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Abstract—Using the power flow equation and experimental mea-
surements, investigated in this paper is the state of mode coupling in
low NA (0.3) step-index (SI) plastic optical fibers under varied tem-
perature. Numerical results obtained using the power flow equa-
tion agree well with experimental measurements. It is found that
elevated temperatures of low-NA SI plastic optical fibers strength-
ened mode coupling. These properties remained after a year, with
the fiber being subjected to environmental temperature variations
of >35 K. These thermally induced changes of the fiber proper-
ties are attributed to the increased intrinsic perturbation effects
in the PMMA material at higher temperatures. This results in an
increase of the measured bandwidth with increasing fiber temper-
ature as well as earlier the bandwidth switch from the functional
dependence of 1/z to 1/z1/2 (slower bandwidth decrease).

Index Terms—Mode coupling, step index plastic optical fiber,
thermal treatment.

I. INTRODUCTION

THE importance of plastic optical fibers (POFs) has grown
tremendously over past decades. POFs are highly promis-

ing transmission media for short-range applications including
in local area networks, multi-node bus networks, sensors, power
delivery systems, and light guides (as in toys, entertainment and
medical devices). The attractiveness of POFs is chiefly due to
their low cost, flexibility and ease of handling and intercon-
necting. However, their relatively large attenuation and modal
dispersion limit the link length and transmission rate.The main

Manuscript received August 24, 2014; revised October 27, 2014 and Novem-
ber 21, 2014; accepted November 24, 2014. Date of publication December 4,
2014; date of current version December 16, 2014. This work was supported by
the Strategic Research Grant of City University of Hong Kong through Project
CityU 7004069 and by a grant from Serbian Ministry of Education, Science and
Technological Development through Projects 171011 and III43008.
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types of POFs, their manufacturing and possible present and
expected future applications have been reported [1]. Much ef-
fort has been made in recent decades to mitigate the effect of
limited bandwidth of SI-POFs [1], [2]. Temperature variation as
an avenue for additional improvements has been indicated by
simulation [3] by showing that modal dispersion decreases as
temperature is increased, leading to a bandwidth improvement.
One should mention here that in reference [3] the simulations
that concerned POFs were based on measurements for bulk
PMMA and this is only a coarse approximation.

Ambient temperature can often affect structure of the POF
material [4], [5]. Intrinsic perturbation effects may also change
with temperature [3], [5] (these perturbations are by irregular-
ities introduced predominantly during the fiber manufacturing
process that resulted in microscopic bends, irregularity of the
core–cladding boundary, and inconsistency of the refractive in-
dex). In spite of all fibers undergoing some degradation of optical
transmission when exposed to heating, fiber-optic systems are
nevertheless implemented in warm environments particularly
as optical fiber sensors [5], [6] and the influence of tempera-
ture may be considerable. Changes optical fibers undergo with
temperature fluctuation have been investigated [3], [5], [7], [8].

Transmission characteristics of multimode SI optical fibers
depend heavily upon the differential mode attenuation and rate
of mode coupling. The latter represents power transfer from
lower to higher-order modes caused by the above-mentioned
intrinsic perturbation effects. Mode coupling reduces modal dis-
persion, leading to a bandwidth improvement in local area net-
works [9]. On the other hand, it increases the amount of power
radiated in fiber curves or bends [10]–[12], significantly chang-
ing the output-field properties and degrading the beam quality.
These consequences are difficult to predict intuitively and have
a particular importance for power delivery and sensory systems.

The far-field pattern of an optical fiber is determined by the
optical power distribution that depends on the launch condi-
tions, fiber properties and fiber length. Light launched at a spe-
cific angle θ0 > 0 with respect to the fiber axis will form a
sharply defined ring radiation pattern at the output end of only
short fibers. Because of mode coupling, the boundary (edges)
of such a ring become fuzzy at the end of longer fibers. Up to a
“coupling length” Lc from the input fiber end, the extent of this
fuzziness increases further with fiber length and the ring-pattern
evolves gradually into a disk extending across the entire fiber
cross-section. An equilibrium mode distribution (EMD) exists
beyond the coupling length Lc of the fiber. It is characterized
by the absence of rings regardless of launch conditions, even
though the resulting light distribution of the disk-pattern may
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vary with launch conditions. EMD indicates a substantially com-
plete mode coupling. It is of critical importance when measuring
characteristics of multimode optical fibers (linear attenuation,
bandwidth, etc). Indeed, measurement of these characteristics
would only be considered as meaningful if performed at the
EMD condition when it is possible to assign to a fiber a unique
value of loss per unit length [13].

In order to determine the fiber length Lc where the EMD
is achieved, one can either perform pulse broadening measure-
ments as a function of fiber length [9] or analyze the change
of the output angular power distribution as a function of fiber
length for different launch angles [14]. In the former case, Lc

is the fiber length after which the bandwidth becomes propor-
tional to 1/z1/2 instead of 1/z (z is the fiber length). In the latter
case, Lc is the fiber length after which all output angular power
distributions take the disk-form regardless of the incidence an-
gle. The shorter the length Lc , the earlier the bandwidth would
switch from the functional dependence of 1/z to 1/z1/2 (slower
bandwidth decrease).

Output angular power distribution in the near and far fields
of an optical fiber end has been studied extensively. Work has
been reported using geometric optics (ray approximation) to in-
vestigate mode coupling and predict output-field patterns [15],
[16]. By employing the power flow equation [14], [17]–[20] as
well as the Fokker–Planck and Langevin equations [21], these
patterns have been predicted as a function of the launch con-
ditions and fiber length. A key prerequisite for achieving this
is the knowledge of the rate of mode coupling expressed in the
form of the coupling coefficient D [17]–[19], which has been
shown to correctly predict coupling effects observed in practice
(e.g. [14]).

In this work, we use the Savović–Djordjevich method [22]
for determining the mode coupling coefficient D in a low-NA
POF at temperatures ranging from 293.15 to 353.15 K. This
enabled us to solve the power flow equation numerically in
order to examine the state of mode coupling in the fiber being
analyzed at different temperatures. As a result, the coupling
length Lc at which the EMD is achieved and the fiber length zs

required for achieving the steady-state mode distribution (SSD)
are obtained for different fiber temperatures. These numerical
results are verified experimentally.

II. POWER FLOW EQUATION

Gloge’s power flow equation is [17]:

∂P (θ, z)
∂z

= −α(θ)P (θ, z) +
D

θ

∂

∂θ

(
θ
∂P (θ, z)

∂θ

)
(1)

where P(θ, z) is the angular power distribution, z is distance
from the input end of the fiber, θ is the propagation angle with
respect to the core axis, D is the coupling coefficient assumed
constant and α(θ)is the modal attenuation. The simplifying as-
sumption of constant coupling coefficient D (independent of the
propagation angle) in SI POFs has been used by many authors
[9], [12]–[14], [17]–[19], [22]–[24]. In our previous work [23]
we have shown that modeling mode coupling in SI POFs as-
suming a constant coupling coefficient D can be used instead of

Fig. 1. Block diagram of the experimental setup for measuring the far-field
intensity pattern (MRS—manual rotation stage, PT—phototransistor, PC—
personal computer).

the more complicated approach with angle-dependent coupling
coefficient. The boundary conditions are P (θc , z) = 0, where
θc is the critical angle of the fiber, and D(∂P/∂θ) = 0 at θ = 0.
Condition P (θc , z) = 0 implies that modes with infinitely high
loss do not carry power. Condition D(∂P/∂θ) = 0 at θ = 0
indicates that the coupling is limited to the modes propagating
with θ > 0. Except near cutoff, the attenuation remains uniform
α(θ) = α0 throughout the region of guided modes 0 ≤ θ ≤ θc

[19], [20] (it appears in the solution as the multiplication factor
exp(−α0z) that also does not depend on θ). Therefore, α(θ) need
not be accounted for when solving (1) for mode coupling and
this equation reduces to [14]:

∂P (θ, z)
∂z

=
D

θ

∂P (θ, z)
∂θ

+ D
∂2P (θ, z)

∂θ2 . (2)

In order to obtain numerical solution of the power flow (2)
we have used the explicit finite-difference method employed in
our earlier works [12], [14].

III. EXPERIMENTAL METHOD

In this section, we present the experimental setup and method-
ology used to obtain the far-field intensity in the MH4001 ESKA
Mitsubishi Rayon fiber (MH fiber). The fiber has a core diameter
dcore = 980 μm and clad diameter dclad = 1000 μm, numerical
aperture NA = 0.3, core refractive index n = 1.49 and criti-
cal angle θc = 11.7◦ measured inside the fiber and θc = 17.6◦

measured in air. The MH fiber has 0.15 dB/m of nominal attenu-
ation. The number of modes in this step-index multimode POF,
for λ = 633 nm, is N = 2π2a2(NA)2/λ2 ≈ 1.06 × 106 , where
a is radius of the fiber core. This large number of modes may be
represented by a continuum as required for application of (2).
The ends of the sample fibers have been polished carefully for
reduced imperfections and associated light diffraction.

Fig. 1 shows schematics of the experimental setup for mea-
suring the far-field intensity profile at different temperatures.
The light source was a helium neon laser (HRR005by Thorlabs,
Inc) with maximum power of 0.5 mW at 633 nm, modulated
by a chopper at f = 700 Hz. The input fiber end was mounted
on a rotation stage (MRSPRM1/M by Thorlabs, Inc) in order
to achieve an angled launch. Using a phototransistor (BPW17,
520–950 nm range), the far-field output intensity from the other
fiber-end was profiled in 3-D by a two-motor scanning setup.

For the temperature variation, a chamber with adjustable tem-
perature has been used. The temperature has been also measured
with an external high precision digital thermometer. The heating
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Fig. 2. Normalized experimental output power distribution at two different
locations along the MH4001 POF for centrally launched (θ0 = 0◦) Gaussian
beam, at z = 1 m (dashed line) and z = 6 m (dotted line) at temperature
T = 313.15 K.

TABLE I
FIBER TEMPERATURE T, COUPLING COEFFICIENT D, COUPLING LENGTH Lc

FOR ACHIEVING THE EMD AND LENGTH zs FOR ACHIEVING THE SSD

Temperature T (K) D (rad2/m) Lc (m) zs (m)

293.15 1.62 × 10−3 4.0 10.0
313.15 3.41 × 10−3 3.0 7.5
333.15 4.53 × 10−3 2.25 5.5
353.15 5.82 × 10−3 1.5 4.0

process consisted of increasing the temperature of the chamber
by 20 K every 30 min, from 293.15 to 353.15 K.

IV. RESULTS AND DISCUSSION

In our recently published work [24], coupling coef-
ficient D for this fiber was calculated as D = 1.62 ×
10−3 rad2/m at ambient temperature of T = 293.15 K. From
D =

(
σ2

2 − σ2
1
)
/2 (z2 − z1) [22], the coupling coefficient D

was calculated as D = 3.41 × 10−3 rad2/m for σ1 = 12◦ and
σ2 = 16◦ being the two standard deviations of the experimen-
tal output angular power distribution at fiber lengths z1 = 1 m
and z2 = 6 m (see Fig. 2), at t = 40 °C. The values of the mode
coupling coefficient D for the analyzed fiber at different temper-
atures are summarized in Table I, respectively, to facilitate easier
comparisons.

Starting with the fiber length of 15 m, this length was short-
ened by 0.25 m in successive steps until the final length of just
0.75 m remained. In each step, the launch angle was swept in
5° increments from 0 to 15° and for each such sub-step the
far-field output pattern was recorded (by the photo detector
in the two-motor scanning setup). The fiber placed inside the
temperature-controlled chamber was coiled on a reel with di-
ameter in excess of 0.5 m to minimize the influence of curvature
on mode coupling.

Fig. 3 shows experimental results for the normalized output
power distribution for different fiber lengths at T = 313.15 K.
We show results for four different input angles θ0 = 0, 5, 10 and
15° (measured in air). In Fig. 4, our numerical solution of the
power flow equation is presented by Nero PhotoSnap Viewer.lnk

showing the evolution of the normalized output power distribu-
tion with fiber length at temperature T = 313.15 K. A good
agreement between the numerical and experimental results can
be observed. A good agreement between theory and experiment
means that the position of the maximum of the output angular
power distributions for different launch beam angles at partic-
ular fiber lengths obtained experimentally is the same as the
position obtained by numerical calculations. Radiation patterns
in the short fiber (z = 1 m) in Figs. 3(a) and 4(a) indicate that
the coupling is stronger for the low-order modes: their distri-
butions have shifted towards θ = 0◦. Coupling of higher-order
modes can be observed after longer fiber lengths [see Figs. 3(b)
and 4(b)]. It is not until the fiber’s coupling length Lc of 3 m
that all the mode-distributions have shifted their mid-points to
zero degrees (from the initial value of θ0 at the input fiber
end), producing the EMD in Figs. 3(c) and 4(c). The coupling
continues further along the fiber beyond the Lc mark until all
distributions’ widths equalize and SSD is reached at length zs in
Figs. 3(d) and 4(d): zs = 7.5 m. The maximum estimated rel-
ative error of determining the coupling coefficient ΔD/D, cou-
pling length ΔLc/Lc and length at which a SSD is achieved
Δzs/zs is approximately 10%.

It can be seen from Table I that with increasing fiber temper-
ature there is an increase of the coupling coefficient D, meaning
that intrinsic perturbation effects in the fiber are stronger. With
increasing fiber temperature the width of the output angular
power distribution measured at a fixed fiber length increases too
(see Fig. 5). Consequently, the lengths Lc and zs (see Fig. 6)
shorten.

It is shown through simulations [3] that if the temperature is
increased, the modal dispersion decreases, due to the change of
the fiber refractive index. As a result, the stronger mode cou-
pling, the shorter the length Lc , and the earlier the bandwidth
switches from the functional dependence of 1/z to 1/z1/2 (slower
bandwidth decrease) (Fig. 7). Therefore, thermal control can
serve to shorten the coupling length and slow bandwidth drop in
POFs. One can also see from Fig. 7 that there is an increase of
the measured bandwidth (for central launch (θ0 = 0◦)) with in-
creasing the fiber temperature. This increase is more pronounced
at short fiber lengths (up to 40 m). It has been observed previ-
ously that mode coupling can also be increased significantly by
proper bending of POFs [11], [12] resulting in a similar change
of transmission characteristics (in terms of the coupling length
for achieving EMD, length for achieving SSD, and bandwidth).

We have obtained that with increasing temperature, there is
a very small change of numerical aperture of the fiber (Fig. 8).
Namely, measured numerical aperture of MH4001fiber varies
between NA = 0.37 and = 0.38, at temperatures between
293.15 and 353.15 K, respectively. Thus, the influence of the
change of the numerical aperture on temperature dependence of
the coupling constant D can be excluded. One should mention
here that measured numerical aperture of NA = 0.37 at 293.15 K
for MH4001 fiber differs from its theoretical numerical aperture
of NA = 0.3, due to the fact that this fiber is a double cladding
fiber and not typical SI POF [1].

We have also obtained that with increasing fiber tempera-
ture, there is a slight increase of mode dependent attenuation
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Fig. 3. Normalized experimental output angular power distribution at different locations along the MH4001 POF at T = 313.15 K for four Gaussian input
angles θ0 = 0◦ (solid line), 5° (dashed line), 10° (dotted line) and 15° (dash-dotted line) at: (a) z = 1 m (solid line); (b) z = 2 m (dashed line); (c) z = 3 m
(dotted line) and (d) z = 7.5 m (dash-dotted line).

Fig. 4. Normalized output angular power distribution at different locations along the MH4001 POF at T = 313.15 K calculated for four Gaussian input angles
θ0 = 0◦ (solid line), 5° (dashed line), 10°(dotted line) and 15° (dash-dotted line) for: (a) z = 1 m (solid line); (b) z = 2 m (dashed line); (c) z = 3 m (dotted line)
and (d) z = 7.5 m (dash-dotted line).
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Fig. 5. Normalized experimental output angular power distribution along the
MH4001 POF of length z = 0.75 m at different temperatures for centrally
(θ0 = 0◦) launched Gaussian beam.

Fig. 6. Variation of the fiber’s coupling length Lc for achieving the EMD and
length zs for achieving the SSD with temperature for MH4001 POF.

Fig. 7. Bandwidth of the MH4001 POF measured for central launch (θ0 = 0◦)
at different temperatures.

coefficient (see Fig. 9). This is in contrast with results re-
ported by Chen et al. [7] for the MH4001 POF with higher
numerical aperture of NA = 0.5. They have obtained that
there is a decrease of power loss with increasing fiber
temperature.

One can see from Fig. 9 that the modal attenuation at a given
temperature could be considered approximately constant with
the propagation angle in the range θ = 0◦ to ≈ 18◦, which en-
abled us to numerically solve the power flow equation in its
simpler form (2) instead of solving the power flow (1).

Fig. 8. Variation of the numerical aperture with temperature for MH4001
POF.

Fig. 9. Mode-dependent attenuation α(θ) for MH4001 POF measured at dif-
ferent temperatures.

V. CONCLUSION

Using the power flow equation and experimental measure-
ments, investigated in this article is the state of mode coupling
in low-NA (0.3) step-index (SI) POFs under varied temperature.
Results are verified experimentally. It is found that elevated tem-
peratures of low NA SI POF strengthened mode coupling. These
properties remained after a year, with the fiber being subjected
to environmental temperature variations of >35 K. The ther-
mally induced changes of the fiber properties are attributed to
the increased intrinsic perturbation effects in the fiber material.
This results in an increase of the measured bandwidth with in-
creasing the fiber temperature. Stronger mode coupling shortens
lengths Lc (for achieving the EMD) and zs (for achieving the
SSD) causing thus an earlier bandwidth switch from the func-
tional dependence of 1/z to 1/z1/2 (slower bandwidth decrease).
Therefore, bandwidth can be altered by controlling fiber tem-
perature and the results presented in this paper can be used to
predict such change.
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A B S T R A C T   

The investigation of the bandwidth in multimode graded-index microstructured polymer optical fiber (GI mPOF) with a solid core is proposed using a modal diffusion 
approach. For a variety of launch radial offsets of multimode GI mPOF, bandwidth is reported by numerically solving the time-dependent power flow equation (TD 
PFE) using the explicit finite difference method (EFDM) and physics-informed neural networks (PINN). The decline in bandwidth with fiber length becomes slower at 
fiber lengths close to the coupling length Lc at which an equilibrium mode distribution (EMD) is attained, showing that mode coupling enhances bandwidth at longer 
fiber lengths. As fiber length is increased, bandwidth approaches complete independence from radial offset, suggesting the steady-state distribution (SSD) has been 
reached. We compare multimode GI mPOF performance in terms of bandwidth with that of traditional multimode GI POFs made of the same material. Higher 
bandwidth performance and quicker bandwidth improvement are displayed by the GI mPOF. To enhance fiber performance in GI mPOF links, such a fiber char-
acterization can be used.   

Introduction 

High-speed short-range signal transmission via POF has drawn a lot 
more attention in recent years [1–2]. POF’s benefits of a large core, a 
simple connection, and a diversity of materials [3–16] may offer a cost- 
effective option for the in-home network. Up until now, POF has most 
typically been produced using Polymethyl-methacrylate (PMMA) [17]. 
POF can generally be divided into three types: single-mode [18], few- 
mode [12], and multimode [19] fibers. The two refractive index (RI) 
distributions that are most frequently used to create POFs are step-index 
(SI) [20] and GI [21] distributions. The RI distribution of GI multimode 
POF continually lowers from the core axis to the cladding. Using this RI 
distribution, intermodal dispersion can be reduced, the POF’s band-
width can be improved, and transmission distance may be raised. 
However, in order to manufacture GI POF, advanced doping techniques 
are required. 

The versatility in designing the optical fiber is greatly increased by 
the microstructure of microstructured optical fiber (MOFs). Many 

excellent MOF properties [22], including birefringence [23], light 
dispersion [24], supercontinuum light [25], and wavelength conversion 
[26], have been investigated by modifying the microstructure. The 
fabrication of multimode mPOF was first reported by Eijkelenborg et al. 
in 2001 [27], and afterwards, mPOF garnered research interest for its 
various uses [28–29]. An optical fiber called a multimode mPOF is made 
to simultaneously guide numerous light modes. It has a core region 
surrounded by cladding, and the core and/or cladding region’s periodic 
arrays of air holes give it its distinctive structure. Thus, an mPOF can 
have its core and/or cladding layer modified by changing the placement 
and/or size (d) of air holes (Fig. 1). In Fig. 1, a mPOF that mimics a GI 
optical fiber features a core with different-sized air-holes. Instead of 
requiring complex doping methods, GI mPOF has the advantage of being 
more adjustable when it comes to altering the air-hole diameters d and 
pitch Λ. Additionally, research has shown that GI mPOF has a wider 
bandwidth than conventional multimode GI POF [30,31]. Numerous 
industries, including telecommunications, sensing, and imaging in 
medicine, use multimode GI and SI mPOFs. They are appropriate for 
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high-power applications due to their large mode areas and ability to 
transmit high-power lasers. Due to their high sensitivity to variations in 
the refractive index of the surrounding medium, they are also beneficial 
for sensing applications. 

The PFE is used to characterize transmission performance of different 
types of conventional multimode optical fibers [31–35] and is thus the 
most promising tool for modeling multimode MOFs. Since other two 
alternative approaches, wave optics or geometrical optics, are not able 
to offer an efficient and accurate modeling tool for transmission char-
acteristics of multimode optical fibers (including MOFs), the importance 
of the approach used in this work is obvious. A very good efficiency and 
accuracy of the method used in this work has already been demonstrated 
in modeling bandwidth of conventional multimode GI POF [35]. 
Following this route, the bandwidth in GI mPOF for a various launch 
radial offsets is determined in this paper, to the best of our knowledge 
for the first time, by numerically solving the TD PFE. These theoretically 
obtained results for multimode GI mPOF bandwidth are contrasted with 
previously reported bandwidth for conventional multimode GI POFs 
[35]. The results reported in this study can be useful for various MOFs 
applications [36–39]. 

