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Abstract: Mode coupling and power diffusion in multimode step-index (SI) organic glass-clad (OGC)
PMMA fiber is examined in this study using the power flow equation (PFE). Using our previously
proposed approach we determine the coupling coefficient D for this fiber. When compared to standard
multimode SI PMMA fibers, the multimode SI OGC PMMA fiber has similar mode coupling strength.
As a result, the fiber length required to achieve the steady-state distribution (SSD) in SIOGC PMMA
fibers is similar to that required in standard SI PMMA fibers. We have confirmed that optical fibers
with a plastic core show more intense mode coupling than those with a glass core, regardless of the
cladding material. These findings could be valuable in communication and sensory systems that use
multimode ST OGC PMMA fiber. In this work, we have demonstrated a successful employment of
our previously proposed method for determination of the coupling coefficient D in multimode SI
OGC PMMA fiber. This method has already been successfully employed in the previous research
of mode coupling in multimode SI glass optical fibers, SI PMMA fibers and SI plastic-clad silica
optical fibers.
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1. Introduction

Glass optical fibers are suitable for long-haul communication systems with advantages
such as low attenuation and large bandwidth [1,2]. With the demand of emerging services
such as visible light communication, indoor network and intelligent home systems, the
demand has shifted from long-haul communication systems to short-range ones. Indeed,
PMMA fibers are perfect candidates for short range communication systems [3,4]. For
light amplification and lasing, glass-clad PMMA fibers with a large core are commonly
utilized [5]. Large core optical fibers, in general, ease the tolerances necessary for system
interconnections, which is important for home networks [6].

A light pulse propagating consists of large number of energy packets that are dis-
tributed over modes, which are guided along the fiber. A perfect (ideal) multimode optical
fiber can transmit its guided modes without energy conversion to the other guided modes or
continuous (radiation) spectrum. However, a real optical fiber does not trap light perfectly,
and energy is either slowly dissipated through coupling to the continuous spectrum, which
radiates the energy into the cladding or couples to the remaining guided modes. Therefore,
mode coupling in an optical fiber is generated by fiber imperfections and inhomogeneities,
which means the transfer of energy from one mode to others during propagation, and it
reflects power transmission between neighboring modes. While mode coupling decreases
beam quality in power transmission, it has a favorable effect on data networks by reducing
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modal dispersion and thereby increasing the transmission bandwidth [7]. It is also interest-
ing to note that due to mode coupling, principal optical characteristics (e.g., attenuation,
bandwidth) of an optical fiber cannot be accurately defined until the full mode equilibrium,
i.e., steady-state conditions are not yet completely achieved. Thus it is of great importance
to determine the fiber length at which an SSD is established. At this length the relative
energy packet population in each guided mode no longer changes with fiber length.

For light launched centrally along the multimode optical fiber axis (8 = 0), a disk
radiation-pattern is formed at the output fiber end. In case where the width of the launch
distribution is narrower than an SSD (Figure 1a), this disk broadens with the fiber length as
more of the higher-order modes become excited by the coupling. In cases where the width
of the launch distribution is wider than SSD (Figure 1b), this disk narrows with fiber length
due to power transfer from higher to lower order modes. Since the modal dynamics during
the light transmission along an optical fiber is strongly influenced by mode coupling, it
is of interest to predict the width of the output angular power distribution at the end of
the fiber. While mode coupling can degrade the beam quality, it reduces the broadening of
transmitted signal pulses and improves fiber bandwidth.

It is worth noting that there are many different methods for the mechanical and
structural characterization of various optical materials, such as PMMA [8], silica [2] and
composite materials [9,10], which are used in fiber optics and optical engineering. On the
other hand, until recently, commercial simulation software packages for the investigation
of transmission characteristics of optical fibers, were either designed specifically for single
mode optical fibers or they modeled individually guided modes in a few-mode optical fibers
in considerable detail. This is not adequate for multimode optical fibers with thousands,
or even millions of propagation modes, strong mode coupling and high refractive index
distribution variability. Therefore, an effective simulation tool for the modeling of light
propagation in multimode optical fibers made of different materials is needed. Geometric
optics has been used to investigate characteristics of light transmission in multimode optical
fibers [11]. The output angular power distributions have been anticipated as a function
of the launch conditions and fiber length using the PFE [4,12]. In the PFE, one needed to
know the coupling coefficient D, which has been proved to accurately predict coupling
effects in practice. The method of determining the coupling coefficient D proposed by
Gambling et al. [13] required that the far-field output pattern be observed for various fiber
lengths and at different launch angles. Zubia et al. [4] proposed a method in which the
coupling coefficient D is obtained by observing the far field output pattern from a fixed
length of fiber as the launch angle changed, and determining the intersection point between
two far-field output patterns corresponding to two different launch angles. In our earlier
published work, we proposed an alternative method which enables that the coupling
coefficient D can be obtained from just one far-field output pattern [14]. In comparison to
Gambling et al.’s method and Zubia et al.’s method of determining the coupling coefficient
D, our method is the most simplest and efficient.

