power density (Fig. 9), a calculated dispersion
for different cross sections can differ more than 20%. This difference comes from
a different shape and width of pulses for different lengths of the analyzed fiber.
The specific pulse shape in Fig. 7b (with two maxima) gives the similar result, such
as that obtained with different computation techniques in [5].

The same analysis has been carried out for the SI fiber (Fig. 10). In this case,
the dispersion turned out to be two orders higher in comparison with the GI fiber, and
equal to about 50 ns/km. The calculated dispersion is in accordance with the theoretical
estimation [8]

n
At =L é" (n,—Nn,)~87ns (L=1km) (22)

The presented technique of the ray tracing allows us to analyze ray paths in curved
fibers for an arbitrary curvature radius, which corresponds to real situations. Figure 11
shows the power density cross section and the pulse shape in the curved SI fiber.

The calculated dispersion with respect to 1 km turned out to be two times smaller
than that for the strait fiber, which is due to a high order mode leakage (mode
attenuation). The power density cross section shows the mode shifting to the core—clad
border outside the curvature (this is in accordance with intuition). The propagated rays
number (Fig. 11b) suggests a higher attenuation (bending loss) in comparison with
the strait fiber (Fig. 10b). The pulse shape is not typical — the rising time is longer than
the falling time.

In summary, a curved gradient index fiber has been analyzed (Fig. 12). As in
previous examples, the maximum power density is shifted to the outside curvature
(Fig. 11a), but it keeps a distance from the core—clad border. Dispersions in curved
and strait GI fibers are much smaller (Figs. 8 and 12) than those in the case of SI
fibers (Figs. 10 and 11).
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Fig. 11. Power density in the SI curved fiber (R , = 10 mm) at z=17.63 cm and for uniform excitation
atz= 0 cm — a. Rays’ travel times histogram (calculated dispersion with respect to 1 km and 90% power
is 20 ns/km) — b.
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Fig. 12. Power density in the GI curved fiber (R,, = 10 mm) at z= 18.27 cm and for uniform excitation
at z=0 cm — a. The histogram of ray travel times (calculated dispersion with respect to 1 km and 90%
power is 0.44 ns/km) — b.
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Fig. 13. Power density in the GI curved fiber (R,, = 10 mm) at z= 18.55 cm and for uniform excitation
at z=0 cm — a. The histogram of ray travel times (calculated dispersion with respect to 1 km and 90%
power is 0.61 ns/km) — b.
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Fig. 14. Power density in the SI fiber for specific uniform excitation at z=0 cm — a. The histogram
of ray travel times (calculated dispersion with respect to 1 km and 90% power is 48 ns/km) — b.

Depending on the analyzed fiber length, the calculated dispersion can be different.
Comparison of the results in Figs. 12 and 13 shows that the calculated dispersion
differs about 0.2 ns/km when the length of the analyzed fibers differs 3 mm. This result
corresponds to a discussion about dispersion differences showed in Figs. 7 and 8.

The calculated dispersion agrees with the theoretical estimation [8]

nco 2
AT = L—-i—a—(nCO -n,) ~078ns (L=1km) (23)
It is possible to achieve sophisticated power density profiles for different
excitations of the fiber. This result is an effect of lunching the specific group of rays
(that corresponds to subset of modes [5] ) into the SI fiber. One of the examples is
shown in Fig. 14.

4. Conclusions

Until now, the ray tracing method was widely used in commercial programs for
designing the optical systems, for lens-systems analysis. In contrast, this paper
presents a new possibility for this method using an analysis of 3D fiber-optic elements
with an arbitrary refractive index profile.

The presented fiber analysis method, based on the ray tracing technique (RTM),
turned out to be very effective for the analysis of fiber-optic elements. RTM is based
on geometrical optics, so it sets aside interferential phenomena. Still, this method
allows us to predict properties of multimode fibers and fiber elements of the diameter
much larger than wavelength of transmitted light (mode number — hundreds or more).
The implementation of the ray tracing algorithm permits to analyze, in a considerable
time, thousands of rays in an optical element. The presented algorithm gives
a possibility to design and to describe main features of a number of representative fiber
elements (SI or GI), particularly fiber couplers with different geometries and arbitrary
refractive index profiles.
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The authors would like to emphasize the new feature of the ray tracing algorithm
through which it is possible to calculate the dispersion of multimode fiber optic
systems. Through an analysis of a large number of rays and their travel time histograms,
it is possible to obtain not only dispersion but also observe the evolution of the pulse
shape along the fiber as well.

The simulation method presented in the paper is very flexible and can be easily
adapted for analyzing different phenomena in fiber optic systems, such as: scattering
on impurities in the fiber, a double clad fiber analysis, etc.
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