GI mPOF design 

Fig. 1 shows a GI mPOF that was considered in this investigation. Six 
air-hole rings, numbered rings 1, 2,…, 6, make up the GI mPOF. The 
fiber material is a PMMA, and the air holes are held in place by a 
triangular lattice with a pitch of Λ. The air-hole diameter in rings 5 and 6 
is the same as the air-hole diameter in ring 4 (d4 = d5 = d6). The TI PFE 
was used to simulate this system. 

TD PFE for GI optical fibers 

The RI profile of GI optical fiber may be expressed as: 

n(r, λ) =

⎧
⎪⎨

⎪⎩

nco(λ)
[
1 − 2Δ(λ)

(r
a

)g ]1/2
(0⩽r⩽a)

nco(λ)[1 − 2Δ(λ)]1/2
= ncl(λ) (r > a)

⎫
⎪⎬

⎪⎭
(1)  

where nco(λ) is the maximum RI of the core (measured at the fiber axis), 
ncl(λ) is the RI of the cladding, Δ(λ) = (nco(λ) − ncl(λ))/nco(λ) is the 
relative RI difference, g is the core index exponent and a is the core 
radius (Fig. 1). The wavelength λ of the source determines the optimum 
value of the core RI exponent g to get the maximum bandwidth. 

For multimode GI optical fibers, the TD PFE is: 

∂P(m, λ, z,ω)
∂z

+ jωτ(m, λ)P(m, λ, z,ω) = − α(m, λ)P(m, λ, z,ω)+

+
∂P(m, λ, z,ω)

∂m
∂d(m, λ)

∂m
+ d(m, λ)

1
m

∂P(m, λ, z,ω)

∂m
+ d(m, λ)

∂P2(m, λ, z,ω)

∂m2

(2)  

where P(m, λ, z,ω) is the power in the m - th principal mode (modal 
group) [32], z is position along the fiber axis from the input fiber end, 
α(m, λ) is the attenuation coefficient, d(m, λ) ≡ D is the coupling 

coefficient, ω = 2πf is the baseband angular frequency, τ(m, λ) is delay 
time per unit length, which can be determined as: 

τ(m, λ) ≅
n1(λ)

c

[

1 +
g − 2
g + 2

Δ(λ)
( m

M(λ)

)2g/(g+2)

+
1
2

3g − 2
g + 2

Δ(λ)2
( m

M(λ)

)4g/(g+2)
]

(3)  

where c is the free-space velocity of light and: 

P(m, λ, z,ω) =
∫ +∞

− ∞
P(m, λ, z, t)exp( − jωt)dt (4) 

The maximum principal mode number is [32]: 

M(λ) =

̅̅̅̅̅̅̅̅̅̅̅̅

gΔ(λ)
g + 2

√

akn1(λ) (5)  

where k = 2π/λ. Gaussian launch-beam distribution P0(θ, λ, z = 0) can 
be transformed into P0(m, λ, z = 0) (one needs P0(m, λ, z = 0) to 
numerically solve the TD PFE (2)), using the following relationship 
[32–34]: 

m
M

=

[(Δr
a

)g
+

θ2

2Δ

](g+2)/2g

(6)  

where Δr represents the radial separation (radial offset) between the 
launch beam point and the core center and θ represents the tilt angle 
measured in relation to the fiber axis. One should note that the condition 
of validity of the model proposed in this work is that guiding modes can 
be treated as a modal continuum. This is the case with all types of 
multimode optical fibers, such as a GI mPOF investigated in this work. 
Details regarding numerical solving the TD PFE (2) using EFDM and 
calculating bandwidth, can be found in our earlier work [35]. In this 
work, in order to further validate our proposed method for calculating 
bandwidth in a multimode GI mPOF, in our best knowledge for the first 
time, the TD PFE (2) is also solved using PINN. Methodology regarding 
numerical solving the partial differential equations (PDEs), such as TD 
PFE (2), using PINN are given in the Appendix A of this work. 

We investigated the bandwidth in a multimode GI mPOF, which 
consists of different SI distributed layers (Fig. 1(b)), for which the 
effective V parameter is given as: 

V =
2π
λ

aeff

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

n2
co − n2

fsm

√

(7)  

where aeff = Λ/
̅̅̅
3

√
[40], and nfsm is effective RI of different core and 

cladding layers, which can be obtained from equation (7), with the 
effective V parameter [40]: 

V
(

λ
Λ
,

d
Λ

)

= A1 +
A2

1 + A3exp(A4λ/Λ)
(8)  

with the fitting parameters Ai (i = 1 to 4) given as: 

Fig. 1. (a) The cross-section of the multimode GI mPOF (PMMA is 
the fiber material, shown in green color). A triangular lattice’s air 
holes are positioned using pitch Λ. The air-hole sizes of the four 
inner air-hole rings in the core are d1, d2, d3, and d4. The cladding’s 
air holes in rings 5 and 6 have the same diameter as those in air- 
hole ring 4 (d4 = d5 = d6). (b) The referent multimode GI 
mPOF’s RI performance (green solid line). The parabolic distribu-
tion of the RI in the core has g = 2 (black solid line). (For inter-
pretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)   
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Ai = ai0 + ai1

(
d
Λ

)bi1

+ ai2

(
d
Λ

)bi2

+ ai3

(
d
Λ

)bi3

(9)  

where the coefficients ai0 to ai3 and bi1 to bi3 (i = 1 to 4) are given in 
Table 1. 

We applied our method to the multimode GI mPOF which has a core 
radius a = 4Λ = 16 μm, where Λ = 4 μm, and fiber diameter b = 1 mm. 
The GI mPOF material is PMMA, the same material as used for the GI 
POF (OM Giga, Fiber FinTM), which we previously investigated experi-
mentally [35]. The RI of the core measured at the fiber axis is nco =

1.5220 while the RI of the cladding is ncl = 1.4920 [33,35,41]. For the 
GI mPOF under examination, the maximum principal mode number is 
M = 24 (the maximum mode number is N = 580) at λ = 633 nm, for g =

2.0 and Δ = (n1 − n2)/n1 = 0.019711.The modal attenuation is 
α(m, λ) ≡ αc = 0.0122 m− 1 and coupling coefficient is D = 1482 m− 1 

[35] (typical values of αc and D for conventional multimode GI POFs and 
multimode GI mPOFs). The similar presumption was used to model a 
silica MOF [42]. For Λ = 4 μm and air-hole diameters of the four air-hole 
rings in the core d1 = 0.6 μm, d2 = 0.7 μm, d3 = 1.3 μm and d4 =

3.1 μm, the RI n1 = 1.5201, n2 = 1.5145, n3 = 1.5050 and n4 =

1.4920, respectively, are calculated by means of equations (7) and (8). 
Thus, a parabolic RI distribution in the core with g = 2.0 is achieved 
(Fig. 1). The diameter of the cladding’s air-holes in the rings 5 and 6 is 
d4 = d5 = d6 = 3.1 μm, which corresponds to the cladding RI n4 =

n5 = n6 = ncl = 1.4920. 
A Gaussian beam is assumed to be launched with 〈θ〉 = 0◦ in the 

numerical calculations. Fig. 2 shows the numerically estimated band-
width using EFDM and PINN for four radial offsets Δr = 0, 4, 8 and 
12 μm for varied fiber lengths. A good agreement between solutions 
obtained using EFDM and PINN solutions can be seen. According to 
Fig. 2, bandwidth decreases as radial offset increases as a result of 
increased modal dispersion brought on by the excitation of higher 
guided modes. A more pronounced decline is seen with shorter fiber 
lengths. When the fiber length is z ≈ 20 m, which is close to the theo-
retically determined coupling length Lc = 18 m [37] at which an EMD is 
established, strong mode coupling results in bandwidth improvement 
(slower bandwidth drop) in multimode GI mPOFs. An SSD is established 
as fiber length increases (in our earlier work [41], we found that an SSD 
is established at z = 60 m). As fiber length further increases, bandwidth 
becomes essentially radially offset-independent. Consequently, 
assuming a radial offset of Δr = 0 μm for the examined GI mPOF, we 
obtain a bandwidth of around 28 GHz at a distance of 100 m, which 
results in a bandwidth-length product of 2.8 GHz⋅km. This bandwidth- 
length product is substantially higher than those for standard GI POFs 
studied in our earlier work [35] (Fig. 3) and Chun-Yu Lin et al.’s work 
[43], which were 0.46 GHz⋅km and 0.156 GHz⋅km, respectively. Because 
the GI mPOF investigated in this work has a smaller core radius and 
fewer propagating modes than a conventional GI POF, the EMD is ob-
tained in GI mPOF at a shorter length. Namely, the coupling length of 
Lc = 31 m is reported for conventional GI POF [33]. When there are 
fewer propagating modes, the mode coupling process requires a shorter 
length to complete, accelerating the transition to the slower bandwidth 
drop phase. The mode coupling process requires a shorter length to 
complete the mode coupling process when there are fewer propagating 

modes, which accelerates the transition to the slower bandwidth decline 
regime. 

Improved fiber performance on GI mPOF lines, especially in in-home 
networks, can be attained by using such a fiber characterization. This 
optimization can be carried out by comparing the performance charac-
teristics and numerical simulation results of different GI mPOFs with 
different RI distribution (different g), coupling coefficient D, and 
attenuation αc. Finally, since in contrast to GI POF, fabrication of GI 
mPOF does not require an advanced doping techniques and, as shown in 
this work, and it can achieve a much higher bandwidth, it deserves 
recommendation as a good choice for various high bandwidth fiber optic 
systems. A range of different fabrication methods is available for mPOF 
preform fabrication, including extrusion, drilling, casting or injection 
molding [7,44]. 

Conclusion 

By numerically solving the TD PFE using the EFDM and PINN, we 
were able to determine the bandwidth for various multimode GI mPOF 
launch conditions (radial offsets). We discovered that when radial offset 
increases, bandwidth decreases. There is a more noticeable bandwidth 
decrease at short fiber lengths. The fact that this decline slows down as 
coupling length Lc gets closer to the point at which an EMD is reached, 
shows how strongly mode coupling affects the bandwidth in GI mPOFs. 
The length at which EMD is reached is shorter, the quicker the band-
width would change from a steep to a moderate bandwidth decrease. 
The formation of an SSD is indicated by the bandwidth becoming almost 

Table 1 
The fitting coefficients in equation (9).    

i = 1 i = 2 i = 3 i = 4  

ai0  0.54808  0.71041 0.16904  − 1.52736  
ai1  5.00401  9.73491 1.85765  1.06745  
ai2  − 10.43248  47.41496 18.96849  1.93229  
ai3  8.22992  − 437.50962 − 42.4318  3.89  
bi1  5  1.8 1.7  − 0.84  
bi2  7  7.32 10  1.02  
bi3  9  22.8 14  13.4  

Fig. 2. Numerically calculated bandwidth using EFDM (lines) and PINN (open 
symbols) as a function of transmission length of GI mPOF for various 
radial offsets. 

Fig. 3. Measured bandwidth (solid symbols) as a function of transmission 
length of conventional multimode GI POF for various radial offsets (lines are 
drawn to guide the eye) [35]. 
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entirely independent of radial offset as fiber length is extended. Conse-
quently, for the GI mPOF that was the subject of this work, with radial 
offset of Δr = 0 μm, we obtain a bandwidth-length product of 
2.8 GHz⋅km. This bandwidth-length product is substantially higher than 
those for typical GI POFs studied in our previous work [35] and Chun-Yu 
Lin et al.’s work [43], which were 0.46 GHz⋅km and 0.156 GHz⋅km, 
respectively. We have demonstrated that GI mPOF has a wider band-
width compared to its conventional counterpart due to carefully tuned 
structure of the GI mPOF, which allowed reduction of modal dispersion- 
induced pulse spreading. Furthermore, mPOFs with a relatively large 
core diameter can support multiple modes, which can be used for mode- 
division multiplexing to increase the bandwidth. 
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Appendix A. : PINN for solving PDEs 

The PINN is a machine-learning technique that can be used to approximate the solution of PDEs. PDEs with corresponding initial and boundary 
conditions can be expressed in a general form as [45]: 

∂u(x, t)
∂t

+ N[u(x, t)] = 0, x ∈ Ω, t ∈ [0, T]

u(x, t = 0) = h(x), x ∈ Ω

u(x, t) = g(x, t), x ∈ Ωg, t ∈ [0, T]

(A1) 

Here, N is a differential operator, x ∈ Ω ⊆ Rd and t ∈ R represent spatial and temporal dimensions respectively, Ω ⊆ Rd is a computational domain, 
Ωg ⊆ Ω is a computational domain of the exposed boundary conditions, u(x, t) is the solution of the PDEs with initial condition h(x) and boundary 
conditions g(x, t). 

PINN consists of two subnets: an approximator network and a residual network. The approximator network receives input u(x, t) undergoes the 
training process, and provides an approximate solution u⌢(x, t) as an output. The approximator network trains on a grid of points, called collocation 
points, sampled randomly or regularly from the simulation domain. The weights and biases of the approximator network make up a set of trainable 
parameters, trained by minimizing a composite loss function of the following form: 

L = Lr +L0 +Lb (A2)  

where: 

Lr =
1
Nr

∑Nr

i=1

⃒
⃒u
(
xi, ti)+ N

[
u
(
xi, ti)]⃒⃒2

L0 =
1

N0

∑N0

i=1

⃒
⃒u
(
xi, ti) − hi)]

⃒
⃒2

Lb =
1

Nb

∑Nb

i=1

⃒
⃒u
(
xi, ti) − gi)]

⃒
⃒2

(A3) 

Here, Lr, L0, and Lb represent residuals of governing equations, initial and boundary conditions, respectively. Nr, N0, and Nb are the numbers of 
mentioned collocation points of the computational domain, initial and boundary conditions, respectively. These residuals are computed by a non- 
trainable part of the PINN model called the residual network. The approximator network is used to approximate the solution u(x, t) which then 
goes to the residual network to calculate the residual loss Lr, boundary condition loss Lb, and initial condition loss L0. The weights and biases of the 
approximator network are trained using a composite loss function consisting of residuals Lr, L0, and Lb through gradient-descent technique based on 
the back-propagation [45]. To calculate the residual Lr, PINN requires derivatives of the outputs with respect to the inputs x and t. Such calculation is 
done through automated differentiation, which relies on the fact that combining derivatives of the constituent operations by the chain rule produces 
the derivative of the entire composition. 
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Abstract: We investigate mode coupling in a multimode graded-index microstructured polymer
optical fiber (GI mPOF) with a solid core by solving the time-independent power flow equation (TI
PFE). Using launch beams with various radial offsets, it is possible to calculate for such an optical
fiber the transients of the modal power distribution, the length Lc at which an equilibrium mode
distribution (EMD) is reached, and the length zs for establishing a steady-state distribution (SSD).
In contrast to the conventional GI POF, the GI mPOF explored in this study achieves the EMD at a
shorter length Lc. The earlier shift to the phase of slower bandwidth decrease would result from the
shorter Lc. These results are helpful for the implementation of multimode GI mPOFs as a part of
communications and optical fiber sensory systems.

Keywords: polymer optical fiber; graded-index optical fiber; microstructured optical fiber; power
flow equation

1. Introduction

High-speed, short-range signal transmission over POF has attracted much research
interest in recent years [1,2]. POF has the benefit of an easy connection and a large core,
which could be an economic solution for the in-home network. Different kinds of materials
are implemented for POF fabrication, such as polymethyl methacrylate (PMMA) [3,4],
polydimethylsiloxane (PDMS) [5,6], polycarbonate (PC) [7,8], polystyrene (PS) [9,10], per-
fluorinated polymer (commercially known as CYTOP® (AGC, Inc., Tokyo, Japan) [11,12],
cycloolefin polymer (commercially known as ZEONEX® *ZEON (Corporation, Tokyo,
Japan)) [13,14], and cycloolefin copolymer (commercially known as TOPAS®) (TOPAS
Advanced Polymers, Farmington Hills, MI, USA) [15,16]. The flexibility of POF material
allows for the production of POFs with varying specifications or materials to meet the
needs of various applications. Until now, PMMA has been the most commonly used ma-
terial for the production of POF [17]. POF can normally be classified as singlemode [18]
or multimode [19] based on the number of propagation modes, the step-index (SI) [20],
or the GI [21] based on the refractive index (RI) distribution. The GI multimode POF is
a type of POF where its RI distribution decreases continuously from the core axis to the
cladding. This RI distribution can minimize intermodal dispersion, improve the POF’s
bandwidth, and increase the transmission distance. However, GI POF needs sophisticated
doping processes for its fabrication.
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Microstructured optical fiber (MOF), which is referred to as photonic crystal fiber, was
successfully proposed in the 1990s [22]. The microstructure of MOFs significantly improves
the optical fiber’s flexibility. By adjusting the microstructure, various excellent MOF fea-
tures have been explored, such as birefringence [23], light dispersion [24], supercontinuum
light [25], and wavelength conversion [26]. Argyros developed the first PMMA mPOF in
2001 [27], and then mPOF attracted research interests for its different applications [28,29].
The core and/or cladding layer of a typical mPOF design, as depicted in Figure 1, can
be changed by altering the arrangement and/or size (d) of air holes within a concentric
ring-like region. Figure 1 depicts an mPOF that mimics a GI optical fiber by having a core
with varying sizes of air-holes. Greater flexibility in modifying the air-hole diameters and
pitches, as opposed to the necessity for sophisticated doping processes with typical GI POF,
is the advantage of GI mPOF over conventional GI POF. Additionally, GI mPOF has been
found to have a higher bandwidth and a lower loss than conventional GI POF [30].
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Figure 1. (a) The multimode GI MOF’s cross-section. Pitch Λ is used to position the air holes in a
triangular lattice. The four inner air-hole rings in the core have the following air-hole diameters: d1,
d2, d3, and d4. The diameter of the air holes in the cladding in rings 5 and 6 is the same as that in
air-hole ring 4 (d4 = d5 = d6). (b) The RI performance of the referent multimode GI MOF (blue dashed
line). The RI in the core has a parabolic distribution (1) with g = 2 (black solid line).

The performance of GI mPOF is substantially impacted by mode coupling. Light
scattering, which happens when random anomalies in multimode optical fibers transfer
power from one mode to another, is the main cause of mode coupling. Power distribution
changes as fiber length increases until an EMD is created at “coupling length” Lc. The
coupling length Lc at which EMD is achieved marks the fiber length at which the highest-
order guiding mode shifted its distribution to m = 0. Beyond Lc, the light is equally
distributed, and the coupling process is essentially complete. With the creation of the SSD,
every distribution that is launched has a unique disc far-field pattern. In other words,
length zs designates the fiber length at which the distribution of the output angular power
is entirely independent of the launch beam. Transmission bandwidth is increased, and
modal dispersion is decreased via mode coupling [30]. It is also interesting to note that until
the SSD has been entirely obtained, the fundamental optical characteristics of an optical
fiber, such as attenuation and bandwidth, cannot be precisely characterized due to mode
coupling. So, knowledge of the fiber length at which an SSD is established is essential.

Up until recently, there were no commercial simulation tools available for studying the
transmission characteristics of multimode MOFs. To overcome this problem, this research
numerically solves the TI PFE to characterize light transmission in GI mPOF. We determined
lengths for accomplishing the EMD and SSD for multimode GI mPOF with a solid core
utilizing launch beam distributions with various radial offsets. We assumed that the core’s
and cladding’s air holes are arranged in a series of triangles with a regular pitch Λ (see
Figure 1). According to our best knowledge, this research is the first to investigate how
mode coupling affects the power flow in mPOF with a GI refractive index distribution.
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2. GI mPOF Design

Figure 1 depicts a GI mPOF considered in this study. The GI mPOF has six air-hole
rings, which are designated as rings from 1 to 6.

A polymer is taken into consideration as the fiber material, and a triangular lattice
with a pitch Λ is used to hold the air holes. The four inner air-hole rings in the core provide
a parabolic RI distribution due to the selected air-hole diameter distribution. The air-hole
diameter in rings 5 and 6 is the same as the air-hole diameter in ring 4 (d4 = d5 = d6). This
system was simulated using the TI PFE.

3. Time-Independent Power Flow Equation

The refractive index profile of GI optical fibers is given as:

n(r, λ) =

 nco(λ)
[
1− 2∆(λ)

( r
a
)g
]1/2

(0 ≤ r ≤ a)

nco(λ) (1− 2∆(λ))1/2 = ncl(λ) (r > a)
(1)

where g is the core index exponent, a is the core radius, nco(λ) is the core’s highest index
(measured at the fiber axis), ncl(λ) is the cladding’s index, and ∆ = [nco(λ) − ncl(λ)]/nco(λ)
is the relative index difference.

The TI PFE for a GI optical fiber is [31]:

∂P(m, λ, z)
∂z

=
D
m

∂P(m, λ, z)
∂m

+ D
∂P2(m, λ, z)

∂m2 (2)

where P(m,λ,z) is the power in the m-th principal mode (modal group), z is the coordinate
along the fiber axis, and D is a constant mode coupling coefficient. The maximum principal
mode number M(λ) can be obtained as [31]:

M(λ) =

√
g∆(λ)
g + 2

aknco(λ) (3)

where k = 2π/λ.
Using the explicit finite difference method, the discretization of Equation (2) leads

to [31]:

Pi,j+1 =

(
D∆z
(∆m)2 − D∆z

2mi∆m

)
Pi−1,j +

(
1− 2D∆z

(∆m)2

)
Pi,j

+

(
D∆z

2mi∆m + D∆z
(∆m)2

)
Pi+1,j

(4)

where i and j refer to the discretization step lengths ∆m and ∆z for the mode m and length
z, respectively. This work reports, to the best of the authors’ knowledge, the first solution
of Equation (4) of the TI PFE Equation (2) for an investigation of mode coupling along a GI
mPOF in terms of mode variable (m).

The principal mode m excited at the input fiber end is [31]:

m
M

=

[(
∆r
a

)g
+

θ2

2∆

](g+2)/2g

(5)

where θr is the launch beam radial offset and θ is the launch beam angle.