The coupling coefficient D in multimode SI OGC PMMA fibers is determined in this
study by employing our previously proposed method [14]. To determine its mode coupling
characteristics, we have to solve the PFE. This enables us to determine the length at which
the SSD is established in the analyzed fiber. The SSD’s results are checked against an
analytical solution. It should be mentioned that one of the main novelties in this paper is
that we measure not only the strength of mode coupling, but we also obtain the far-field
patterns for a centrally launched beam at different SIOGC PMMA fiber lengths.

2. Power Flow Equation

Assuming that propagating modes in a multimode optical fiber are in the form of
modal continuum, as well as that coupling occurs only between adjacent modes, Gloge
proposed the PFE in the form [12]:

= —a(0)P(8,z) + %% (eapéeg,z)) 1)
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where P(6,z) is the angular power distribution at fiber length z, 8 is the propagation angle
with respect to the core axis, D is the assumed constant coupling coefficient [4,12-14], and
«(0) is the modal attenuation. Since only relative modal power distribution is of interest,
a(f) may be removed from the Equation (1), therefore Equation (1) reduces to:

dP(0,z) _ D oP(6,z) +Dazp(e,z)
9z 0 90 062

@

By numerically solving the PFE (2) one can obtain the output angular power distribu-
tion at an arbitrary fiber length. The steady-state solution of Equation (2) is given by:

P(6,z) = Jo <2.40599C> exp(—70z) 3)

where ] is the Bessel function of the first kind and zero order and o [m~!] = 2.4052D /62
is the attenuation coefficient. This solution was utilized to validate our numerical results
for the case where the SSD is established.

3. Method for Calculating Coupling Coefficient D

When the launch beam distribution is narrower than the SSD (Figure 1a), coupling
coefficient D in multimode optical fiber is given by [14]:

2 2

0z, — 0z
D=_—=2 = 4
2(z0 — 21) @

where U%l and 0'%2 are variances of the distribution P(6,z) measured at the fiber lengths

z1 > 0and zp > 0 (23 > z1), respectively. When the launch beam distribution is wider than
the SSD (Figure 1b), coupling coefficient D in multimode optical fiber is given by [14]:

2 2

0z — 0
D=_"_ "% 5
2(zp — z1) ©

where (7%1 and (7%2 are variances of the distribution P(6,z) measured at the fiber lengths
z1 > 0and zy > 0 (zp > z1), respectively.

(a)
e p-
Light source Optical fiber SSD
(b)
Light source Optical fiber - §8D

Figure 1. Sketch of the light beam centrally launched into optical fiber, where: (a) the input beam is
narrower than the SSD; and (b) the input beam is wider than the SSD.

In this work we demonstrate that propagation properties of multimode SI OGC
PMMA fibers can be successfully predicted using the coupling coefficient D, which can be
determined using Equation (4) or (5).
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4. Results and Discussion

In this study we use our previously proposed approach for determining the cou-
pling coefficient D [14] for the multimode SI OGC PMMA fiber used in Dugas et al.’s
experiment [15]. The optical fiber utilized by Dugas et al. [15] is Dupont’s CROFON-
OE1040 (CROFON fiber). The fiber’s core was mainly made of PMMA, while its cladding
is made of organic glass with fluorine. This fiber had a d = 1 mm core diameter, core
refractive index ny = 1.4877, numerical aperture NA = 0.506, and modal attenuation
w(0)=!A =396 dB/km [15]. The number of modes in this multimode SI OGC PMMA
fiber, for A = 633 nm, is: N = 271%a>(NA)?/A? = 3.2 x 10°%, where  is a core radius.

The inner critical angle of the CROFON fiber is 30.4°. Dugas et al. [15] employed a
centrally launched beam that was broader than the SSD in their experiment (Figure 2). In
order to calculate the coupling coefficient D, Equation (5) was employed. For the CROFON
fiber, the standard deviation of the output angular power distribution P(8,z) measured
0z, & 27.5° and 0, ~ 22.5° at fiber lengths z; = 10 m and z; = 25 m, respectively (Figure 2).

100 4P(6,2)

20 +

...............

Figure 2. Measured normalized P(6,z) at different lengths of the CROFON fiber, in the case of central
launch (65 = 0°) [15].

Using Equation (5), we found the coupling coefficient of D = 2.5 x 10~3 rad?®/m. We
used the calculated coupling coefficients D to obtain the length z;, at which SSD is reached in
the CROFON fiber. The PFE (2) was solved numerically [14] in order to obtain the P(6,z) at
different fiber lengths z. Figure 3 depicts the circumstance in which a Gaussian distribution
beam with (FWHM),_¢ = 58° was launched centrally along the axis of the CROFON fiber.
Figure 3 illustrates the SSD obtained as an analytical Solution (3) of Equation (2) (squares),
in addition to the normalized curves of the P(6,z) produced as numerical solutions of
Equation (2) (line graph), where yy = 0.0514 m~! is used in the analytical Solution (3).
With a relative error of less than 1%, these solutions are in good agreement. Due to modal
diffusion, e.g., energy transfer between modes, with increasing fiber length the distribution
narrows, as seen in Figure 3. In Figure 3, the SSD is reached at length z; = 29 m. The
CROFON fiber’s coupling coefficient D = 2.5 x 102 rad?/m obtained in this work is
comparable to that of standard SI PMMA fibers (D = 2.6 9.8 x 104 rad?/ m) [16]. As a
result, the CROFON fiber’s length z; = 29 m is of the same order of magnitude compared
to that of typical SIPMMA fibers z; ~ 40 to 100 m [16]. This is due to the similar strength
of intrinsic perturbation effects in these two types of fibers (e.g., irregularities of the core-
cladding interface, micro-bendings, refractive index fluctuations) despite the fact that they
both have a PMMA core but distinct cladding. Plastic clad silica fibers (silica core) with
characteristic lengths z; ~ 1 to 3 km have been shown to have lesser perturbation effects
(smaller D) than PMMA core fibers (D ~ 107 to 107> rad?/m) [17]. Optical fibers with