4. Numerical Simulation Results

The light transmission in a multimode GI mPOF with a solid core (Figure 1) was
investigated. For such a fiber, the effective V parameter is given as:

V =
2π

λ
ae f f

√
n2

0 − n2
f sm (6)
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where aeff = Λ/
√

3 [32], and nfsm is the effective RI of different core and cladding layers,
which are obtained from Equation (6), with the effective V parameter [33]:

V
(

λ

Λ
,

d
Λ

)
= A1 +

A2

1 + A3 exp(A4λ/Λ)
(7)

with the fitting parameters Ai (i = 1 to 4) as below:

Ai = ai0 + ai1

(
d
Λ

)bi1

+ ai2

(
d
Λ

)bi2

+ ai3

(
d
Λ

)bi3

(8)

where the coefficients from ai0 to ai3 and from bi1 to bi3 (i = from 1 to 4) are given in Table 1.

Table 1. The fitting coefficients in Equation (8).

i = 1 i = 2 i = 3 i = 4

ai0 0.54808 0.71041 0.16904 −1.52736
ai1 5.00401 9.73491 1.85765 1.06745
ai2 −10.43248 47.41496 18.96849 1.93229
ai3 8.22992 −437.50962 −42.4318 3.89
bi1 5 1.8 1.7 −0.84
bi2 7 7.32 10 1.02
bi3 9 22.8 14 13.4

We applied our method to the GI mPOF, which has a core radius of a = 4Λ = 16 µm,
where Λ = 4 µm, and a fiber diameter of b = 1 mm. Measured along the fiber axis, the core’s
refractive index is nco = 1.5220 and the refractive index of the cladding is ncl = 1.4920 [29].
The maximum principal mode number for the GI mPOF under study is M = 580 at
λ = 633 nm, for g = 2.0, and ∆ = (nco − ncl)/nco = 0.019711. The coupling coefficient
is D = 1482 1/m [29] (the typical value of D for GI mPOFs and conventional GI POFs).
Because the strength of mode coupling in both conventional GI POFs and GI mPOFs is
correlated with the polymer core material, it is significant to highlight that while modeling
the GI mPOF, the typical values of D that describe a conventional GI POF can be utilized. In
modeling a silica MOF, the same assumption was made [31]. For Λ = 4 µm and the air-hole
diameters of the four air-hole rings in the core, d1 = 0.6 µm, d2 = 0.7 µm, d3 = 1.3 µm, and
d4 = 3.1 µm, the refractive indexes n1 = 1.5201, n2 = 1.5145, n3 = 1.5050, and n4 = 1.4920,
respectively, are calculated utilizing Equations (6) and (7). Thus, a parabolic RI distribution
in the core with g = 2.0 is achieved (Figure 1). The diameter of the cladding’s air-holes in
rings 5 and 6 is d4 = d5 = d6 = 3.1 µm, which corresponds to the cladding refractive index n4
= n5 = n6 = ncl = 1.4920.

Figure 2 depicts the evolution of the fiber length-dependent normalized output modal
power distribution P(m,λ,z). The numerical calculations assume a Gaussian beam P(θ,z)
launched with 〈θ〉 = 0◦ (Equation (5)). The results are shown for four different radial offsets,
∆r = 0, 4, 8, and 12 µm. Low-order modes’ coupling is stronger in short fibers (their modal
distributions have already shifted towards m = 0). Due to the transfer of optical power
during transmission from lower- to higher-order modes, higher-order modes can only be
coupled with longer fiber lengths. The midpoints of all modes’ power distributions have
been moved to zero (m = 0) at the coupling length of Lc = 18 m, resulting in the EMD,
Figure 2d. SSD is established at z ≡ zs = 60 m. It should be noted that a coupling length of
Lc = 31 m is reported for a conventional GI POF, which had the same coupling coefficient
D = 1482 1/m and was investigated in our previous work [31]. The smaller core radius and
consequently fewer propagating modes in the GI mPOF than in a conventional GI POF
(the maximum principal mode number for a conventional GI POF was M = 656) result in
a shorter coupling length in the former. To put it another way, fewer propagating modes
need to couple together for a shorter length. Silica MOFs have significantly less mode
coupling than the GI mPOF that was the subject of this study and, therefore, much longer
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lengths Lc from ' 1.45 to 1.65 km at which an EMD is achieved and length zs from ' 3.30 to
3.80 km at which an SSD is established [33]. One should note that in modeling optical fibers
with a GI distribution, it is commonly assumed that D is constant, i.e., it is independent of
m [31]. The same assumption of mode-independent D is also used in modeling step-index
microstructured polymer optical fibers [33,34].
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(c) z = 10 m, (d) z = 18 m, and (e) z = 60 m.

It is significant to note that the length dependence of the GI MOF bandwidth is
determined by mode coupling behavior. A length below the coupling length Lc has an
inverse linear effect on the bandwidth. However, it has a z−1/2 dependence beyond
this equilibrium length Lc. The faster shift to the phase of slower bandwidth decrease
would therefore result from the shorter Lc [29,34]. A quicker bandwidth enhancement
in the examined mPOF is expected compared to conventional GI POFs, demonstrating
that GI mPOFs are a superior option for short-range telecommunication lines since the
lengths needed to establish an EMD and SSD in GI mPOFs are less than in conventional GI
POFs [31].

It is obvious that forcing a mode coupling process results in faster bandwidth im-
provement. In practice, mode coupling can be increased using an appropriate scrambler,
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which can be installed near the input fiber end. This would lead to a significant decrease in
coupling length Lc and, therefore, a faster bandwidth improvement (a slower bandwidth
decrease).

The findings obtained in this research can be used in a variety of communication
and sensory systems that utilize multimode GI mPOFs. The ability to identify the modal
distribution of the GI mPOF used as a component of the optical fiber sensory system at a
specific length is also crucial. The theoretical approach of modal diffusion in MOFs utilized
in this study can be used to calculate the bandwidth of a fiber; however, one must solve the
time-dependent power flow equation [35] rather than the TI PFE (2) that was used in this
work.

5. Conclusions

The TI PFE used to investigate the state of mode coupling along a GI mPOF has a
numerical solution reported in this work. As a result of a strong mode coupling process,
which is common for polymer optical fibers, the results demonstrate that the coupling
lengths for obtaining the EMD and the lengths for establishing SSD are short in this fiber.
Due to the significant intrinsic perturbation effects in the GI mPOF, such strong mode
coupling is explained. In comparison to a conventional GI POF, the EMD in the GI mPOF
examined in this study is attained at an even shorter length, Lc, i.e., the coupling length
Lc is reduced by a factor of 1.7 (Lc = 18 m in GI mPOFs as compared to Lc = 31 m in
conventional GI POFs). This is because the GI mPOF has a smaller core radius and, thus, a
smaller number of propagating modes. Namely, a smaller number of propagating modes
necessitates a shorter length to complete the mode coupling process. As a result, the shorter
Lc leads to a faster transition to the slower bandwidth regime. For their employment in
data transmission, power supply, sensing, and other systems that could be impacted by
variations in power quality, the fiber characterization given in this work is essential.
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A B S T R A C T   

This paper investigates wavelength dependence of equilibrium mode distribution and steady-state distribution in 
W-type (double-clad) microstructured polymer optical fibers (mPOFs) with a solid core for parametrically varied 
refractive index and width of the intermediate layer (IL) (inner cladding) by solving the time-independent power 
flow equation (TI PFE). In the case of wider IL, independent of wavelength, the lengths for establishing the 
equilibrium mode distribution and steady-state distribution are larger. We have demonstrated that the wave-
length has no effect on these lengths for IL’s width that is larger. These lengths drop in a wavelength-dependent 
manner as the IL’s width decreases. Equilibrium mode distribution and steady-state distribution occur at shorter 
optical fiber lengths as the depth of the IL diminishes, which is due to the similarly declining number of leaky 
modes. The smaller the depth of the IL, the shorter the fiber length is required for completion of the coupling 
process. These programmable characteristics allow double-clad W-type mPOFs to be easier customized for a 
particular use in optical fiber sensors and communications at various wavelengths.   

Introduction 

Multimode POF technology is suitable for short-range communica-
tion lines, due of their ductility, light weight, and wide core diameters 
(up to 1 mm), POFs are easy to treat. Large-core POFs are simple to 
combine with VCSELs, LEDs, and lasers to produce inexpensive and 
effective communication systems. In their applications, they have also 
utilized lighting, sensing, and data processing. Due to the optical fiber’s 
microstructured patterning’s flexibility to influence the sectional profile 
[1–7], mPOFs have showed capability unmatched by traditional optical 
fibers. We are aware of the realization of an “endlessly single-mode” 
mPOF that functions across a broad range of wavelengths [2]. The 
definition of the hollow core mPOF is also made possible by photonic 
bandgap guiding [8–13]. Light dispersion [14–16], birefringence [17], 
supercontinuum light production [18–20], light wavelength conversion 
[21–22], optical fluids [23–24], and sensing [24] are a few applications 
where mPOFs have been exploited. The typical numerical aperture (NA) 

of the mPOF is NA≃0.5 [25–27]. It has been shown that bandwidth of 
graded-index mPOF is larger if compared to bandwidth of conventional 
graded-index POF [26]. It has been possible to accomplish lensless 
focusing with great resolution by utilizing high NA mPOFs [28]. 

In the recent few decades, there has been a lot of interest in the 
design of the refractive index profile of multimode mPOFs with an aim 
to improving their transmission characteristics. As a result, a variety of 
step-index, graded-index, and W-type mPOF designs have been pro-
posed [3–5,26,28,29]. The IL of W-type fibers bonds the guided modes 
to the core more firmly, resulting in a broader bandwidth as compared to 
a matching single-clad (SC) fiber. As a result, modal dispersion is smaller 
in W-type optical fibers than it is in SC fibers. An air-hole pattern and/or 
diameter change within a concentric ring-like region can alter the 
cladding layer in a conventional mPOF design, as shown in Fig. 1. Fig. 1 
depicts a mPOF that mimics a W-type optical fiber by having a changing 
pattern in the cladding. W-type mPOF has a better degree of adaptability 
when it comes to changing the geometric characteristics, including the 
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air-hole diameters dq, dp, and pitch Λ. Mode coupling, modal attenua-
tion, and modal dispersion all affect how well multimode optical fibers 
propagate light. Mode coupling is primarily caused by light scattering in 
multimode optical fibers, which results from the inherent perturbations. 
Numerous imperfections, including as vacancies, cracks, tiny bends, and 
density differences, can result in light dispersion. Light launched at a 
specific angle θ0 > 0 with respect to the fiber axis will only form a ring 
radiation pattern when it is transmitted through short fibers. Due to 
mode coupling, the boundaries of such a ring become hazy near the ends 
of longer fibers. An equilibrium mode distribution (EMD) is established 
at length Lc, where the ring pattern which represents the highest-order 
modes transforms into a disk. The unique angular power distribution 
will become fixed and centered (independently on the launch beam 
angle θ0) when the optical fiber is lengthened beyond the value known 
as zs, denoting that an steady-state distribution (SSD) is established. 

Commercial simulation software packages were not created until 
recently to investigate the transmission properties of multimode mPOFs. 
In order to resolve this shortcoming, the TI PFE for double-clad W-type 
mPOF is numerically solved using the explicit-finite difference method 
in this study [37]. This gave us the opportunity to examine the multi-
mode W-type mPOF’s transmission capabilities at various wavelengths. 
We determined characteristic lengths for this optical fiber for accom-
plishing the EMD and SSD for launch beams of various wavelengths, for 
parametrically varying inner cladding width, and for varying the 
diameter of the inner cladding’s air-holes. We presumed that the triangle 
pattern formed by the cladding air-holes has a constant pitch Λ (see 
Fig. 1). We study the transmission capabilities of mPOF with W-type 
refractive index distribution at various wavelengths for the first time to 
our knowledge, in this paper. 

W-type mPOF design 

Conventional mPOFs’ cladding air-holes normally form a regular 
triangular lattice. Changing the geometric parameters dq, dp and Λ, will 
alter the effective refractive index profile for the chosen optical fiber 
layer, as shown in Fig. 1-a. Smaller air-holes can be found in the outer 
cladding than the inner cladding (dp vs dq in Fig. 1-a). The core has a 
greater refractive index than the two claddings (Fig. 1-b). The lowest 
effective refractive index nq (the largest diameter dq of the air-holes) is 
found in the inner cladding, and the outer cladding’s effective refractive 
index is np (nq < np < n0). The TI PFE was used to simulate such a 
system. 

Time-independent power-flow equation 

The following Gloge’s TI PFE can treat light transmission in a 
multimode optical fiber [30]: 

∂P(θ, z)
∂z

= − α(θ)P(θ, z)+
D
θ

∂
∂θ

(

θ
∂P(θ, z)

∂θ

)

(1)  

where (θ, z) is the angular power distribution at distance z from the 
input of the optical fiber, D is the coupling coefficient assumed constant 
[30,31], θ is the emission angle with respect to the fiber core axis, α (θ) 
= α0 + αd(θ) is the modal attenuation – α0 represents standard mode 
losses, which is ignored because it only serves as a multiplier exp(-α0z) in 
the solution of equation (1). 

W-type optical fiber introduced in Part 2 (Fig. 1-b) can be considered 
as a system of a SCq optical fiber and cladding [32], in which the angle 
θq ≅

(
2Δq

)1/2 is the critical angle for the guided modes – where Δq =
(
n0 − nq

)/
n0. Similarly, the angle θp ≅ (2Δp)

1/2 is the critical angle for 
the guided modes of a SCp optical fiber, where Δp = (n0 − np)/n0. In the 
case of entirely investigated W-type fiber, the guided mode is when the 
propagation angle of the mode is less than θp, and the leaky mode is 
when the propagation angle of the mode is between θp and θq: 

αd(θ) =

⎧
⎨

⎩

0 θ ≤ θp
αL θp < θ < θq
∞ θ ≥ θq

(2)  

where the attenuation of leaky modes is given as [33]: 

αL(θ) =
4
(

θ2 − θ2
p

)1/2

a
(
1 − θ2)1/2

θ2
(

θ2
q − θ2

)

θ2
q

(
θ2

q − θ2
p

) exp
(

2δan0k0

(
θ2

q − θ2
)1/2

)

(3) 

and where k0 = 2π/λ, and λ is the wavelength of light. 

Numerical results 

We looked into the light transmission in a multimode W-type mPOF, 
shown in Fig. 1. The effective V parameter for such fiber is given as: 

V =
2π
λ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

aeff n2
0 − n2

fsm

√

(4)  

where aeff = Λ/
̅̅̅
3

√
[34], and nfsm is cladding’s effective refractive index, 

which is obtained from equation (4), using the following equation [34]: 

V
(

λ
Λ
,

d
Λ

)

= A1 +
A2

1 + A3exp(A3exp(A4λ)/Λ )
(5) 

with the parameters Ai (i = 1 to 4), which are given in the following 
form: 

Ai = ai0 + ai1

(
d
Λ

)bi1

+ ai2

(
d
Λ

)bi2

+ ai3

(
d
Λ

)bi3

(6)  

where the coefficients ai0 to ai3 and bi1 to bi3 (i = 1 to 4) are given in 

Fig. 1. (a) The cross section of the multimode W-type microstructured optical 
fiber. Λ is the pitch, dq and dp are the diameters of inner and outer cladding air- 
holes, respectively. (b) The refractive index performance of the referent 
multimode W-type microstructured optical fiber. 
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Table 1. 
Significant values of the effective refractive index of the inner clad-

ding nq, relative refractive index difference Δq, critical angles θq, are 
shown in Table 2, for two inner cladding air-holes diameters dq and four 
wavelengths, where Λ = 3 μm. The effective refractive index of the outer 
cladding np, relative refractive index difference Δp, and critical angle θp, 
are given in Table 3, for outer cladding air-holes diameter dp = 1 μm and 
four wavelengths, where Λ = 3 μm. 

The W-type mPOF investigated in this work has core diameter 2a =
600 µm, diameter d = 1 mm and coupling coefficient D = 1.649 × 10− 4 

rad2/m (typical value of D for conventional POFs and mPOFs) [35,36]. It 
is worth noting that when modeling the W-type mPOF, the typical values 
of D that characterize a conventional POF can be used, because the 
strength of mode coupling both in conventional POFs and mPOFs is 
related to the polymer core material. In modeling a silica W-type 
microstructured optical fiber, a similar assumption was made [37]. 
Refractive index of the W-type mPOF’s core is n0 = 1.492 at λ = 645 nm, 
n0 = 1.493 at λ = 568 nm, n0 = 1.496 at λ = 522 nm and n0 = 1.499 at λ 
= 476 nm [38]. 

The cases with dq = 1.5 and 2 µm were simulated, for a fixed 
diameter of the outer cladding air-holes dp = 1 µm, for two widths of the 
inner cladding δa = 2.4 µm (δ = 0.008) and δa = 7.2 µm (δ = 0.024) in 
order to study the effect of the inner cladding air-holes diameter dq and 
the width of the inner-cladding δa on the angular power distribution 
along the W-type mPOF at different wavelengths. As illustration, Fig. 2 
shows the output angular power distribution at different optical fiber 
lengths, in the case of dp = 1 µm, dq = 2 µm, and δ = 0.008, calculated for 
Gaussian launch beam distributions with input angles θ0 = 0◦, 6◦, and 
12◦, with (FWHM)z=0 = 5◦ at wavelength λ = 476 nm. Fig. 2 demon-
strates that when Gaussian launch beam distribution at the input fiber 

end is centered at θ0 = 0◦, with increasing the optical fiber length, its 
width increases as a result of mode coupling. Low-order modes coupling 
rises with optical fiber length, and the distributions move more strongly 
towards θ = 0◦. Higher-order modes significantly couple only after 
longer optical fiber lengths. At the optical fiber’s coupling length z–––Lc 
= 36.1 m, the EMD is established. The optical fiber length z–––zs = 93 m 
denotes the point at which the mode-distribution transforms into an SSD 
and becomes entirely independent of the launch beam distribution. 

One can observe in Figs. 3 and 4 that independently on wavelength, 
the lengths Lc and zs are larger in the case of wider IL (δ = 0.024). 
Because leaky mode losses are lower in fibers with wider IL, power re-
mains in leaky modes for a longer fiber length, postponing the onset of 
EMD and SSD. Figs. 3 and 4 also show that there is almost no effect of 
wavelength on lengths Lc and zs for the wider IL, since almost the equal 
number of leaky modes remain guided at nearly the equal fiber lengths 
at different wavelengths. Lc and zs lengths drop in a wavelength- 
dependent manner as the IL’s width decreases. Since the number of 
leaky modes has already been reduced at short fiber length in the case of 
δ = 0.008, consequently, it takes a shorter fiber lengths for establishing 
the EMD and SSD – compared to the case with δ = 0.024. As depth of the 
IL (Δq) decreases, EMD and SSD occur at shorter fiber lengths – which is 
result of decreasing number of leaky modes (the shorter fiber length is 
required for completion of the coupling process (Table 4)) [29]. It is also 
important to note that the shorter the length Lc, the earlier the band-
width will switch from the functional dependence of 1/z to 1/z1/2 

(slower bandwidth decrease) [39,40]. Compared with the mPOF 
investigated in this work, silica microstructured optical fibers show 
much weaker mode coupling (D≃10-6 rad2/m) and therefore shorter 
lengths at which SSD is achieved (zs≃1 to 10 km) [37]. 

Table 1 
The coefficients aij and bij in equation (6).   

aij bij 

j = 0 j = 1 j = 2 j = 3 j = 1 j = 2 j = 3 

i =

1  
0.54808  5.00401  − 10.43248  8.22992 5 7 9 

i =

2  
0.71041  9.73491  47.41496  − 437.50962 1.8 7.32 22.8 

i =

3  
0.16904  1.85765  18.96849  − 42.4318 1.7 10 14 

i =

4  
− 1.52736  1.06745  1.93229  3.89 − 0.84 1.02 13.4  

Table 2 
For two air-hole diameters dq in the inner cladding, the data show the effective 
refractive index nq, relative refractive index difference Δq and critical angle θq- 
all for the inner cladding and at four different wavelengths λ.  

λ = 476 nm dq (µm) 1.5 2.0  
nq 1.4826 1.4580  
Δq = (n0 - nq)/n 0 0.01094 0.02735  
θq (deg) 8.5 13.4  

λ = 522 nm dq (µm) 1.5 2.0  
nq 1.4808 1.4541  
Δq = (n0 - nq)/n0 0.01016 0.02801  
θq (deg) 8.2 13.6  

λ = 568 nm dq (µm) 1.5 2.0  
nq 1.4790 1.4501  
Δq = (n0 - nq)/n0 0.00938 0.02873  
θq (deg) 7.8 13.8  

λ = 645 nm dq (µm) 1.5 2.0  
nq 1.4757 1.4458  
Δq = (n0 - nq)/n0 0.01092 0.03097  
θq (deg) 8.5 14.3  

Table 3 
For one air-hole diameter dp in the outer cladding, the data show the effective 
refractive index np, relative refractive index difference Δp and critical angle θp- 
all for the outer cladding and at four different wavelengths λ.  

λ = 476 nm dp (µm) 1  
np 1.4877  
Δp = (n0 - np)/n0 0.00754  
θp (deg) 7.0  

λ = 522 nm dp (µm) 1  
np 1.4868  
Δp = (n0 - np)/n0 0.00615  
θp (deg) 6.4  

λ = 568 nm dp (µm) 1  
np 1.4860  
Δp = (n0 - np)/n0 0,00469  
θp (deg) 5.5  

λ = 645 nm dp (µm) 1  
np 1.4844  
Δp = (n0 - np)/n0 0.00509  
θp (deg) 5.8  
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Conclusion 

We examined how the wavelength of the launch beam, the width of 
the inner cladding, and the diameter of the air holes in the inner clad-
ding affect the transmission of multimode W-type mPOFs. Independent 
of wavelength, the lengths for achieving the EMD and SSD are longer 

when the ILs are wider (larger δ). Because leaky mode losses are lower in 
fibers with wider IL, power remains in leaky modes for a longer fiber 
length [29]. For smaller width of the IL, with increasing wavelength, the 
lengths at which EMD and SSD are attained, decrease. This is due to the 
fact that, in the case of a narrower IL, leaky mode losses increase with 
increasing wavelength, meaning that fewer leaky modes are guided in 

Fig. 2. Normalized output angular power distribution at different fiber lengths for the case with dp = 1 µm, dq = 2 µm and δ = 0.008, calculated for Gaussian launch 
distribution with input angles θ0 = 0◦ (—), 6◦ (− − ), and 12◦ (⋅⋅⋅) with (FWHM)z=0 = 5◦ for: (a) z = 2.2 m; (b) z = 15 m; (c) z––

–Lc = 36.1 m and (d) z ––
– zs = 93 m, for 

launch beam wavelength λ = 476 nm. 

Fig. 3. Length Lc (for EMD) as a function of the launch beam’s wavelength, for (FWHM)z=0 = 5◦, dp = 1 µm, (a) dq = 1.5 µm and (b) dq = 2 µm, where δ = 0.008 
and 0.024. 
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longer fibers at higher wavelengths. It requires a shorter fiber lengths for 
the commencement of EMD and SSD compared to the case with a 
broader IL, because the number of leaky modes is minimized at short 
fiber length in the case of a thinner IL. EMD and SSD occur at shorter 
fiber lengths as the depth of the IL (Δq) diminishes, which is due to the 
similarly declining number of leaky modes (the shorter the fiber length 
is required for completion of the coupling process). These programmable 
characteristics allow W-type mPOFs to be developed with better 
adaptability for use at various wavelengths. 

Funding 

National Natural Science Foundation of China (62003046, 
6211101138); Strategic Research Grant of City University of Hong Kong 
(CityU 7004600); Serbian Ministry of Education, Science and Techno-
logical Development grant (451-03-68/2022-14/200122); Science Fund 
of the Republic Serbia (CTPCF-6379382); Guangdong Basic and Applied 
Basic Research Foundation (2021A1515011997); Special project in key 
field of Guangdong Provincial Department of Education 
(2021ZDZX1050); The Innovation Team Project of Guangdong Provin-
cial Department of Education (2021KCXTD014). 

CRediT authorship contribution statement 
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Abstract: By solving the time-independent power flow equation (TI PFE), we study mode
coupling in a multimode W-type microstructured polymer optical fiber (mPOF) with a solid-core.
The multimode W-type mPOF is created by modifying the cladding layer and reducing the core
of a multimode singly clad (SC) mPOF. For such optical fiber, the angular power distributions,
the length Lc at which an equilibrium mode distribution (EMD) is achieved, and the length zs for
establishing a steady state distribution (SSD) are determined for various arrangements of the
inner cladding’s air-holes and different launch excitations. This information is useful for the
implement of multimode W-type mPOFs in telecommunications and optical fiber sensors.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Multimode POFs are frequently used for short-range communication links. POFs are simple to
treat due to their ductility, light weight and large core diameters (up to 1 mm). POFs with a large
core diameter can be easily combined with VCSELs, LEDs and lasers, to create low-cost and
efficient communication systems. They have also used illumination, sensing, and data processing
in their applications. Microstructured optical fibers (MOFs) have demonstrated performance
unrivaled by conventional optical fibers because the optical fiber’s micro-structured patterning
provides flexibility to affect the sectional profile at the design stage [1–7]. As we know, “endlessly
single-mode” MOF that operates over a wide range of wavelengths has been realized [2]. Also,
because of photonic bandgap guidance, the hollow core MOF is defined [8–13]. MOFs have been
used in light dispersion [14–16], birefringence [17], supercontinuum light generation [18–20],
light wavelength conversion [21,22], optical fluids [23], and sensing [24]. The typical numerical
aperture (NA) of the MOF is NA≃0.5-0.6 [25–27]. High NA MOFs [28] have been used to
achieve lensless focusing with excellent resolution. In a typical MOF design, as shown in Fig. 1,
the cladding-layer can be effected by changing the pattern and/or size (d) of air-holes within a
concentric ring-like region. A MOF with a varying pattern in the cladding imitating a doubly clad
W-type optical fiber is shown in Fig. 1. The advantage of W-type MOF over conventional W-type
optical fiber is greater flexibility in adjusting the geometric parameters: air-hole diameters dq, dp
and pitch Λ.

The propagation characteristics of a multimode optical fibers are influenced by mode coupling,
modal attenuation, and modal dispersion. Light scattering in multimode optical fibers, which is
due to fiber’s intrinsic perturbations, is the primary cause of mode coupling. Light scattering can
be caused by a variety of irregularities, including voids, cracks, microscopic bends, and density
variations. Only short fibers will produce a highly defined ring radiation pattern when light is
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Fig. 1. (a) The cross section of the multimode doubly clad W-type MOF. Λ is the pitch,
dq and dp are the diameters of inner outer cladding air-holes, respectively. (b) The RI
performance of the referent multimode W-type MOF.

launched at a given angle θ0>0 with respect to the fiber axis. The boundaries of such a ring grow
fuzzy at the end of longer fibers due to mode coupling. At length Lc, where the highest-order
mode ring-pattern evolves into a disk, an EMD is established.

Until recently, commercial simulation software packages were not designed for investigation
of transmission characteristics of multimode microstructured optical fibers. This deficiency is
addressed in this paper by numerically solving the time-independent power flow equation in
the case of W-type mPOF. This enabled us to investigate the transmission performance of the
multimode W-type mPOF, which is affected by the width of the inner cladding, spacing and size
of air-holes, and the type of launch condition. For multimode W-type mPOF with a solid-core,
we calculated characteristic lengths for achieving the EMD and SSD for launch beam distribution
with different widths, for two different diameters of air-holes in the inner cladding. We assumed
that cladding air-holes form a triangular pattern with a constant pitch Λ (see Fig. 1). In our best
knowledge for the first time in this paper we investigate the transmission performance of mPOF
with W-type refractive index distribution.

2. W-type mPOF design

Cladding air-holes of conventional mPOFs are typically arranged as a regular triangular lattice.
The effective refractive index (RI) profile for a selected optical fiber layer can be adjusted by
changing the geometric parameters dq, dp andΛ, as Fig. 1-(a) shows. The air-holes in the outer
cladding are smaller than those in the inner cladding (dp vs dq in Fig. 1-(a)). The RI of the core
n0 (central part) is higher than those in two claddings. The lowest effective RI nq is found in the
inner cladding, and the outer cladding’s effective RI is np (nq<np<n0). We used the TI PFE to
simulate such a system.
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3. Time-independent power-flow equation

The light transmission in a multimode optical fiber can be treated by Gloge’s TI PFE [29]:

∂P(θ, z)
∂z

= −α(θ)P(θ, z) +
D
θ

∂

∂θ

(︃
θ
∂P(θ, z)
∂θ

)︃
(1)

where P(θ, z) is the angular power distribution at distance z from the input of the optical fiber, D
is the coupling coefficient assumed constant [29,30], θ is the propagation angle with respect to
the core axis, α(θ) = α0 + αd(θ) is the modal attenuation – where α0 represents conventional
losses (scattering and absorption), which is ignored because it only serves as a multiplier exp
(−α0z) in the solution of Eq. (1).

The W-type optical fiber with the index profile depicted in Fig. 1-(b) can be thought as a
system of a SCq optical fiber and cladding [31], in which the angle θq ≅ (2∆q)

1/2 is the critical
angle for the guided modes – where ∆q = (n0 − nq)/n0. Likewise, the angle θp ≅ (2∆p)

1/2 is the
critical angle of a singly clad SCp optical fiber. For the complete analyzed W-type fiber, the
modes are guided if they propagate with angles θ ≤ θp, while modes with angles between θp and
θq are lossy leaky modes:

αd(θ) =
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where the attenuation of leaky modes is given as [32]:
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and where k0 = 2π/λ, and λ is the wavelength of light.

4. Numerical results

We investigated a light transmission in a multimode W-type mPOF with a solid-core (Fig. 1).
The effective V parameter for such fiber is given as:

V =
2π
λ

aeff

√︂
n2

0 − n2
fsm (4)

where aeff = Λ/
√

3 [33], and nfsm is cladding’s effective RI, which can be obtained from Eq. (4),
with the effective V parameter [33]:

V
(︃
λ

Λ
,

d
Λ

)︃
= A1 +

A2
1 + A3 exp(A4λ/Λ)

(5)

with the fitting parameters Ai (i = 1 to 4) given in the following form:

Ai = ai0 + ai1

(︃
d
Λ

)︃bi1

+ ai2

(︃
d
Λ

)︃bi2

+ ai3

(︃
d
Λ

)︃bi3

(6)

where the coefficients ai0 to ai3 and bi1 to bi3 (i = 1 to 4) are given in Table 1.
Significant values of the effective RI of the inner cladding nq, relative RI difference ∆q, critical

angles θp, and inner cladding air-holes diameters dq are shown in Table 2, for λ=645 nm and
Λ = 3µm. The critical angle θp for dp = 1µm is θp= 5.79°, and the effective RI of the outer
cladding is np= 1.4844 (Table 2).
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Table 1. The fitting coefficients in Eq. (6).

i= 1 i= 2 i= 3 i= 4

ai0 0.54808 0.71041 0.16904 -1.52736

ai1 5.00401 9.73491 1.85765 1.06745

ai2 -10.43248 47.41496 18.96849 1.93229

ai3 8.22992 -437.50962 -42.4318 3.89

bi1 5 1.8 1.7 -0.84

bi2 7 7.32 10 1.02

bi3 9 22.8 14 13.4

Table 2. For two air-hole diameters dq
in the inner cladding, the data show the

effective refractive index nq , relative
refractive index difference ∆q and the

corresponding critical angle θq - all for
the inner cladding and at λ=645 nm.

dq (µm) 1.5 2.0

nq 1.4757 1.4458

∆q = (n0 − nq)/n0 0.677645 0.691611

θq (deg) 8.48 14.28

The explicit finite differences method was used to solve the TI PFE (1) for the multimode
W-type mPOF with a solid-core [29,34], for a Gaussian launch-beam distribution of the form:

P(θ, z) =
1
σ
√

2π
exp

[︃
−
(θ − θ0)

2

2σ2

]︃
(7)

where θ0 is the mean value of the launch angular distribution, σ is the standard deviation, and
FWHM =2σ

√
2 ln 2 = 2.355σ.

The W-type mPOF was designed from the SC mPOF, which we theoretically investigated in
our recently published work [35]. The characteristics of the SC mPOF were: n0= 1.492, optical
fiber diameter b= 1 mm, and coupling coefficient D= 1.649×10−4 rad2/m (typical value of D
for conventional POFs and mPOFs) [34,35]. It is worth noting that when modeling the W-type
mPOF, the typical values of D that characterize a conventional POF can be used, because the
strength of mode coupling both in conventional POFs and mPOFs is related to the polymer core
material. In modeling a silica W-type MOF, a similar assumption was made [36].

To examine the effect of air-holes diameter in the inner cladding on the angular power
distribution, the cases with dq= 1.5 and 2 µm were simulated, for a fixed diameter of the outer
cladding air-holes dp= 1 µm, for two widths of the inner cladding δa= 2.4 µm (δ=0.008) and
δa= 7.2 µm (δ=0.024), where core diameter 2a= 600 µm of W-type mPOF is assumed in the
calculations. We examined cases of launch beam distributions with (FWHM)z = 0= 1°, 5° and
10°. Figure 2 shows the output angular power distribution at different optical fiber lengths, in the
case of dp= 1 µm, dq= 2 µm, and δ=0.008, calculated for Gaussian launch beam distributions
with input angles θ0= 0°, 6°, and 12° with (FWHM)z = 0= 5°. Figure 2 shows that when the
Gaussian launch beam distribution at the input fiber end is centered at θ0= 0°, with increasing the
optical fiber length, its width increases as a result of mode coupling. As the optical fiber length
increases, low-order modes coupling becomes stronger: the distributions shift more towards
θ=0°. Higher-order modes significantly couple only after longer optical fiber lengths. At the
optical fiber’s coupling length z= Lc =34.5 m, the EMD is established. The optical fiber length
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zs≡zs= 89 m denotes the point at which the mode- distribution becomes completely independent
of the launch beam distribution, i.e. it becomes a SSD.

�

Fig. 2. The evolution of the normalized output angular power distribution with fiber length
for the case with dq =1 µm (np= 1.4844), dq =2 µm (nq= 1.4458), δ=0.008, calculated for
Gaussian launch distribution with input angles θ0= 0° (solid line), 6° (dashed line), and 12°
(dotted line) with (FWHM)z = 0= 5° for: (a) z= 2 m; (b) z= 15 m; (c) z ≡ Lc= 34.5 m and
(d) z ≡ zs =89 m.

We also solved the TI PFE (1) for different excitations to determine the optical fiber lengths
Lc and zs. The resulting graphs in Figs. 3 and 4 show the lengths Lc and zs as a function of the
(FWHM)z = 0 of the launch beam, for two inner cladding’s air-holes sizes dq (Fig. 3(a)) and two
widths δa of the inner cladding (Fig. 3(b)). Figures 3 and 4 show that the wider the launch beam
distribution results in the earlier onset of the EMD and SSD, respectively. This is a consequence
of more uniform energy distribution among guided modes, so the EMD and SSD are established
at shorter distances. The effect of launch excitation on lengths Lc and zs is also affected by fiber
structural parameters (Table 3). With large leaky mode losses, the influence of launch excitation
is less pronounced for smaller inner cladding’s air-holes diameter dq. Leaky mode losses decrease
with increasing dq, that leads to a more pronounced influence of the launch excitation.

Figures 3(a) and 4(a) show that the lengths Lc and zs increase with the size of the inner
cladding’s air-holes (diameter dq). This is due to a decrease in leaky mode losses for larger
air-holes; power then remains in higher-order leaky modes over longer transmission lengths,
postponing the onset of the EMD and SSD (longer Lc and zs).

The lengths Lc and zs are shorter for the optical fiber with a narrower inner cladding (Figs. 3(b)
and 4(b)). Because leaky mode losses are lower in optical fibers with wider inner cladding,
power remains in leaky modes for a longer light transmission length. The lengths Lc and zs
for W-type mPOF (Figs. 3 and 4) are shorter if compared to these lengths for two SC mPOFs,
shown in Fig. 5: SCq(1) fiber with n0= 1.492 and nq = 1.4757, and SCq (2) fiber with n0= 1.492
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Fig. 3. Length Lc as a function of the launch beam’s angular distribution that is Gaussian with
(FWHM)z = 0= 1°, 5° and 10°, for dp= 1 µm (np= 1.4844) and (a) dq= 1.5 µm (nq= 1.4757)
and 2 µm (nq= 1.4458), where δ=0.008, and (b) δ=0.008 and 0.024, where dq= 1.5 µm
(nq= 1.4757).

Fig. 4. Length zs as a function of the launch beam’s angular distribution that is Gaussian with
(FWHM)z = 0= 1°, 5° and 10°, for dp= 1 µm (np= 1.4844) and (a) dq= 1.5 µm (nq= 1.4757)
and 2 µm (nq= 1.4458), where δ=0.008, and (b) δ=0.008 and 0.024, where dq= 1.5 µm
(nq= 1.4757).

Table 3. Coupling length Lc (for EMD) and length zs (for SSD) in mPOF with
dp =1 µm, Λ = 3µm, for different δ, dq , and (FWHM)z=0 of the incident Gaussian

launch beam distribution.

(FWHM)z = 0 = 1° (FWHM)z = 0 = 5° (FWHM)z = 0 = 10°

Lc [m] zs[m] Lc [m] zs [m] Lc[m] zs[m]

δ=0.008
dq = 1.5 µm 10.3 26.5 8 21 5.8 16.5

dq = 2 µm 37.5 100 34.5 89 28.5 74

δ=0.024
dq = 1.5 µm 12.3 31 9.8 26 7.3 19

dq = 2 µm 41 106 37.5 97.5 31.3 85
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and nq = 1.4458. In particular, a portion of the guiding modes in W-type mPOFs become leaky
modes, reducing the number of actually guided modes and, as a result, the lengths required to
establish an EMD and SSD are shorter compared to the SC mPOFs.

Fig. 5. (a) Length Lc as a function of the launch beam’s angular distribution that is Gaussian
with (FWHM)z = 0= 1°, 5° and 10°, for SCq(1) fiber with n0= 1.492 and nq = 1.4757 (dq= 1.5
µm) and SCq(2) fiber with n0= 1.492 and nq = 1.4458 (dq= 2 µm); (b) Length zs as a function
of the launch beam’s angular distribution that is Gaussian with (FWHM)z = 0= 1°, 5° and
10°, for SCq(1) fiber with n0= 1.492 and nq = 1.4757 (dq= 1.5 µm) and SCq(2) fiber with
n0= 1.492 and nq = 1.4458 (dq= 2 µm).

Compared with mPOF investigated in this work, silica microstructured optical fibers show
much weaker mode coupling (D≃10−6 rad2/m) and therefore much longer lengths at which SSD
is achieved (zs≃1 to 10 km) [36].

It is worth noting that the length dependence of the bandwidth of W-type MOF is determined
by mode coupling behavior. The bandwidth is inverse linear function of length below the coupling
length Lc. However, it has a z−1/2 dependence beyond this equilibrium length. Thus, the shorter
Lc leads to the faster transition to the regime of slower bandwidth decrease [37,38]. Since the
lengths required to establish an EMD and SSD in W-type mPOFs are shorter compared to the SC
mPOFs (Figs. 3 and 5(a)), a faster bandwidth improvement in mPOFs is expected than in SC
mPOFs, which prove that W-type mPOFs are better choice for short-range telecommunication
links. It is also important to be able to determine a modal distribution at a certain length of the
W-type mPOF employed as a part of optical fiber sensory system.

Finally, it is interesting to note that the theoretical approach of modal diffusion in microstructured
optical fibers employed in this work can be used for calculation of fiber’s bandwidth, but instead
of time-independent power flow Eq. (1) which is solved in this work, one has to solve the
time-dependent power flow equation [38].

5. Conclusion

We investigated how the transmission of the multimode W-type mPOFs is affected by the width
of the inner cladding, the size and spacing of inner cladding’s air-holes, and the type of launch
excitation. We demonstrated that the greater the width of the launch beam distribution, the
shorter the lengths at which an EMD and SSD are established. Due to large leaky mode losses,
the influence of launch excitation is less pronounced for smaller air-holes diameters of the inner
cladding. The lengths required to achieve the EMD and SSD are shorter for the fiber with a
narrower inner cladding. Because leaky mode losses are lower in fibers with wider inner cladding,
power remains in leaky modes for a longer fiber length. Finally, because of these adjustable
parameters, W-type mPOFs can be designed with greater versatility.
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Calculation of theCouplingCoefficient
in Step-Index Multimode Polymer
Optical Fibers Based on the Far-Field
Measurements
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1Center for Cognition and Neuroergonomics, State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal
University, Zhuhai, China, 2Faculty of Science, University of Kragujevac, Kragujevac, Serbia, 3Department of Mechanical
Engineering, City University of Hong Kong, Kowloon, China, 4Faculty of Sciences, University of Priština in Kosovska Mitrovica,
Kosovska Mitrovica, Serbia

Using the power flow equation (PFE), this article investigates mode coupling in step-index
(SI) multimode (MM) polymer optical fiber (POF). This equation’s coupling coefficient was
initially fine-tuned so that it could appropriately reconstruct previously recorded far-field
(FF) power distributions. The equilibrium mode distribution (EMD) and steady-state
distribution (SSD) in the SI MM POF were found to be obtained at lengths Lc = 15m
and zs = 41m, respectively. These lengths are substantially shorter than their glass optical
fiber counterparts. Such characterization of the investigated POF can be used in its
employment as a part of the communication or sensory system. Namely, the POF’s
bandwidth is inverse linear function of fiber length (z−1) below the coupling length Lc.
However, it has a z−1/2 dependence beyond this equilibrium length. Thus, the shorter the
coupling length Lc, the sooner transition to the regime of slower bandwidth decrease
occurs. It is also important to be able to determine amodal distribution at a certain length of
the POF employed as a part of optical fiber sensory system.

Keywords: polymer optical fiber, modal distribution, coupling length, bandwidth, distance dependence, sensory
system

INTRODUCTION

Silica optical fiber has a lot of advantages such as a low loss, lightweight, and high bandwidth [1–4].
Although silica optical fiber has a lot of advantages, is not appropriate for short-distance applications
such as automotive [5], local area networks [6], and visible light communication (VLC) applications
[7]. On the other hand, POFs are made of poly (methylmethacrylate) (PMMA) [8, 9], polycarbonate
(PC) [10, 11], ZEONEX ® [12, 13], TOPAS ® [14, 15], poly dimethyl siloxane (PDMS) [16, 17] or
hydrogel [18, 19].

Apart from optical fiber material, optical fibers usually have step-index or graded-index refractive
index distribution, and can operate in a single-mode or multimode regime. There are several typical
commercial POFs, such as Mitsubishi Rayon’s Eska Extra EH 4001 SI MM POF [20] and CYTOP®
graded index (GI) POF [21], both of them could transmit a large number of modes, and have been
used for short-range communications and sensing area in fiber optic sensory systems [22].
Additionally, micro-structured polymer optical fiber which was first produced by Argyros’
group, is one very specific type of POF [23]. However, due to the transmission loss and but-
coupling with commercial silica optical fiber, only one Start-up Company supplied the commercial
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product [24]. PMMA SI MM POF is still the most common one
with lots of commercial products on the market.