Photonics 2022, 9, 297

50f7

a glass core and cladding have the least coupling coefficient D ~ 10~7 to 10~¢ rad®/m
and the weakest intrinsic perturbation effects [18]. Their typical lengths for obtaining the
SSD range from z; ~ 1 to 10 km. As illustration, Table 1 shows coupling coefficient D and
lengths z; for SIOGC PMMA fiber investigated in this work, and SI PMMA fiber and silica
fiber investigated in previous works [17,18]. It is evident that the fiber core material has
a greater impact on the mode coupling in optical fibers than the cladding material. Due
to the strong influence of mode coupling on the transmission in optical fibers, principal
optical characteristics of an optical fiber cannot be accurately defined until SSD is not
yet completely achieved. Furthermore, at lengths z > z;, the bandwidth becomes fully
independent on the launch conditions [19]. It should be mentioned that bending, heating
and etching increase mode coupling in optical fibers, which should be taken into account
when employing a particular optical fiber as a part of communication and sensory system.

Table 1. Core refractive index 1y, critical angle 6., numerical aperture NA, coupling coefficient D,
length z; at which SSD is achieved, for SIOGC PMMA fiber, SIPMMA fiber, SI plastic-clad silica fiber
and SI silica fiber.

SI OGC PMMA SI Plastic-Clad

. SI PMMA Fiber 1. . SI Silica Fiber
Fiber (Ref. [16]) Silica Fiber (Ref. [18])
(This Work) et (Ref. [17]) et

1o 1.4877 1.492 1.457 1.457
0. (deg) 30.4 30.0 24.0 13.5
NA 0.506 0.5 0.4 0.22

D (rad?/m) 25x1073 35x 1074 1.28 x 10~° 1.9 x 1076
zs (m) 29 98 1400 2470

It is worth noting that our method for determining the coupling coefficient D, which
we used in this work, has been successfully employed in the investigation of mode coupling
in multimode SI glass optical fibers performed by Hurand et al. [18], SI PMMA fibers [16]
and SI plastic-clad silica optical fibers, performed by Savovi¢ and Djordjevich [17]. In this
work, we have demonstrated a successful employment of this method in the investigation
of the mode coupling process in multimode SI OGC PMMA fiber.

L —
>
5 0.8
C
..q_)a Numerical solution .
£ 0.6 z=5m . \\
© -==z=10m R
S od | z=25m N
— —=-z=29m \
£ Analytical solution (SSD) .
5 02 = z=29m
=z

0. 5 70 15 20 25 30

Output angle (degrees)

Figure 3. Normalized P(6,z) along the CROFON fiber numerically calculated for Gaussian launch
distribution centered at 8y = 0° with (FWHM),_ = 58°, at z =5, 25 and 29 m (M represent the analytical
SSD, Equation (3)).
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5. Conclusions

We explored the influence of the mode coupling process on light transmission in
multimode SIOGC PMMA fiber using the PFE. The coupling coefficient D in SIOGC PMMA
fiber is determined in this study by employing our previously proposed method [14]. The
coupling coefficient D = 2.5 x 103 rad?/m for the fiber under investigation is comparable
to that of ordinary SI PMMA fibers. As a result, the SI OGC PMMA fiber’s length z; = 29 m
is comparable to that of typical SI PMMA fibers zs ~ 40 to 100 m. This is due to the similar
level of perturbation effects in these two types of fibers, despite the fact that they both
have a PMMA core but distinct cladding. Optical fibers with a plastic core experience
higher perturbation effects and, as a result, show more intense mode coupling than those
with a glass core, regardless of the cladding material. The observations concerning the
propagation distances required to reach SSD are physically significant. It is worth noting
that due to the strong influence of mode coupling on the transmission in optical fibers,
principal optical characteristics of an optical fiber cannot be accurately defined until SSD
is not yet completely achieved. Furthermore, at lengths z > z;, bandwidth becomes fully
independent on the launch conditions. Since the most important feature of an optical fiber
is its bandwidth, these results could be valuable in communication systems that employ SI
OGC PMMA fiber. Finally, our method for determining the coupling coefficient D, which is
used in this work, has been successfully employed in the previous investigation of mode
coupling in multimode SI glass optical fibers, SI PMMA fibers and SI plastic-clad silica
optical fibers.
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