Mode coupling has a significant impact on the transmission
performance of PMMA SI MM POF. The transfer of power
between nearby modes is represented by such coupling. It causes
the launched light’s angular power distribution to be disrupted [25,
26]. It is caused by the optical fiber’s intrinsic perturbation effects (for
example, variations of the refractive index distribution and
microscopic bends). The angular power distribution is predicted
to be influenced by the launch conditions and mode coupling
characteristics. Thus, a Gaussian beam launched at an angle θ0 in
respect to the optical fiber axis, at the output end of a short piece of
optical fiber, is seen as a sharp ring pattern (the ring diameter depends
on θ0). Mode coupling, on the other hand, causes such a ring pattern
to be distorted in longer fibers and finally transformed into disk. The
coupling length Lcmarks the fiber length at which the ring pattern of
the highest order guiding mode evolved into disk, indicating that an
EMD is established. Coupling can fully complete at optical fiber
length zs (zs > Lc), which is referred to as an SSD.

The light transmission performance of PMMA SI MM POF
is investigated in this work. The modal power diffusion model
is used to obtain the coupling coefficient D. In this way, we
computed the Lc required to accomplish the EMD and the
length zs to achieve the SSD. By such a characterization of
mode coupling process in an optical fiber one can predict at
which length z = Lc one can expect that bandwidth decrease
with length would start to decelerate, as explained in more
details in Results and Discussion. It is also important to know
the state of mode coupling in an optical fiber employed as a

part of optical fiber sensory system, especially in terms of the
modal distribution at certain fiber length.

POWER FLOW EQUATION

The Gloge’s PFE has the following form [27]:

zP(θ, z)
zz

� − α(θ)P(θ, z) + D

θ

z

zθ
(θ zP(θ, z)

zθ
) (1)

where P(θ, z) is the angular power distribution, θ is the angle of
propagation, z is the distance of the propagation, D is the
coupling coefficient (assumed constant [27, 28]) and α(θ) is
the modal attenuation. Eq. 1 can be reduced to [29]:

zP(θ, z)
zz

� D

θ

zP(θ, z)
zθ

+ D
z2P(θ, z)

zθ2
(2)

Steady-state solution of Eq. 2 is given as [28]:

P(θ, z) � J0(2.405 θ

θc
) exp(−γ0z) (3)

where J0 is the Bessel function of the first and zero-order, γ0 [m
−1]

= 2.4052D/θc2 is the attenuation coefficient. In this work, solved
Eq. 2 using the explicit finite difference method [29].

In our earlier published work, we proposed a method which
enables that the coupling coefficient D can be obtained from just
two output angular power distributions P(θ, z) in the case of
centrally launched beam [30]. As an alternative, in this work
we propose a method for calculating the coupling coefficient D
on the basis of the measured FFPs p(x, z), illustrated in Figure 1.

RESULTS AND DISCUSSION

We used the PFE (2) to calculate the lengths Lc and zs for the POF
that Ribeiro et al. [31] studied experimentally. This POF
(Mitsubishi Rayon’s Eska Extra EH 4001) had NA = 0.47, the
inner critical angle θc = 18o (θc = 27.4o measured in air), core

FIGURE 1 | Schematics of measuring FF power distributions.

FIGURE 2 | The measured FF pattern from (A) ~1 m and (B) ~19 m PMMA SI MM POF lengths. The light was launched at θ0 = 0o [31].
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refractive index ncore = 1.4897, numerical aperture NA = 0.46 and
fiber diameter d = 1 mm. Ribeiro et al. focused a He-Ne laser
beam at 633 nm onto the input end of the fiber in their
experiment (Figure 1). They used a CCD to detect the FF
patterns of the fiber output.

The coupling coefficient D is obtained by its fine-tuning in
the PFE, thus recreating the Ribeiro et al.’s measured FF
patterns in this fiber for lengths of z = 1 m and z = 19 m
(Figure 2). This necessitated numerically calculating the PFE
for various values of D. The value of D = 9.2 × 10−4 rad2/m
enabled the best fit between the calculated and measured
output power distributions.

A Gaussian launch beam with (FWHM)z=0 = 7o is used in the
computations. Figure 3 shows the output power distribution for a z=
1 and 19m length POF with an input angle of θ0 = 0o obtained as
numerical solution of Eq. 2. The distributions P (x, z = 1 and 19m,
L = 110mm) are generated from the distributions P (θ, z = 1 and
19m, L = 110mm), where x = L·tgθ and L is the receiving distance.

In Figure 4, our numerical results for the normalized output
angular power distribution for input angles θ0 = 0, 5, 10, and 15o

are shown. At short fiber lengths, a significant mode coupling is
observed for low order modes, as can be seen in Figure 4A. The
EMD is achieved at length z = Lc = 15 m (Figure 4C), while the
SSD is established at zs = 41 m in Figure 4D.

FIGURE 3 |Normalized output power distributionP (x, z = 1 and 19 m, L = 110 mm) at the end of (A) 1 m and (B) 19 m long PMMASI MMPOF, obtained by solving
the PFE for Gaussian launch distribution with input angle θ0 = 0°, obtained from the P (x, z = 1 and 19 m, L = 110 mm), for x = L·tgθ, where L is the receiving distance.

FIGURE 4 | The normalized angular power distribution at the end of PMMA SI MM POF, obtained by solving the PFE for four Gaussian launch distributions with
input angles θ0 = 0o (—), θ0 = 5o (− −), θ0 = 10o (•••) and θ0 = 15o (−•−), with (FWHM)z=0 = 7o (g represent the analytical SSD).
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The coupling coefficient D for the PMMA SI MM POF
evaluated in this work is similar to those which we obtained
for other investigated POFs (~10−4 rad2/m), so the characteristic
lengths for coupling, Lc and zs, are similar (Lc is between
≃15–35 m and zs is between ≃40 and 100 m [25, 29, 30]). We
have previously reported that glass optical fibers show the weakest
strength of mode coupling (D ~ 10−7 to 10−6 rad2/m), so their SSD
lengths zs are between ≃ 1–10 km [32].

It is worth noting that the length dependence of the bandwidth
of POF is determined bymode coupling behavior. The bandwidth
is inverse linear function of fiber length (z−1) below the coupling
length Lc. However, it has a z−1/2 dependence beyond this
equilibrium length. Thus, the shorter the coupling length Lc,
the sooner transition to the regime of slower bandwidth decrease
occurs [26]. It is obvious that mode coupling has a beneficial
influence on bandwidth. Therefore, it is of great interest to
characterize mode coupling in an optical fiber in order to
predict its transmission characteristics, especially to determine
at which coupling length Lc one can expect that bandwidth would
start to improve. It is also important to know the state of mode
coupling in an optical fiber employed as a part of optical fiber
sensory system, especially in terms of the modal distribution at
certain fiber length.

CONCLUSION

We investigate a mode coupling along a PMMA SI MM POF
previously investigated experimentally by Ribeiro et al. [31]. To
appropriately recreate the measured FF patterns reported before,
the coupling coefficient D in the PFE is tweaked. As a result, the
lengths Lc and zs that characterize the coupling process are
obtained. Such characterization of the investigated PMMA SI
MM POF can be used in its employment as a part of
communication or sensory system. In practice, by
characterization of mode coupling in an optical fiber one can
predict its transmission characteristics, especially to determine
length-dependent bandwidth behavior. Since POF’s bandwidth is
inverse linear function of fiber length (z−1) below the coupling

length Lc, while it has a z
−1/2 dependence beyond this equilibrium

length, it is obvious that the shorter the coupling length Lc leads to
the sooner transition to the regime of slower bandwidth decrease.
It is also important to be able to determine a modal distribution at
a certain length of the fiber employed as a part of optical fiber
sensory system.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

SS: methodology, conceptualization, formal analysis, validation,
writing—original draft. RM: conceptualization, formal analysis,
funding acquisition, writing—review and editing. AD: formal
analysis, validation, writing—review and editing. BD: validation,
writing—review and editing. AS: validation, writing—review and
editing.

FUNDING

This research was funded by the National Natural Science
Foundation of China (62003046, 6211101138); the Strategic
Research Grant of City University of Hong Kong (Project No.
CityU 7004600); Serbian Ministry of Education, Science and
Technological Development (Agreement No. 451-03-68/2020-
14/200122); Science Fund of the Republic Serbia (Agreement
No. CTPCF-6379382); Guangdong Basic and Applied Basic
Research Foundation (2021A1515011997); The Innovation
Team Project of Guangdong Provincial Department of
Education (2021KCXTD014); Special project in the key field
of Guangdong Provincial Department of Education
(2021ZDZX1050).

REFERENCES

1. Min R, Liu Z, Pereira L, Yang C, Sui Q, Marques C. Optical Fiber Sensing
for marine Environment and marine Structural Health Monitoring: A
Review. Opt Laser Techn (2021) 140:107082. doi:10.1016/j.optlastec.2021.
107082

2. Xiang M, Fu S, Xu O, Li J, Peng D, Gao Z, et al. Advanced DSP Enabled
C-Band 112 Gbit/s/λ PAM-4 Transmissions with Severe Bandwidth-
Constraint. J Lightwave Technol (2022) 40(4):987–96. doi:10.1109/jlt.
2021.3125336

3. Maeda H, Saito K, Sasai T, Hamaoka F, Kawahara H, Seki T, et al. Real-time
400 Gbps/carrier WDMTransmission over 2,000 Km of Field-Installed G654E
Fiber. Opt Express (2020) 28(2):1640–6. doi:10.1364/oe.383471

4. Li Y, Fan H, Zhang L, Wang K, Wu G, Liu Z. A bend-tolerant BOTDR
Distributed Fiber Sensor. Opt Commun (2022) 514:128110. doi:10.1016/j.
optcom.2022.128110

5. POF automotive application. Automotive (2022). Available at: https://www.
kdpof.com/automotive/(Access on 04 02, 2022).

6. Forni F, Shi Y, Tran N-C, Van Den BoomH, Tangdiongga E, Koonen T. Multi-
FormatWired andWireless Signals over Large-Core Plastic Fibers for in-home
Network. J Lightwave Technol (2018) 36:1. doi:10.1109/JLT.2018.2839029

7. Apolo JA, Ortega B, Almenar V, Almenar V. Hybrid POF/VLC Links Based on
a Single LED for Indoor Communications. Photonics (2021) 8(7):254. doi:10.
3390/photonics8070254

8. Liu L, Zheng J, Deng S, Yuan L, Teng C. Parallel Polished Plastic Optical Fiber-
Based SPR Sensor for Simultaneous Measurement of RI and Temperature.
IEEE Trans Instrum Meas (2021) 70:1–8. doi:10.1109/TIM.2021.3072136

9. Hu X, Woyessa G, Kinet D, Janting J, Nielsen K, Bang O, et al. BDK-doped
CoreMicrostructured PMMAOptical Fiber for Effective Bragg Grating Photo-
Inscription. Opt Lett (2017) 42(11):2209–12. doi:10.1364/ol.42.002209

10. Zubel MG, Fasano A, Woyessa GT, Min R, Leal-Junior AG, Theodosiou A,
et al. Bragg Gratings Inscribed in Solid-Core Microstructured Single-Mode
Polymer Optical Fiber Drawn from a 3D-Printed Polycarbonate Preform. IEEE
Sensors J (2020) 20(21):12744–57. doi:10.1109/JSEN.2020.3003469

11. Moslan MS, Othman MHD, Samavati A, Salim MAM, Rahman MA, Ismail
AF, et al. Fabrication of Polycarbonate Polymer Optical Fibre Core via
Extrusion Method: The Role of Temperature Gradient and Collector Speed

Frontiers in Physics | www.frontiersin.org May 2022 | Volume 10 | Article 9279074

Savović et al. Polymer Optical Fiber, Modal Distribution

https://doi.org/10.1016/j.optlastec.2021.107082
https://doi.org/10.1016/j.optlastec.2021.107082
https://doi.org/10.1109/jlt.2021.3125336
https://doi.org/10.1109/jlt.2021.3125336
https://doi.org/10.1364/oe.383471
https://doi.org/10.1016/j.optcom.2022.128110
https://doi.org/10.1016/j.optcom.2022.128110
https://www.kdpof.com/automotive/
https://www.kdpof.com/automotive/
https://doi.org/10.1109/JLT.2018.2839029
https://doi.org/10.3390/photonics8070254
https://doi.org/10.3390/photonics8070254
https://doi.org/10.1109/TIM.2021.3072136
https://doi.org/10.1364/ol.42.002209
https://doi.org/10.1109/JSEN.2020.3003469
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


on its Characteristics. Opt Fiber Techn (2020) 55:102162. doi:10.1016/j.yofte.
2020.102162

12. Woyessa G, Rasmussen HK, Bang O. Zeonex - a Route towards Low Loss
Humidity Insensitive Single-Mode Step-index Polymer Optical Fibre. Opt
Fiber Techn (2020) 57:102231. doi:10.1016/j.yofte.2020.102231

13. Dash JN, Cheng X, Gunawardena DS, Tam H-Y. Rectangular Single-Mode
Polymer Optical Fiber for Femtosecond Laser Inscription of FBGs. Photon Res
(2021) 9(10):1931–8. doi:10.1364/prj.434252

14. Marques CAF, Min R, Junior AL, Antunes P, Fasano A, Woyessa G, et al. Fast
and Stable Gratings Inscription in POFs Made of Different Materials with
Pulsed 248 Nm KrF Laser. Opt Express (2018) 26(2):2013–22. doi:10.1364/oe.
26.002013

15. Markos C, Stefani A, Nielsen K, Rasmussen HK, Yuan W, Bang O. High-T_g
TOPAS Microstructured Polymer Optical Fiber for Fiber Bragg Grating Strain
Sensing at 110 Degrees. Opt Express (2013) 21(4):4758–65. doi:10.1364/oe.21.
004758

16. Leal-Junior A, Guo J, Min R, Fernandes AJ, Frizera A, Marques C. Photonic
Smart Bandage for Wound Healing Assessment. Photon Res (2021) 9(3):
272–80. doi:10.1364/prj.410168

17. Shentu Z, Kang J, Zhu Z, Wang L, Guo Y, Xu T, et al. No-core PDMS Fiber for
Large-Scale Strain and Concentration Measurement. Opt Fiber Techn (2021)
63:102531. doi:10.1016/j.yofte.2021.102531

18. Elsherif M, Hassan MU, Yetisen AK, Butt H. Hydrogel Optical Fibers for
Continuous Glucose Monitoring. Biosens Bioelectron (2019) 137(15):25–32.
doi:10.1016/j.bios.2019.05.002

19. Guo J, Liu X, Jiang N, Yetisen AK, Yuk H, Yang C, et al. Highly Stretchable,
Strain Sensing Hydrogel Optical Fibers. Adv Mater (2016) 28(46):10244–9.
doi:10.1002/adma.201603160

20. Mitsubishi POF SH4001. Ibsstore (2022). Available at: https://www.ibselectronics.
com/ibsstore/sh4001-mitsubishi-rayon-eska-plastic-optical-fiber-cable.html (Access
on 04 02, 2022).

21. Woyessa G, Theodosiou A, Markos C, Kalli K, Bang O. Single Peak Fiber Bragg
Grating Sensors in Tapered Multimode Polymer Optical Fibers. J Lightwave
Technol (2021) 39(21):6934–41. doi:10.1109/JLT.2021.3103284

22. He R, Teng C, Kumar S, Marques C,Min R. Polymer Optical Fiber Liquid Level
Sensor: A Review. IEEE Sensors J (2022) 22(2):1081–91. doi:10.1109/jsen.2021.
3132098

23. van Eijkelenborg M, Large M, Argyros A, Zagari J, Manos S, Issa N, et al.
Microstructured Polymer Optical Fibre. Opt Express (2001) 9(7):319–27.
doi:10.1364/oe.9.000319

24. Shute Company. Shute (2022). Available at: https://shute.dk/(Access on 04 02,
2022).

25. Savović S, Djordjevich A. Mode Coupling in Strained and Unstrained Step-
index Plastic Optical Fibers. Appl Opt (2006) 45:6775–80. doi:10.1364/AO.45.
006775

26. Mateo J, LosadaMA, Zubia J. Frequency Response in Step index Plastic Optical
Fibers Obtained from the Generalized Power Flow Equation. Opt Express
(2009) 17:2850–60. doi:10.1364/oe.17.002850

27. Gambling WA, Payne DN, Matsumura H. Mode Conversion Coefficients in
Optical Fibers. Appl Opt (1975) 14:1538–42. doi:10.1364/ao.14.001538

28. Rousseau M, Jeunhomme L. Numerical Solution of the Coupled-Power
Equation in Step-Index Optical Fibers. IEEE Trans Microwave Theor
Techn. (1977) 25:577–85. doi:10.1109/TMTT.1977.1129162

29. Djordjevich A, Savovic S. Investigation of Mode Coupling in Step index Plastic
Optical Fibers Using the Power Flow Equation. IEEE Photon Technol Lett
(2000) 12:1489–91. doi:10.1109/68.887704

30. Savović S, Djordjevich A. Method for Calculating the Coupling Coefficient in Step-
index Optical Fibers. Appl Opt (2007) 46:1477–81. doi:10.1364/AO.46.001477

31. Ribeiro R, Silva V, Balod Y, Barbero AP, Germano S, Santos Pd. Profile
Scanning Measurements of Far-Field from Plastic Optical Fibre (POF) Passive
Devices for Bandwidth Characterization in Datacom Networks. Rio de Janeiro:
XXVI Simposio Brasileiro de Telecomunicaciones-BrT´ (2008). p. 08. doi:10.
14209/sbrt.2008.42632

32. Djordjevich A, Savović S, Tse PW, Drljača B, Simović A. Mode Coupling in
Strained and Unstrained Step-index Glass Optical Fibers. Appl Opt (2010) 49:
5076–80. doi:10.1364/AO.49.005076

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Savović, Djordjevich, Drljača, Simović and Min. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physics | www.frontiersin.org May 2022 | Volume 10 | Article 9279075

Savović et al. Polymer Optical Fiber, Modal Distribution

https://doi.org/10.1016/j.yofte.2020.102162
https://doi.org/10.1016/j.yofte.2020.102162
https://doi.org/10.1016/j.yofte.2020.102231
https://doi.org/10.1364/prj.434252
https://doi.org/10.1364/oe.26.002013
https://doi.org/10.1364/oe.26.002013
https://doi.org/10.1364/oe.21.004758
https://doi.org/10.1364/oe.21.004758
https://doi.org/10.1364/prj.410168
https://doi.org/10.1016/j.yofte.2021.102531
https://doi.org/10.1016/j.bios.2019.05.002
https://doi.org/10.1002/adma.201603160
https://www.ibselectronics.com/ibsstore/sh4001-mitsubishi-rayon-eska-plastic-optical-fiber-cable.html
https://www.ibselectronics.com/ibsstore/sh4001-mitsubishi-rayon-eska-plastic-optical-fiber-cable.html
https://doi.org/10.1109/JLT.2021.3103284
https://doi.org/10.1109/jsen.2021.3132098
https://doi.org/10.1109/jsen.2021.3132098
https://doi.org/10.1364/oe.9.000319
https://shute.dk/
https://doi.org/10.1364/AO.45.006775
https://doi.org/10.1364/AO.45.006775
https://doi.org/10.1364/oe.17.002850
https://doi.org/10.1364/ao.14.001538
https://doi.org/10.1109/TMTT.1977.1129162
https://doi.org/10.1109/68.887704
https://doi.org/10.1364/AO.46.001477
https://doi.org/10.14209/sbrt.2008.42632
https://doi.org/10.14209/sbrt.2008.42632
https://doi.org/10.1364/AO.49.005076
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


polymers

Communication

Calculation of Bandwidth of Multimode Step-Index Polymer
Photonic Crystal Fibers
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Abstract: By solving the time-dependent power flow equation, we present a novel approach for
evaluating the bandwidth in a multimode step-index polymer photonic crystal fiber (SI PPCF) with a
solid core. The bandwidth of such fiber is determined for various layouts of air holes and widths
of Gaussian launch beam distribution. We found that the lower the NA of SI PPCF, the larger the
bandwidth. The smaller launch beam leads to a higher bandwidth for short fibers. The influence of
the width of the launch beam distribution on bandwidth lessens as the fiber length increases. The
bandwidth tends to its launch independent value at a particular fiber length. This length denotes
the onset of the steady state distribution (SSD). This information is useful for multimode SI PPCF
applications in telecommunications and optical fiber sensing applications.

Keywords: photonic crystal fiber; PMMA fiber; step-index fiber; power flow equation; bandwidth

1. Introduction

Selective stacking and chemical doping of materials have historically been employed
for fabrication of optical fibers with different refractive-index (RI) distributions. Another
method is to use a micro-structured pattern of very small holes that runs the length of the
“holey” or PCFs. A PCF can have a solid core part and a holey cladding part, as shown
in Figure 1. The hole pattern lowers the effective RI of the cladding, allowing the fiber to
direct light. By selecting the hole pattern in the cladding throughout the design phase, the
RI profile of the fiber can be modified. A variety of different micro-structured patterns
of the PCF allows a broad versatility to modify its profile at the design stage [1–7]. A
single-mode PCF has been produced for operation in a wide wavelength range [2]. The
hollow core of a PCF, on the other hand, is also possible [8–13]. PCFs have been used in a
variety of applications, including dispersion [14–16], supercontinuum production [17–19],
birefringence [20], optofluidics [21], wavelength conversion [22,23] and sensing [24,25]. A
typical numerical aperture of PCFs is NA = 0.5–0.6 [26–30]. With high NA PCFs, lensless
beam focusing with the outstanding resolution has been recorded [31].

PCF propagation characteristics are influenced by differential mode attenuation, mode
coupling, and modal dispersion. Light scattering in multimode optical fibers transfers
power from one mode to another due to intrinsic perturbations, which causes mode
coupling. Until recently, commercial simulation software packages were not designed
for multimode PCFs. This deficiency is addressed in this paper for the first time, to our
knowledge, by numerically solving the time-dependent power flow equation. The mode
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coupling properties of SI PPCF, and hence bandwidth, are affected by the parametric
variance of the width of the launch beam distribution and the size of air holes. For three
distinct widths of the launch beam distribution and sizes of air holes in the cladding, we
estimated bandwidth in multimode SI PPCF (Poly(methyl methacrylate) or PMMA optical
fibers) with solid core. The holes in the cladding are arranged in a triangular pattern with a
uniform pitch (see Figure 1).
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2. Design of SI PPCF

The SI PPCF is designed with air holes of uniform diameter in the cladding, which
become a regular triangular lattice. The desirable effective RI is achieved by choosing the
size (d) and pitch (Λ) of the cladding layer (Figure 1). The solid core region has the highest
RI n0.

3. Time-dependent Power Flow Equation

The following time-dependent power flow equation [32] describes the time-dependent
power flow for multimode optical fibers:

∂p(θ, z, t)
∂z

+ τ(θ)
∂p(θ, z, t)

∂t
= −α(θ)P(θ, z, t) +

1
θ

∂

∂θ

[
D(θ)

∂p(θ, z, t)
∂θ

]
(1)

where t is time; p(θ, z, t) is the distribution of power over angle, space, and time; τ(θ) is
mode delay per unit length; D(θ) is the mode-dependent coupling coefficient (usually
assumed constant [32,33]); and α(θ) = α0 + αd(θ) is the modal attenuation, where α0
represents conventional losses due to absorption and scattering. Except near cutoff, the
attenuation is uniform α(θ) = α0 (0 ≤ θ ≤ θm) [33] (it appears in the solution as the
multiplication factor exp(–α0z) which also does not depend on θ). Therefore, α(θ) need not
be accounted for when solving (1). In this paper for the first time, to our knowledge, by
numerically solving the time-dependent power flow equation (1) we obtain bandwidth of
the multimode SI PPCF.

4. Numerical Results and Discussion

For multimode solid-core SI PPCF, the bandwidth was examined for varying widths
of launch beam distribution. For PCFs with air holes in a triangular lattice, the effective
parameter V is given as:

V =
2π

λ
ae f f

√
n2

0 − n2
f sm (2)

where n0 is the RI of the core. The effective RI of the cladding part n f sm is the effective
RI of fundamental space-filling mode in the triangular hole lattice, and ae f f = Λ/

√
3 [34].
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The effective RI of the cladding n1 = n f sm can be obtained from equation (2), using the
following equation [35]:

V
(

λ

Λ
,

d
Λ

)
= A1 +

A2

1 + A3 exp(A4λ/Λ)
(3)

with the fitting parameters Ai (i = 1 to 4):

Ai = ai0 + ai1

(
d
Λ

)bi1

+ ai2

(
d
Λ

)bi2

+ ai3

(
d
Λ

)bi3

(4)

where the coefficients ai0 to ai3 and bi1 to bi3 (i = 1 to 4) are shown in Table 1.

Table 1. Fitting coefficients in Equation (4).

i = 1 i = 2 i = 3 i = 4

0.54808 0.71041 0.16904 −1.52736
ai1 5.00401 9.73491 1.85765 1.06745
ai2 −10.43248 47.41496 18.96849 1.93229
ai3 8.22992 −437.50962 −42.4318 3.89
bi1 5 1.8 1.7 −0.84
bi2 7 7.32 10 1.02
bi3 9 22.8 14 13.4

Figure 2 depicts the cladding’s effective RI n1 ≡ n f sm as a function of λ/Λ, for
Λ = 3 µm and for three values of d. Relevant values of the structural parameters of the
analyzed multimode SI PPCF are summarized in Table 2, for λ = 645 nm.

Polymers 2021, 13, x FOR PEER REVIEW 3 of 7 
 

 

2 2
0

2
eff fsmV a n nπ

λ
= −  (2)

where 𝑛  is the RI of the core. The effective RI of the cladding part fsmn  is the effective 
RI of fundamental space-filling mode in the triangular hole lattice, and / 3= Λeffa  [34]. 
The effective RI of the cladding 1 fsmn n=  can be obtained from equation (2), using the 
following equation [35]: 

 

( )
2

1
3 4

,
1 exp /

AdV A
A A

λ
λ

  = + Λ Λ + Λ 
 (3)

 
with the fitting parameters iA  (i = 1 to 4): 

1 2 3

0 1 2 3

i i ib b b

i i i i i
d d dA a a a a     = + + +     Λ Λ Λ     

 (4)

 
where the coefficients 0ia  to 3ia  and 1ib  to 3ib  (i = 1 to 4) are shown in Table 1. 

Table 1. Fitting coefficients in Equation (4). 

 1=i  2=i  3=i  4=i  

0ia  0.54808 0.71041 0.16904 −1.52736 

1ia  5.00401 9.73491 1.85765 1.06745 

2ia  −10.43248 47.41496 18.96849 1.93229 

3ia  8.22992 −43750962 −42.4318 3.89 

1ib  5 1.8 1.7 −0.84 

2ib  7 7.32 10 1.02 

3ib  9 22.8 14 13.4 

 
Figure 2 depicts the cladding’s effective RI 𝑛 ≡ 𝑛𝑓𝑠𝑚  as a function of /λ Λ , for 
3μmΛ = and for three values of d. Relevant values of the structural parameters of the an-

alyzed multimode SI PPCF are summarized in Table 2, for λ = 645 nm. 

 

Figure 2. Effective RI of the inner cladding fsmn as a function of /λ Λ . Figure 2. Effective RI of the inner cladding n f sm as a function of λ/Λ.

Table 2. Effective RI of the cladding n1, relative RI difference ∆ = (n0 − n1)/n0, where n1 = 1.492,
and the critical angle θm for varied d (air hole diameter) at 645 nm wavelength.

d (µm) 1.0 1.5 2.0

n1 1.4844 1.4757 1.4458

∆ = (n0 − n1)/n0 0.673673 0.677645 0.691611

θm (deg) 5.79 8.48 14.28

For the multimode SI PPCF with RI of the core n0 = 1.492, core diameter
2a = 0.980 mm, and optical fiber diameter b = 1 mm, we solved the time-dependent power
flow Equation (1) using a finite-difference method, assuming D = 1.649× 10−4 rad2/m
and α0 = 0.22 dB/m [35,36]. We looked at impact of the diameters of air holes in the
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cladding of d = 1, 1.5, and 2 µm (i.e., the influence of NA of the fiber) and width of the
launch beam distribution with (FWHM)z=0 = 1◦, 5◦, and 10◦ on the bandwidth. A de-
tailed explanation of the numerical solution of the time-dependent power flow equation
(1) is given in our previous work [37]. As illustration, Figure 3 shows the evolution of
the bandwidth with fiber length calculated for three Gaussian launch beam distributions
with (FWHM)z=0 = 1◦, 5◦, and 10◦ for the case with d = 1 µm (n1 = 1.4844) (Figure 3a),
d = 1.5 µm (n1 = 1.4757) (Figure 3b) and d = 2 µm (n1 = 1.4458) (Figure 3c). Figure 3 shows
that the lower NA (larger n1, smaller d), the higher bandwidth is obtained. In the case of
the narrowest Gaussian launch beam, the highest bandwidth is observed at short optical
fiber lengths. This is due to the guiding modes’ modal dispersion being reduced due to
the narrower launch beam. The influence of the width of the launch beam distribution
on bandwidth lessens as fiber length increases. Because mode coupling causes energy
redistribution between guiding modes, the initial modal excitation (the FWHM of the
launched beam) has a reduced impact on bandwidth for longer fibers. Figure 3 shows
how bandwidth drops linearly for short lengths before switching to a 1/z1/2 functional
dependence. This switch, and equilibrium mode distribution, occur at shorter optical fiber
lengths for the wider Gaussian launch beam and lower NA. For (FWHM)z=0 = 1◦ this
length is Lc ' 5 m for n1 = 1.4844, Lc ' 12.5 m for n1 = 1.4757 and Lc'41 m for n1 = 1.4458.
For (FWHM)z=0 = 5◦ this length is Lc ' 4.5 m for n1 = 1.4844, Lc ' 11 m for n1 = 1.4757 and
Lc ' 39 m for n1 = 1.4458. For (FWHM)z=0 = 10◦ this length is Lc ' 2.5 m for n1 = 1.4844,
Lc ' 9 m for n1 = 1.4757 and Lc ' 33 m for n1 = 1.4458 [36]. One can see that the shorter the
length Lc results in the faster bandwidth improvement. The bandwidth tends to its launch
independent value at a particular fiber length. This length denotes the onset of the SSD. It
is worth noting that the proposed method for calculation of bandwidth in multimode SI
PPCF can also be employed for multimode step-index silica PCFs.
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5. Conclusions

By numerically solving the time-dependent power flow equation, we proposed a
novel approach for evaluating the bandwidth in a multimode SI PPCF with a solid core and
triangular air-hole lattice in the cladding. We showed that the lower the NA, the higher the
bandwidth. The narrower Gaussian launch beam leads in increased bandwidth for short
optical fibers. The influence of the width of the launch beam distribution on bandwidth
lessens as fiber length increases. The bandwidth tends to its launch-independent value at a
particular fiber length. This length denotes the onset of the steady state distribution. These
customizable parameters allow for additional variety in the construction of multimode
photonic crystal fibers. By changing the interplay between the material and geometrical
dispersions, such design freedom in adjusting structural elements of the optical fiber for
dispersion management.
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Abstract: The bandwidth of multimode W-type plastic optical fibers (POFs) with graded-index (GI)
core distribution is investigated by solving the time-dependent power flow equation. The multimode
W-type GI POF is designed from a multimode single-clad (SC) GI POF fiber upon modification of the
cladding layer of the latter. Results show how the bandwidth in W-type GI POFs can be enhanced by
increasing the wavelength for different widths of the intermediate layer and refractive indices of the
outer cladding. These fibers are characterized according to their apparent efficiency to reduce modal
dispersion and increase bandwidth.

Keywords: Poly(methyl methacrylate) optical fiber; W-type plastic optical fiber; graded-index optical
fiber; power flow equation; bandwidth

1. Introduction

In the last three decades, data traffic demand has increased exponentially for access
and backbone networks. The growth was accelerated by streaming transmissions and cloud
computing. This concept also becomes a strong approach for use in optical networking
strategies for automotive communications systems, given the advances in both intelligent
driving systems and multimedia services. These systems usually use multimode POFs
(Poly(methyl methacrylate), or PMMA, optical fibers) thanks to their easy connection and
strength in tight curves.

Transmission characteristics of multimode POFs strongly depend upon the differential
mode-attenuation and mode coupling [1]. The latter represents power transfer between
neighboring modes caused by fiber impurities and inhomogeneities introduced during the
fiber manufacturing process (such as microscopic bends, irregularity of the core-cladding
boundary and refractive index distribution fluctuations) [2]. Mode coupling increases fiber
bandwidth in data networks by reducing modal dispersion [3]. In practice, when installing
a POF-based link, the cable has to be repeatedly bent, thus increasing the strength of mode
coupling and radiation losses [4]. It has been shown that organic glass-clad PMMA fibers
show a similar strength of mode coupling compared to standard POFs but stronger mode
coupling than do the plastic-clad silica fibers [5].

Studies have been reported using geometric optics (ray approximation) to investi-
gate transmission in optical fibers [6,7]. By employing the time-independent power flow
equation [2,8] as well as the Fokker–Planck and Langevin equations [9], far-field patterns
in SI POFs have been predicted as a function of the launch conditions and fiber length.
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By employing the time-dependent power flow equation, the bandwidth of GI POF has
been obtained for different radial launch conditions [10].

In terms of the number of functional cover layers, multimode optical fibers are usually
SC fibers. Special detection [11], modulation [12], equalization [13] and compensation
for modal-dispersion [14] can improve the bandwidth and attenuation properties of SC
fiber. Since the structure of fiber can influence its features significantly, different POFs
(double-clad fibers) of the step-index (SI), GI and W types were proposed [15–17]. Due to
their progressively decreased core refractive index with a radial distance from the fiber
axis, GI POFs have a much lower modal dispersion than SI POFs [18]. Since the disper-
sion of the W-type fiber is smaller than that of SC fiber [19], W-type fiber has a larger
bandwidth and lower bending losses compared to a corresponding fiber of SC. The glass
optical fiber’s bandwidth-distance product is approximately 30 MHz·km for SC and ap-
proximately 50 MHz·km for W-type fiber. The POFs have a bandwidth-distance product
of approximately 15 MHz·km for the SC and approximately 200 MHz·km for the W-type
fibers [15,17,20].

The intermediate layer of a W-type fiber (inner cladding) decreases the dispersion
and enlarges the bandwidth, thereby lowering the number of guided modes that are held
closer to the core [20,21]. Optical power is transferred between modes because of the
mode coupling [2]. Methods are needed for calculating modal attenuation and coupling to
loss modes of W-type fiber’s intermediate layer, and for optimizing the fiber’s refractive
index profile in order to minimize the group delay difference between modes in the output
field [20,22]. In this study, we examined how the wavelength influences the bandwidth for
various W-type GI POF configurations. It should be noted that our calculations include
modal attenuation, mode coupling and modal dispersion.

2. Time-Dependent Power Flow Equation

Consider a W-type GI fiber with refractive index profile, as shown in Figure 1b.
The refractive index profile of W-type optical fibers with GI distribution of the core may be
expressed as [8,23]:

n(r, λ) =


n0(λ)

[
1− ∆q(λ)

( r
a
)g
]1/2

(0 ≤ r ≤ a)
nq (a < r ≤ a + δa)
np (a + δa < r ≤ b

2 )

 (1)

where g is the core index exponent, a is the core radius, δa is the intermediate layer
width, b is the fiber diameter, n0(λ) is the maximum index of the core (measured at
the fiber axis), nq and np are refractive indices of the intermediate layer and cladding
respectively, and ∆q = (n0 − nq)/n0 is the relative index difference between the core and
intermediate layer.

The time-dependent power flow equation for multimode optical fibers with GI core
distribution is:

∂P(m,λ,z,ω)
∂z + jωτ(m, λ)P(m, λ, z, ω) = −α(m, λ)P(m, λ, z, ω)+

+ ∂P(m,λ,z,ω)
∂m

∂d(m,λ)
∂m + d(m, λ) 1

m
∂P(m,λ,z,ω)

∂m + d(m, λ) ∂P2(m,λ,z,ω)
∂m2

(2)

where P(m,λ,z,ω) is the power in the m—the principal mode (modal group), z is the
coordinate along the fiber axis from the input fiber end, α(m,λ) = α0 + αd(m, λ) is the
attenuation of the mode m, where α0 represents conventional losses due to absorption
and scattering (the term α0 leads only to a multiplier exp(−α0z) in the solution and is thus
neglected, the term αd(m, λ) in the expansion of α(m) is dominant for higher-order modes),
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d(m,λ) is the coupling coefficient of the mode m, ω = 2πf is the baseband angular frequency
and τ(m, λ) is delay time per unit length of mode m, which can be determined as:

τ(m, λ) ∼=
n0(λ)

c

[
1 +

g− 2
g + 2

∆q(λ)

(
m

M(λ)

)2g/(g+2)
+

1
2

3g− 2
g + 2

∆q(λ)
2
(

m
M(λ)

)4g/(g+2)
]

(3)

where c is the free-space velocity of light and:

P(m, λ, z, ω) =

+∞∫
−∞

P(m, λ, z, t) exp(−jωt)dt (4)

The maximum principal mode number, M(λ), can be obtained as [24]:

M(λ) =

√
g∆q(λ)

g + 2
akn0(λ) (5)

where k = 2π/λ is the free-space wave number. Gaussian launch-beam distribution,
P0(θ,λ,z = 0), can be converted to P0(m,λ,z = 0) (one needs P0(m,λ,z = 0) to solve the power
flow equation numerically (2)), using the following relationship [25]:

m
M(λ)

=

[( r0

a

)g
+

θ2

2∆q(λ)

](g+2)/2g

(6)

where r0 is radial distance (radial offset) between the launch beam position and the core
center and θ is the propagation angle with respect to the core axis.

Figure 1. Refractive index profile of (a) SC GI POF and (b) W-type GI POF.

The relative refractive index difference, ∆q = (n0 − nq)/n0, between the core and
intermediate layer is larger than the difference ∆p = (n0 − np)/n0 between the core and
cladding. Modes propagating along with subcritical angles m < mq are guided. The same is
true for those propagating through the complete W-fiber, with m below the critical value
mp. On the other hand, modes with angles between mp and mq ≡M are transformed into
leaky modes [10]. The leaky mode attenuation constants are provided as:
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αL(m, λ) =

4
√

2∆q

((
m
mq

) 2g
g+2 −

(
mp
mq

) 2g
g+2

)1/2

a

(
1− 2∆q

(
m
mq

) 2g
g+2

)1/2

(
m
mq

) 2g
g+2

(
1−

(
m
mq

) 2g
g+2

)
(

1− ∆p
∆q

(
mp
mq

) 2g
g+2

) exp

−2δan0k

2∆q

1−
(

m
mq

) 2g
g+2

1/2
 (7)

One can see from Equation (7) that for thick intermediate layer widths, δ, the lower
leaky modes are substantially guided because of the low leaky modes’ losses. Experiments
in a SC GI fiber reveal that attenuation remains constant throughout the guided-mode
region (m ≤ mp) and rises quite steeply in the radiation-mode region [26]. As a result, in a
W-type GI POF, the modal attenuation can be expressed as:

αd(m, λ) =


0 m ≤ mp
αL(m, λ) mp < m < mq
∞ m ≥ mq

(8)

A W-type fiber can be thought of as a combination of SCq fiber with cladding. In the
SCq fiber, modes m < mq can be guided. When the SCq fiber is coupled with surrounding
medium of index np, the lower-order modes m < mp remain guided, while the higher-order
modes m (mp < m < mq) are transformed into leaky modes. Due to the strong dependence
of αL(m) on the intermediate layer width δa (Equation (7)), it is expected that characteristics
of a W-type GI fiber also depend on δa and coincide with those of SCp and SCq GI fibers in
the limits of δ→0 and δ→∞, respectively [20,27].

It is obvious that P(m,λ,z,ω) is complex. By separating P into the real part Pr and
imaginary part Pi, Equation (2) can be rewritten as the following simultaneous partial
differential equations:

∂Pr

∂z
= −αPr +

∂d
∂m

∂Pr

∂m
+

d
m

∂Pr

∂m
+ d

∂2Pr

∂m2 + ωτPi (9)

∂Pi

∂z
= −αPi +

∂d
∂m

∂Pi

∂m
+

d
m

∂Pi

∂m
+ d

∂2Pi

∂m2 −ωτPi (10)

where P = Pr + jPi. Assuming a constant coupling coefficient d ≡ D, Equations (9) and (10)
can be written as:

∂Pr

∂z
= −αPr +

D
m

∂Pr

∂m
+ D

∂2Pr

∂m2 + ωτPi (11)

∂Pi

∂z
= −αPi +

D
m

∂Pi

∂m
+ D

∂2Pi

∂m2 −ωτPr (12)

Using the EFDM, discretization of Equations (11) and (12) leads to:

Pr
k,l+1 = (

∆zD
∆m2 −

∆zD
2mk∆m

)Pr
k−1,l + (1− 2∆zD

∆m2 − αk∆z)Pr
k,l + (

∆zD
2mk∆m

− ∆zD
∆m2 )Pr

k+1,l +
ωn0∆z

2c
m2

k Pi
k,l (13)

Pi
k,l+1 = (

∆zD
∆m2 −

∆zD
2mk∆m

)Pi
k−1,l + (1− 2∆zD

∆m2 − αk∆z)Pi
k,l + (

∆zD
2mk∆m

− ∆zD
∆m2 )Pi

k+1,l −
ωn0∆z

2c
m2

k Pr
k,l (14)

where k and l refer to the discretization step lengths ∆m and ∆z for the mode m and
length z respectively, i.e., Pr

k,l ≡ Pr(mk, zl , ω) and Pi
k,l ≡ Pi(mk, zl , ω).

If Pr and Pi are obtained by solving Equations (13) and (14), the transmission charac-
teristics can be calculated. Thus, the frequency response of fiber at length z is:
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H(λ, z, ω) =

M∫
1

2m[Pr(m, λ, z, ω) + jPi(m, λ, z, ω)]dm

M∫
1

2m[Pr(m, λ, z, 0) + jPi(m, λ, z, 0)]dm
(15)

where the factor 2m denotes degeneracy of modal group m. The frequency responses for
a specific fiber can be determined over a wide range of lengths, revealing the bandwidth
dependence with distance. The modal power distribution, PF(m, λ, z, ω), and the spatial
transient of power, PL(λ, z, ω), can be obtained by:

PF(m, λ, z, ω) =
[

Pr(m, λ, z, ω)2 + Pi(m, λ, z, ω)2
]1/2

(16)

PL(λ, z, ω) = 2π

M∫
0

mPF(m, λ, z, ω)dm (17)

One should note here that the numerical solution of the time-dependent power flow
equation as well as the calculation of the frequency response and bandwidth in the analyzed
W-type GI POF have been obtained by employing our FORTRAN90 code. This enabled
us to determine the relationship between the transmission length and bandwidth in the
W-type GI POF.

3. Numerical Results and Discussion

In this research, we investigated the bandwidth at various wavelengths in a differ-
ently constructed W-type GI POF designed from the SC GI POF (Figure 1a), which we
experimentally investigated in our previously published works [8,10]. For the structure
shown in Figure 1b, a W-shape refractive index model is adopted. SC GI POF (OM Giga,
Fiber FinTM) had the following characteristics: The fiber’s core diameter was 2a = 0.9 mm
(fiber diameter was b = 1 mm), the core’s refractive index measured along the fiber axis
was n0 = 1.522 and the intermediate layer (inner cladding) cladding’s refractive index
was nq = 1.492. The maximum principal mode number for the examined SC GI POF
was M = 656 at wavelength λ = 633 nm, g = 1.80101 and ∆q= (n0 − nq)/n0 = 0.019711.
The W-type GI POF with GI distribution of the core is designed from this SC GI POF in
such a way that the W-type GI POF’s inner cladding retains the distribution of the SC
GI POF’s cladding, while the W-type GI POF’s outer cladding has a refractive index, np,
that is higher than the inner cladding’s refractive index, nq (Figure 1b). In the modeling,
three values of the outer cladding refractive index, np, were used: np = 1.51366 (mp = 346),
np = 1.51065 (mp = 404) and np = 1.50718 (mp = 461). The normalized intermediate layer
widths of δ = 0.001, δ = 0.002 and δ = 0.003 (actual width is δ·a mm) were used. In the
calculations, the constant coupling coefficient d(m, λ) ≡ D = 1482 1/m was employed [8].
At λ = 476, 522, 568 and 633 nm, the maximum principal mode number in such proposed
W-type GI POFs is M = 872, 795, 731 and 656, respectively. In the numerical calculations,
a Gaussian beam, P(θ,z), is assumed to be launched with 〈θ〉 = 0◦ and standard deviation
σθ = 1.3◦ (FWHM = 3.06◦). The width of the launched beam measured at the end of a
single-mode optical fiber, which is butt-coupled to the SC GI POF examined in our earlier
experimental work [8], is described by this standard deviation. The numerical calculations
have been performed for radial offset ∆r = 0 µm.

Figure 2 shows our numerical solution to the time-dependent power flow equation.
It depicts the evolution of the W-type GI POF’s bandwidth at 30 m with wavelength
for varied widths of intermediate layer, δ, in three inserts corresponding to three outer
cladding refractive indices: np = 1.51366 (mp = 346), np = 1.51065 (mp = 404) and np = 1.50718
(mp = 461). Figure 2 shows that the influence of wavelength on bandwidth is less noticeable
for the smallest width of the intermediate layer (δ = 0.001). This is due to large leaky mode
losses (Figure 3), and as these modes are practically not guided along the fiber, modal
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dispersion (bandwidth) changes very little. There is a wavelength-dependent drop in
bandwidth as the width of the intermediate layer increases. At short wavelengths, this
decrease is more pronounced because leaky mode losses are reduced (Figure 3), resulting
in a rise in modal dispersion and a fall in fiber bandwidth.

Figure 2. Numerical results for bandwidth for W-type GI POF at 30 m as a function of wavelength
for (a) np = 1.51366, (b) np = 1.51065 and (c) np = 1.50718, where (FWHM)z=0 = 3.06◦, δ = 0.001, 0.002
and 0.003 and D = 1482 1/m.

When the refractive index of the outer cladding, np, is increased, leaky mode losses
increase, resulting in the maximum bandwidth values in the case of δ = 0.001. The im-
provement in the bandwidth of W-type GI POFs is more noticeable at longer fiber lengths,
as seen in Figure 2. Since a narrow launch beam distribution is assumed in the calculations,
only guided modes are excited at the input fiber length. As a result, for short fiber lengths,
leaky modes play a less important role. More leaky modes are filtered out with longer fiber
lengths due to mode coupling, resulting in the significant improvement of the bandwidth
of the W-type GI POF [28].
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Figure 3. Leaky mode losses for W-type GI POF as a function of wavelength, for (a) δ = 0.001,
(b) δ = 0.002 and (c) δ = 0.003, and np = 1.51366.

4. Conclusions

For W-type GI POFs with a variable width of the intermediate layer and refractive
index of the outer cladding, bandwidth was determined using the time-dependent power
flow equation over a variety of light wavelengths. The bandwidth of W-fibers broadened
with larger wavelengths for all intermediate layer widths, as shown in this study. Higher
leaky mode losses and the resulting decline in modal dispersion caused this broadening of
the bandwidth. Since leaky mode losses grow as the outer cladding’s refractive index rises,
the bandwidth rises as well. These findings can be used to design and implement a W-type
GI POF at various operating wavelengths.
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9. Savović, S.; Djordjevich, A. Solution of mode coupling in step-index optical fibers by the Fokker-Planck equation and the Langevin

equation. Appl. Opt. 2002, 41, 2826–2830. [CrossRef]
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ALEXANDAR DJORDJEVICH,3 AND RUI MIN4,*

1University of Kragujevac, Faculty of Science, R. Domanovića 12, Kragujevac, Serbia
2University of Priština in Kosovska Mitrovica, Faculty of Sciences and Mathematics, Kosovska Mitrovica,
Serbia
3City University of Hong Kong, 83 Tat Chee Avenue, Kowloon, Hong Kong, China
4Center for Cognition and Neuroergonomics, State Key Laboratory of Cognitive Neuroscience and
Learning, Beijing Normal University at Zhuhai, Zhuhai 519087, China
*rumi@doctor.upv.es

Abstract: A new method is proposed for investigating the bandwidth in multimode graded-index
plastic optical fibers (GI POFs). By numerically solving the time-dependent power flow equation,
bandwidth is reported for a varied launch conditions (radial offsets) of multimode GI POF. Our
theoretical results are supported by the experimental results which show that bandwidth decreases
with increasing radial offset. This decrease is more pronounced at short fiber lengths. At fiber
length close to the coupling length Lc at which an equilibrium mode distribution (EMD) is
achieved, this decrease becomes slower, indicating that mode coupling improves bandwidth at
larger fiber lengths. With further increase of fiber length, bandwidth becomes nearly independent
of the radial offset, indicating that a steady-state distribution (SSD) is achieved. Such a fiber
characterization can be applied to optimize fiber performance in POF links.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Multimode POFs are often used in local area networks, sensors, power delivery systems, and
automobile communication systems. Multimode POFs have large numerical aperture which
simplifies employment of various light sources (laser, LED and VCSEL). POFs offer a low-cost
installation with low-precision plastic components without precision couplers. Their flexibility
is especially useful when installing them in tight spaces such as in homes, offices or vehicles.
GI POFs exhibit far less modal dispersion than step-index (SI) POFs. This is due to their
gradual decreasing of the refractive index of core with radial distance from the fiber axis. A
bandwidth-length product of SI POF of ∼50 MHz·100 m has been reported [1], while a bandwidth
of around 5.2 GHz at a distance of 30 m, which leads to a bandwidth-length product of 0.156
GHz·km for GI POF has been reported [2].

Propagation characteristics of GI POFs are influenced by differential mode attenuation, mode
coupling and modal dispersion [3–10]. Modal attenuation originates from conventional loss
mechanisms, such as absorption, Rayleigh scattering and loss on reflection at the core-cladding
interface. Mode coupling is mainly caused by scattering of light that transfers power from one
mode to another due to intrinsic perturbations in multimode optical fibers. These effects can
be attributed to various irregularities such as microscopic bends, voids and cracks, diameter
variation, and density and refractive index fluctuations. Mode coupling effects results in the
length-dependence variations of pulse dispersion and bandwidth [5]. It has been shown that the
shorter the fiber length at which equilibrium mode distribution is achieved, the faster bandwidth
improvement (slower bandwidth decrease) occurs [9]. Since GI POFs are primarily used within
short distances (few tens of meters up to 100 m), it is important to characterize transmission in
GI POFs as a function of fiber length for various launch conditions (radial offset and tilt angle).
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Until recently, commercial simulation software packages were either designed specifically for
single mode optical fibers or individual guided modes in few mode optical fibers. This is not
adequate for multimode optical fibers with thousands or even millions of propagation modes and
strong mode coupling. There is a clear need for a new and effective simulation tool for modeling
of transmission in multimode optical fibers. The most effective way to describe mode coupling,
modal attenuation and modal delay is provided by the time-dependent power flow equation to
describe light transmission in multimode fibers. Since for this equation an analytical solution
has been reported only for the steady state in GI optical fiber [11], in a more general cases this
equation has to be solved by applying an appropriate numerical method. Along the way, one
has to overcome many challenges to ensure the accuracy of the numerical model as well as a
stability of the proposed numerical schemes. The model proposed in this work provides the
space-time evolution of the modal power distribution when it is transmitted along the GI optical
fiber. Following this path, in this article, in our best knowledge for the first time, by numerical
solving the time-dependent power flow equation using explicit finite difference method (EFDM),
the bandwidth in GI POF for various launch conditions (radial offsets) is obtained. Such obtained
theoretical results for bandwidth are compared to our experimental findings.

2. Time-dependent power flow equation for GI optical fibers

The index profile of GI optical fibers may be expressed as:

n(r, λ) =
⎧⎪⎪⎨⎪⎪⎩

n1(λ)
[︁
1 − 2∆(λ)

(︁ r
a
)︁g]︁1/2

(0 ≤ r ≤ a)

n1(λ) (1 − 2∆(λ))1/2 = n2(λ) (r>a)
(1)

where g is the core index exponent, a is the core radius, n1(λ) is the maximum index of the core
(measured at the fiber axis), n2(λ) is the index of the cladding and ∆ = [n1(λ) − n2(λ)]/n1(λ) is
the relative index difference (Fig. 1). The optimum value of the core index exponent g to obtain
maximum bandwidth depends on the wavelength λ (in free-space) of the source.

Fig. 1. Refractive index distribution of graded-index optical fiber, where a is core radius
and b is fiber diameter.

Time-dependent power flow equation for multimode GI optical fibers is:

∂P(m, λ, z,ω)
∂z

+ jωτ(m, λ)P(m, λ, z,ω) = −α(m, λ)P(m, λ, z,ω)+

+
∂P(m, λ, z,ω)

∂m
∂d(m, λ)
∂m

+ d(m, λ)
1
m
∂P(m, λ, z,ω)

∂m
+ d(m, λ)

∂P2(m, λ, z,ω)
∂m2

(2)

where P(m, λ,z,ω) is the power in the m-the principal mode (modal group) (the principal mode
number m is treated as a continuous variable [11]), z is coordinate along the fiber axis from the
input fiber end, α(m, λ) is the attenuation of the mode m, d(m, λ) is the coupling coefficient of
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the mode m, ω=2πf is the baseband angular frequency, is delay time per unit length of mode m,
which can be determined as:

τ(m, λ) ≅
n1(λ)

c

[︄
1 +

g − 2
g + 2

∆(λ)

(︃
m

M(λ)

)︃2g/(g+2)
+

1
2

3g − 2
g + 2

∆(λ)2
(︃

m
M(λ)

)︃4g/(g+2)
]︄

(3)

where c is the free-space velocity of light and:

P(m, λ, z,ω) =
+∞∫

−∞

P(m, λ, z, t) exp(−jωt)dt (4)

The first and second term on the left-hand side of Eq. (2) describe the space and time evolution
of the modal power distribution along the fiber, respectively. The first term on the right-hand side
of Eq. (2) describes modal attenuation, the second and third term describe drift of the power
distribution towards m=0, and the fourth term describes diffusion (broadening) of the modal
power distribution. The maximum principal mode number is [10]:

M(λ) =

√︄
g∆(λ)
g + 2

akn1(λ) (5)

Where k = 2π/λ. Gaussian launch-beam distribution P0(θ, λ, z=0) can be transformed into
P0(m,λ,z=0) (one needs P0(m,λ,z=0) to numerically solve the time-dependent power flow Eq. (2)),
using the following relationship [12]:

m
M(λ)

=

[︃(︂ r0
a

)︂g
+
θ2

2∆(λ)

]︃ (g+2)/2g

(6)

where r0 is radial distance (radial offset) between the launch beam position and the core center
and θ is tilt angle measured in respect to the fiber axis.

It is apparent that P(m,λ,z,ω) is complex. By separating P into the real part Pr and imaginary
part Pi, Eq. (2) can be rewritten as the following simultaneous partial differential equations:

∂Pr

∂z
= −αPr +

∂d
∂m
∂Pr

∂m
+

d
m
∂Pr

∂m
+ d
∂2Pr

∂m2 + ωτP
i (7)

∂Pi

∂z
= −αPi +

∂d
∂m
∂Pi

∂m
+

d
m
∂Pi

∂m
+ d
∂2Pi

∂m2 − ωτPi (8)

where P=Pr+jPi. Assuming a constant coupling coefficient d≡D [10], Eqs. (7) and (8) can be
written as:

∂Pr

∂z
= −αPr +

D
m
∂Pr

∂m
+ D
∂2Pr

∂m2 + ωτP
i (9)

∂Pi

∂z
= −αPi +

D
m
∂Pi

∂m
+ D
∂2Pi

∂m2 − ωτPr (10)

Using the EFDM, discretization of Eqs. (9) and (10) leads to:

Pr
k,l+1 = (

∆zD
∆m2 −

∆zD
2mk∆m

)Pr
k−1,l + (1 −

2∆zD
∆m2 − αk∆z)Pr

k,l+

+ (
∆zD

2mk∆m
−
∆zD
∆m2 )P

r
k+1,l +

ωn0∆z
2c

m2
kPi

k,l

(11)
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Pi
k,l+1 = (

∆zD
∆m2 −

∆zD
2mk∆m

)Pi
k−1,l + (1 −

2∆zD
∆m2 − αk∆z)Pi

k,l+

+ (
∆zD

2mk∆m
−
∆zD
∆m2 )P

i
k+1,l −

ωn0∆z
2c

m2
kPr

k,l

(12)

where k and l refer to the discretization step lengths ∆m and ∆z for the mode m and length z,
respectively, i.e. Pr

k,l ≡ Pr(mk, zl,ω) and Pi
k,l ≡ Pi(mk, zl,ω).

If Pr and Pi are obtained by solving Eqs. (11) and (12), the transmission characteristics can be
calculated. Thus, the frequency response of fiber at length z is:

H(λ, z,ω) =

M∫
1

2m[Pr(m, λ, z,ω) + jPi(m, λ, z,ω)]dm

M∫
1

2m[Pr(m, λ, z, 0) + jPi(m, λ, z, 0)]dm
(13)

where the factor 2m denotes degeneracy of modal group m. The frequency responses for a given
fiber can be obtained at a range of lengths providing information on the bandwidth dependence
with distance. The modal power distribution P(m, λ, z,ω) and the spatial transient of power
PL(λ, z,ω) can be obtained by:

P(m, λ, z,ω) = [Pr(m, λ, z,ω)2 + Pi(m, λ, z,ω)2]1/2 (14)

PL(λ, z,ω) = 2π
M∫

0

mP(m, λ, z,ω)dm (15)

This enable us to determine the relationship between the transmission length and bandwidth in
GI POF for various launch conditions.

3. Results and discussion

We applied our method to the GI POF (OM Giga, Fiber FinTM), which we previously investigated
experimentally [10]. The core diameter of the fiber was 2a=0.9 mm (fiber diameter was
b=1 mm). The refractive index of the core measured at the fiber axis was n1=1.522 and the
refractive index of the cladding was n2=1.492 (measured at λ=633 nm). For the GI POF under
investigation, the maximum principal mode number is M=656 (for λ=633 nm), g=1.80101 and
∆=(n1-n2)/n1=0.019711. The constant coupling coefficient for the investigated GI POF is D=1482
1/m [10], which we adopted in this work. One should note that assumption of constant coupling
coefficient for this GI POF led to the correct prediction of the output angular power distribution
[10] (constant coupling coefficient is commonly used in modeling GI POF, e.g. in Ref. [13]).
One can observe from Fig. 2, that except near m≈M, measured mode-dependent attenuation can
be assumed constant α(m,λ) ≡αc=0.0122 1/m. In the numerical calculations, a Gaussian beam
P(θ,z) is assumed to be launched with ⟨θ⟩=0° and standard deviation σθ=1.3° (FWHM=3.06°)
[10]. The bandwidth of the GI POF was evaluated by the time domain measurement method in
which the bandwidth was estimated by measuring the output pulse waveform. The optical signal
was injected through a single-mode fiber which was butt-coupled to the GI POF being tested and
aligned parallel to the fiber axis with controlled lateral displacement to the axis [10]. The output
pulse from the fiber was measured by a sampling optical oscilloscope (Hamamatsu Photonics Co.
C8188-03).

Figures 3 and 4 show the numerically calculated and measured bandwidth, respectively, for
five radial offsets ∆r=0, 100, 200, 300 and 400 µm at different fiber lengths. One can see that our
theoretical and experimental results for bandwidth are in good agreement. One can see from



Research Article Vol. 29, No. 19 / 13 Sep 2021 / Optics Express 29591

Fig. 2. Measured mode-dependent attenuation α(m) for GI POF.

Fig. 3. Numerically calculated bandwidth as a function of transmission length of GI POF
for a various radial offsets.

Fig. 4. Measured bandwidth as a function of transmission length of GI POF for a various
radial offset (lines are drawn to guide the eye).
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Figs. 3 and 4 that bandwidth decreases with increasing radial offset, which is a consequence of
larger modal dispersion in case of excitation of higher guided modes.

This decrease is more pronounced at short fiber lengths. At fiber length z≈30 m, which is
close to the experimentally obtained coupling length Lc = 31 m (Fig. 5) [10] at which an EMD is
achieved, this decrease becomes slower, indicating that strong mode coupling causes bandwidth
improvement in GI POFs. Thus, we obtain a bandwidth of around 4.6 GHz at a distance of 100
m, which leads to a bandwidth-length product of 0.46 GHz·km for radial offset of ∆r=0 µm
for the investigated GI POF. This bandwidth-length product is greater than a bandwidth-length
product of 0.156 GHz·km for GI POF investigated by Chun-Yu Lin et al. [2].

Fig. 5. Normalized output modal power distribution P(m) in SC GI POF over a range of
radial offsets ∆r, obtained from the measured angular power distributions P(θ), at different
fiber lengths (a) z=1 m, (b) z=5 m, (c) z=10 m, (d) z=20 m and (e) z=31 m [10].

One should note that Lc marks the length at which the distribution of the highest guiding mode
(excited by largest radial offset launch) becomes centrally located (Fig. 5(e)). The shorter the
length at which EMD is achieved, the earlier the bandwidth would switch from steep to slower
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bandwidth decrease. With further increase of fiber length, bandwidth becomes nearly independent
of the radial offset, indicating that a SSD is established. Finally, such a fiber characterization
can be applied to optimize fiber performance in POF links, particularly in in-home networks
[14]. This optimization can be performed by comparing a performance properties and numerical
simulation results of various GI POFs with different refractive index distributions (different
g), coupling coefficient D and attenuation αc. One should note that the proposed method for
investigating the bandwidth in multimode GI POF can be employed for any multimode optical
fiber with GI core distribution, such as silica optical fibers and plastic clad silica fibers.

4. Conclusion

By numerically solving the time-dependent power flow equation we calculated bandwidth for
various launch conditions (radial offsets) of multimode GI POF. We found that our theoretical and
experimental results are in good agreement, showing that bandwidth decreases with increasing
radial offset. This decrease is more pronounced at short fiber lengths. At coupling length Lc
at which an EMD is achieved, this decrease becomes slower, indicating a strong influence of
mode coupling on transmission in GI POFs. The shorter the length at which EMD is achieved,
the earlier the bandwidth would switch from steep to slower bandwidth decrease. With further
increase of fiber length, bandwidth becomes nearly independent of the radial offset, indicating
that a SSD is established. Thus, we obtain a bandwidth of around 4.6 GHz at a distance of 100 m
for radial offset of ∆r=0 µm for the investigated GI POF.
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b City University of Hong Kong, 83 Tat Chee Avenue, Hong Kong, China 
c Faculty of Science, University of Kosovska Mitrovica, Lole Ribara 29, Kosovska Mitrovica, Serbia   

A R T I C L E  I N F O   

Keywords: 
W-type plastic optical fiber 
Graded-index optical fiber 
Power flow equation 
Equilibrium mode distribution 

A B S T R A C T   

A method is proposed for investigation of transmission along a multimode W-type (doubly clad) plastic optical 
fiber (POF) with graded index (GI) distribution of the core. The multimode W-type GI POF is designed from a 
multimode singly clad (SC) GI POF fiber upon modification of the cladding layer of the latter. The transmission 
characteristics of such proposed W-type GI POF are determined from the numerical solution of the power flow 
equation. We have shown that coupling length Lc at which an equilibrium mode distribution (EMD) is achieved in 
W-type GI POF is shorter than this length experimentally determined for the original SC GI POF. This is a 
consequence of leaky mode losses which reduce the number of higher guided modes involved in the coupling 
process, thus reducing the length Lc. We have shown that the shorter the length Lc, the earlier the bandwidth 
switches from the functional dependence of 1/z to 1/z1/2. We found that bandwidth improves with thinner and 
shallower intermediate layers. Finally, the bandwidth of the W-type GI POF analyzed in this work is greater if 
compared to the bandwidth of the original SC GI POF.   

1. Introduction 

Data traffic demand in access and backbone networks has been 
increasing exponentially in the last three decades. Streaming trans-
missions and cloud computing have accelerated this growth. Further-
more, in view of the advances in both intelligent driving systems and 
multimedia services, this concept becomes a powerful approach for use 
in optical networking strategies for automobile communication systems. 
These systems are usually implemented using multimode POFs due to 
their ease of connection and robustness for tight bends. 

Transmission characteristics of POF are affected by mode coupling. 
Mode coupling occurs as a consequence of light scattering due to 
random anomalies in multimode optical fibers (various irregularities 
such as microscopic bends and refractive index fluctuations). They cause 
the change of the power distribution until an “equilibrium mode dis-
tribution” (EMD) is achieved at a distance called “coupling length” Lc 
down the fiber. The Lc marks the length at which the distribution of the 
highest guiding mode becomes centrally located. 

Multimode optical fibers are usually SC in terms of the number of 
functional cladding layers. A bandwidth and attenuation properties of 
SC fibers can be improved by special detection [1], modulation [2], 

equalization [3], and compensation of modal-dispersion [4]. Since a 
fiber design can significantly influence its transmission characteristics, a 
various step-index (SI), GI and W-type POFs (doubly clad fibers) have 
been proposed [5–7]. GI POFs exhibit far less modal dispersion than SI 
POFs due to their gradual decreasing of the refractive index of core with 
radial distance from the fiber axis [8]. Since waveguide dispersion is 
smaller in the W-type fiber than it is in the SC fiber [9], W-type fiber has 
a wider bandwidth and lower bending losses compared to a corre-
sponding SC fiber. The bandwidth-distance product of glass optical fi-
bers is ≈ 30 MHz⋅km for the SC variety and ≈ 50 MHz⋅km for the W-type. 
For POFs, these figures are ≈ 15 MHz⋅km for the SC and ≈ 200 MHz⋅km 
for the W-type fibers [5,7,10]. 

A W-type fiber’s intermediate layer (inner cladding) layer lowers 
dispersion, widens bandwidth and reduces the number of guided modes 
which are thus held tighter to the core [11,12]. Due to mode coupling 
optical power is transferred between modes [13], which reduces modal 
dispersion and improves fiber bandwidth [14]. Methods are needed for 
calculating modal attenuation and coupling to lossy modes of W-type 
fiber’s intermediate layer, and for optimizing the fiber’s refractive index 
profile in order to minimize the group delay difference between modes 
in the output field [10,15]. 
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In this work, we investigated how the length at which an EMD is 
achieved changes for various configurations of W-type POFs with GI 

distribution of the core. Results are compared to our experimental 
measurements for SC GI POF. 

2. Time-independent power flow equation 

The time-independent power flow for multimode GI fibers (Fig. 1a) is 
described by the following coupled-power equation [16]: 

∂P(m, λ, z)
∂z

= − α(m, λ)P(m, λ, z)+
1
m

∂
∂m

(

md(m, λ)
∂P(m, λ, z)

∂m

)

(1)  

where P(m, λ,z) is power in the m-th principal mode (modal group), z is 
the coordinate along the fiber axis from the input fiber end, d(m, λ) mode 
coupling coefficient which can be assumed constant D [17], α(m, λ) =
α0(λ)+αd(m, λ) is the modal attenuation, where α0 represents conven-
tional losses (absorption and scattering). The term α0 leads only to a 
multiplier exp(− α0z) in the solution and can be neglected. 

Consider a W-type GI fiber with index profile shown in Fig. 1b. The 
index profile of W-type optical fibers with GI distribution of the core 
may be expressed as: 

n(r, λ) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

n0(λ)
[
1 − Δq(λ)

(r
a

)g ]1/2
(0⩽r⩽a)

nq(a < r⩽a + δa)

np(a + δa < r⩽
b
2
)

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(2)  

where g is the core index exponent, a is the core radius, δa is the in-
termediate layer width, b is the fiber diameter, n0(λ) is the maximum 
index of the core (measured at the fiber axis), nq and np are refractive 
indices of the intermediate layer and cladding, respectively, Δq =

(n0 − nq)/n0 is the relative index difference between core and interme-
diate layer. The maximum principal mode number M(λ) can be obtained 
as [18]: 

M(λ) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

gΔq(λ)
g + 2

√

akn0(λ) (3)  

where k = 2π/λ is the free-space wave number. Gaussian launch-beam 
distribution P0(θ, λ, z = 0) can be transformed into P0(m,λ,z = 0) (one 
needs P0(m,λ,z = 0) to numerically solve the power flow equation (1)), 
using the following relationship [19]: 

m
M(λ)

=

[(r0

a

)g
+

θ2

2Δq(λ)

](g+2)/2g

(4)  

where r0 is radial distance (radial offset) between the launch beam po-
sition and the core center and θ is the propagation angle with respect to 
the core axis. 

The relative refractive index difference Δq = (n0 − nq)/n0 between 
the core and intermediate layer is larger than the difference Δp =

(n0 − np)/n0 between core and cladding. Modes propagating along with 
subcritical angles m < mq are guided. The same is true for those prop-
agating through the complete W-fiber with m below the critical value mp. 
However, modes with angles between mpand mq≡M are transformed 
into leaky modes [10]. Attenuation constants of leaky modes are given 
as:   

One can see from Equation (5) that for thick intermediate layer 
widths δ, the lower leaky modes are substantially guided because of the 
low leaky modes losses. In a SC GI fiber, experimental results show that 
attenuation remains constant throughout the guided-mode region 
(m ≤mp) and rises quite steeply in the radiation-mode region [20]. 
Consequently, the modal attenuation in a W-type GI POF can be 
expressed as: 

αd(m, λ) =

⎧
⎨

⎩

0 m⩽mp
αL(m, λ) mp < m < mq

∞ m⩾mq

(6) 

A W-type fiber can be regarded as a system consisting of SCq fiber and 
cladding. In the SCq fiber, modes m <mq can be guided. When the SCq 
fiber is coupled with surrounding medium of index np, the lower order 
modes m <mpremain guided, while the higher order modes m 
(mp < m < mq) are transformed into leaky modes. Because of the strong 
dependence of αL(m) on the intermediate layer width δa (Eq. (5)), it is 
expected that characteristics of a W-type GI fiber also depend on δa and 
coincide with those of SCp and SCq GI fibers in the limits of δ → 0 and 
δ→∞, respectively [10,21]. 

Using the explicit finite difference method (EFDM), discretization of 
equation (1) leads to:  

Fig. 1. Refractive index profile of a) SC GI POF and b) W-type GI POF.  

αL(m, λ) =
4
̅̅̅̅̅̅̅̅
2Δq

√
((

m
mq

) 2g
g+2

−

(
mp
mq

) 2g
g+2
)1/2

a
(

1 − 2Δq

(
m
mq

) 2g
g+2
)1/2

(
m
mq

) 2g
g+2
(

1 −

(
m
mq

) 2g
g+2
)

(

1 −
Δp
Δq

(
mp
mq

) 2g
g+2
) exp

[

− 2δan0k
(

2Δq

(

1 −

(
m
mq

) 2g
g+2
))1/2

]

(5)   
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where i and j refer to the discretization step lengths Δm and Δz for the 
mode m and length z, respectively. This is a simple formula for Pi,j+1 at 
the (i, j + 1)th mesh point in terms of the known values along the jth 

distance row. As first in the authors’ best knowledge, numerical solution 
(7) of the time-independent power flow equation (1) is reported in this 
work for investigation of the state of mode coupling along a W-type GI 
POF in terms of mode variable (m). 

3. Time-dependent power flow equation 

Time-dependent power flow equation for multimode optical fibers 
with GI core distribution is: 

∂P(m, λ, z,ω)

∂z
+ jωτ(m, λ)P(m, λ, z,ω) = − α(m, λ)P(m, λ, z,ω)

+
∂P(m, λ, z,ω)

∂m
∂d(m, λ)

∂m
+ d(m, λ)

1
m

∂P(m, λ, z,ω)
∂m

+ d(m, λ)
∂P2(m, λ, z,ω)

∂m2

(8)  

where P(m,λ,z,ω) is the power in the m-the principal mode (modal 
group), z is coordinate along the fiber axis from the input fiber end, 
α(m,λ) is the attenuation of the mode m (Eq. (6)), d(m,λ) is the coupling 
coefficient of the mode m, ω = 2πf is the baseband angular frequency, 
τ(m,λ)is delay time per unit length of mode m, which can be determined 
as:  

where c is the free-space velocity of light and: 

P(m, λ, z,ω) =

∫+∞

− ∞

P(m, λ, z, t)exp(− jωt)dt (10) 

It is apparent that P(m,λ,z,ω) is complex. By separating P into the real 
part Pr and imaginary part Pi, equation (8) can be rewritten as the 
following simultaneous partial differential equations: 

∂Pr

∂z
= − αPr +

∂d
∂m

∂Pr

∂m
+

d
m

∂Pr

∂m
+ d

∂2Pr

∂m2 +ωτPi (11)  

∂Pi

∂z
= − αPi +

∂d
∂m

∂Pi

∂m
+

d
m

∂Pi

∂m
+ d

∂2Pi

∂m2 − ωτPi (12)  

where P = Pr + jPi
.. Assuming a constant coupling coefficient d≡D, 

equations (11) and (12) can be written as: 

∂Pr

∂z
= − αPr +

D
m

∂Pr

∂m
+D

∂2Pr

∂m2 +ωτPi (13)  

∂Pi

∂z
= − αPi +

D
m

∂Pi

∂m
+D

∂2Pi

∂m2 − ωτPr (14) 

Using the EFDM, discretization of equations (13) and (14) leads to:  

where k and l refer to the discretization step lengths Δm and Δz for the 

mode m and length z, respectively, i.e. Pr
k,l ≡ Pr(mk, zl,ω) and Pi

k,l ≡

Pi(mk, zl,ω). 
If Pr and Pi are obtained by solving Eqs. (15) and (16), the trans-

mission characteristics can be calculated. Thus, the frequency response 
of fiber at length z is: 

H(λ, z,ω) =

∫M

1

2m[Pr(m, λ, z,ω) + jPi(m, λ, z,ω)]dm

∫M

1

2m[Pr(m, λ, z, 0) + jPi(m, λ, z, 0)]dm

(17)  

where the factor 2 m denotes degeneracy of modal group m. The fre-

quency responses for a given fiber can be obtained at a range of lengths 
providing information on the bandwidth dependence with distance. The 
modal power distribution PF(m, λ, z,ω) and the spatial transient of power 
PL(λ, z,ω)can be obtained by: 

PF(m, λ, z,ω) =
[
Pr(m, λ, z,ω)

2
+ Pi(m, λ, z,ω)2]1/2 (18)  

PL(λ, z,ω) = 2π
∫M

0

mPF(m, λ, z,ω)dm (19) 

This enable us to determine the relationship between the trans-
mission length and bandwidth in W-type GI POF. 

4. Numerical results and discussion 

In this paper we investigate the transmission characteristics of W- 

Pi,j+1 =

(
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(Δm)

2 −
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2 − αd(mi, λ)Δz

)
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(
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∂m
Δz

2Δm
+

d(mi, λ)Δz
2miΔm

+
d(mi, λ)Δz
(Δm)

2

)

Pi+1,j (7)   
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c

[

1 +
g − 2
g + 2

Δq(λ)
( m
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1
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]
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−
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kPi
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Pi
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type GI POF designed from the SC GI POF (Fig. 1a), which we experi-
mentally investigated in our recently reported work [17]. A W-shape 
refractive index model is used for the structure shown in Fig. 1b. The 
characteristics of SC GI POF (OM Giga, Fiber Fin™) were: The core 
diameter of the fiber was 2a = 0.9 mm (fiber diameter was b = 1 mm), 
the refractive index of the core measured at the fiber axis was n0 = 1.522 
and the refractive index of the intermediate layer (inner cladding) 
cladding was nq = 1.492. For the investigated SC GI POF, the maximum 
principal mode number is M = 656, g = 1.80101 and Δq =

(n0 − nq)/n0 = 0.019711. The W-type POF with GI distribution of the 
core is designed from this SC GI POF in such a way that the W-type GI 
POF’s inner cladding retains the distribution of the SC GI POF’s cladding 
while an outer cladding of the W-type POF with GI distribution of the 
core has a refractive index np which is higher than refractive index nq of 
the inner cladding (Fig. 1b). The three values of the refractive index of 
the outer cladding np were used in the modeling: np = 1.51366 
(mp = 346), np = 1.51065 (mp = 404) and np = 1.50718 (mp = 461). The 
normalized intermediate layer widths δ = 0.001, δ = 0.002 and 
δ = 0.003 were employed (actual width is δ⋅a mm). The maximum 
principal mode number in such designed W-type GI POFs is the same as 
in the investigated SC GI POF (M≡mq = 656). The constant coupling 
coefficient d(m, λ)≡D = 1482 1/m and wavelength λ = 633 nm were 
used in the calculations [17]. 

Using the time-independent power flow equation, we calculated the 
length Lc, at which the EMD is achieved in W-type GI POF. As illustra-
tion, Fig. 2 shows the output angular power distribution in W-type GI 
POF with the width of the intermediate layer δ = 0.003 and 

np = 1.50718, obtained by numerical solving the time-independent 
power flow equation (1). In the numerical calculations, a Gaussian 
beam P(θ,z) is assumed to be launched with〈θ〉 = 0◦ and standard devi-
ation σθ = 1.3◦ ((FWHM)z = 0 = 3.06◦). This standard deviation describes 
the width of the launched beam measured at the end of a single-mode 
optical fiber which was butt-coupled to the SC GI POF investigated in 
our previous experimental work [17]. Results are shown for five 
different radial offsets Δr = 0, 100, 200, 300 and 400 µm. Fig. 3 shows 
the normalized experimental output modal power distributions P(m,λ,z) 
obtained in SC GI POF [17]. One can see from Fig. 2 that with increasing 
the fiber length, the EMD is first achieved in W-type GI POF for δ = 0.001 
at fiber length Lc = 17.7 m, then for δ = 0.002 at fiber length Lc = 18.5 m, 
and finally for δ = 0.003 at fiber length Lc = 19.9 m (Table 1). For 
comparison, the EMD in SC GI POF us achieved at Lc = 31 m (Fig. 3). In 
the case of W-type GI POF fibers the number of higher guided modes 
involved in the coupling process is reduced, thus reducing the length Lc. 
With increasing the width of the inner cladding, leaky mode losses 
decrease (number of guided modes increases), which results in the 
longest length Lc in the case δ = 0.003. With decreasing the refractive 
index np, the length Lc increases for three different widths of the inner 
cladding (Table 1). The influence of the width of the intermediate layer δ 
on leaky mode losses is more pronounced than the influence of np, which 
leads to a stronger influence of δ on the length Lc. 

One can see from Fig. 4 that bandwidth decreases linearly for short 
lengths and switches later to the 1/z1/2 functional dependence, thus the 
shorter the length Lc, a slower bandwidth decrease occurs. This switch, 
and therefore EMD, occurs at shorter fiber lengths for the thinner 

Fig. 2. Calculated output modal power distribution P(m) in W-type GI POF with δ = 0.003, np = 1.50718, over a range of radial offsets Δr, at fiber lengths a) 
z = 0.1 m, b) z = 5 m, c) z = 15 m and d) z = 19.9 m. for Gaussian launch beam distribution with 〈θ〉 = 0◦ and (FWHM)z = 0 = 3.06◦. 
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intermediate-layers. Bandwidth improves as the depth of the interme-
diate layer is reduced because fewer leaky modes then persist along the 
fiber and dispersion lessens. The smaller the depth of the intermediate 
layer, the shorter the fiber length for complete coupling. This decrease is 
more pronounced for thinner intermediate layers (smaller δ) due to their 
higher leaky mode loss that shortens the coupling length further 
(Table 1). In conclusion, the bandwidth of the W-type GI POF analyzed 
in this work is greater if compared to the bandwidth of the original SC GI 
POF [22]. 

Fig. 3. Normalized output modal power distribution P(m) in SC GI POF over a range of radial offsets Δr, obtained from the measured angular power distributions P 
(θ), at different fiber lengths (a) z = 1 m, (b) z = 5 m, (c) z = 10 m, (d) z = 20 m and (e) z = 31 m [17]. 

Table 1 
Coupling length Lc at which the EMD is achieved in W-type GI POF with different 
widths of the intermediate layer δ and refractive index of the cladding np.   

Lc [m] 

np = 1.51366 np = 1.51065 np = 1.50718 

δ = 0.001 10.4 13.8 17.7 
δ = 0.002 11.8 14.9 18.5 
δ = 0.003 14.4 16.9 19.9  
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5. Conclusion 

We proposed a method for investigation of transmission along a 
multimode W-type GI POF wich is designed from a multimode SC GI POF 
upon modification of its cladding layer. We have shown that the 
coupling length Lc of the W-type GI POF is shorter than Lc experimentally 
determined for the original SC GI POF. This is a consequence of leaky 
mode losses which reduce the number of higher guided modes involved 
in the coupling process, thus reducing the length Lc. We have shown that 
the shorter the length Lc, the earlier the bandwidth switches from the 

functional dependence of 1/z to 1/z1/2. We found that bandwidth im-
proves with thinner and shallower intermediate layers. Finally, the 
bandwidth of the W-type GI POF analyzed in this work is greater if 
compared to the bandwidth of the original SC GI POF [22]. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The work described in this paper was supported by the Strategic 
Research Grant of City University of Hong Kong (Project No. CityU 
7004600) and by a grant from Serbian Ministry of Education, Science 
and Technological Development (Agreement No. 451-03-68/2020-14/ 
200122). 

References 

[1] K.M. Patel, S.E. Ralph, Enhanced multimode fiber link performance using a 
spatially resolved receiver, IEEE Photon. Technol. Lett. 14 (2002) 393–395. 

[2] E.J. Tyler, M. Webster, R.V. Penty, I.H. White, S. Yu, J. Rorison, Subcarrier 
modulated transmission of 2.5 Gb/s over 300 m of 62.5-μm-core diameter 
multimode fiber, IEEE Photon. Technol. Lett. 14 (2002) 1743–1745. 

[3] X. Zhao, F.S. Choa, Demonstration of 10 Gb/s transmission over 1.5-km-long 
multimode fiber using equalization techniques, IEEE Photon. Technol. Lett. 14 
(2002) 1187–1189. 

[4] J.S. Abbott, G.E. Smith, C.M. Truesdale, Multimode fiber link dispersion 
compensator, U.S. Patent 6 363 195, 2002. 

[5] T. Yamashita, M. Kagami, Fabrication of light-induced self-written waveguides 
with a W-shaped refractive index profile, J. Lightwave Technol. 23 (2005) 
2542–2548. 

[6] M. Asai, Y. Inuzuka, K. Koike, S. Takahashi, Y. Koike, High-bandwidth graded- 
index plastic optical fiber with low-attenuation, high-bending ability, and high- 
thermal stability for home-networks, J. Lightvawe Technol. 29 (2011) 1620–1626. 

[7] K. Mikoshiba, H. Kajioka, Transmission characteristics of multimode W-type 
optical fiber: experimental study of the effect of the intermediate layer, Appl. Opt. 
17 (1978) 2836–2841. 

[8] Y. Koike, K. Koike, Progress in low-loss and high-bandwidth plastic optical fibers, 
J. Polym. Sci. B 49 (2011) 2–17. 

[9] K. Takahashi, T. Ishigure, Y. Koike, Index profile design for high-bandwidth W- 
shaped plastic optical fiber, J. Lightwave Technol. 24 (2006) 2867–2876. 

[10] T. Tanaka, S. Yamada, M. Sumi, K. Mikoshiba, Microbending losses of doubly clad 
(W-type) optical fibers, Appl. Opt. 18 (1977) 2391–2394. 

[11] V. Rastogi Babita, A. Kumar, Design of large-mode-area three layered fiber 
structure for femtosecond laser pulse delivery, Opt. Commun. 293 (2013) 108–112. 
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Power Flow in Graded-Index Plastic Optical Fibers
Svetislav Savović , Ana Simović, Branko Drljača, Alexandar Djordjevich, Grzegorz Stepniak ,

Christian Alexander Bunge, and Jovan Bajić

Abstract—A method is proposed for predicting the evolution of
the power distribution along graded-index plastic optical fibers.
This method is verified against our recently reported measure-
ments. The strong influence of mode coupling on the power dis-
tribution is demonstrated on a specific graded-index plastic fiber
to illustrate the influence of mode coupling in applications, such as
data transmission, power delivery, and sensing systems.

Index Terms—Equilibrium mode distribution, graded-index op-
tical fiber, mode coupling, power flow equation.

I. INTRODUCTION

P LASTIC optical fibers (POFs) are often used in local area
networks (LANs), sensors, power delivery systems, and

light-transmission guides (such as endoscopes or entertainment
applications). Multimode POFs have large numerical aperture
which simplifies coupling of light. Compared to their glass
counterparts, POFs offer a low-cost installation alternative with
low-precision plastic components without precision couplers;
POFs also tend to cost less to produce and are easier to handle.
Their flexibility is especially useful when installing them in tight
spaces such as in homes, offices or vehicles. Step-index (SI)
POFs have large modal dispersion and low bandwidth-length
product. Graded index (GI) POFs exhibit far less modal disper-
sion than SI POFs. This is due to their gradual, usually parabolic,
decreasing of the refractive index of core with radial distance
from the fiber axis. Thus, a bandwidth of 40 Gbps for a 100-m
GI POF has been reported [1].
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S. Savović is with the Faculty of Science, University of Kragujevac, 34000
Kragujevac, Serbia, and also with the City University of Hong Kong, Kowloon,
Hong Kong (e-mail: savovic@kg.ac.rs).
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Propagation characteristics of GI POFs are influenced by dif-
ferential mode attenuation, mode coupling and modal dispersion
[2]–[7]. Inoue et al. [8] have investigated the influence of mode
coupling on bandwidth of GI POFs, both experimentally and
numerically by solving the coupled power equation. Noda and
Koike have enhanced bandwidth of GI POFs by controlling
differential mode attenuation [9]. Sato et al. [10] investigated
the influence of temperature of GI POFs on refractive index
distribution, modal attenuation and bandwidth. Tsekrekos et al.
[11] have investigated selective excitation of GI POFs for mode
group diversity multiplexing. Tsekrekos et al. [12] also investi-
gated near-field intensity patterns at the output of silica-based
graded-index multimode fibers under selective excitation with
a single-mode fiber and mode-selective spatial filtering for in-
creased robustness in a mode group diversity multiplexing link
[13]. The temporal stability of transparent mode group diversity
multiplexing links employing GI silica optical fibers is experi-
mentally investigated [14]. S. Schöllmann et al. [15] realized the
transmission of 10.7 Gb/s over 300 m GI-MMF using a 2 × 2
MIMO system based on mode group diversity multiplexing. C.
Schöllmann et al. [16] also experimentally investigated the mode
group diversity multiplexing on multimode fiber. J. Siuzdak
et al. [17] investigated a 2 and 3 channel mode group diversity
multiplexing transmission over graded and step index multimode
fibers.

GI POF performance is strongly affected by mode coupling.
Mode coupling is mainly caused by scattering of light that trans-
fers power from one mode to another due to random anomalies in
multimode optical fibers. These effects can be attributed to var-
ious irregularities such as microscopic bends, voids and cracks,
diameter variation, and density and refractive index fluctuations.
They cause the power distribution to evolve with distance from
the input fiber-end until an “equilibrium mode distribution”
(EMD) results some distance called “coupling length” Lc down
the fiber. Beyond Lc, the distribution of light is centrally located
and the coupling process is substantially complete for practical
purposes.

Since GI POFs are primarily used within short distances (few
tens of meters) and only rarely at distances longer than 100 m,
it is important to characterize mode coupling in GI POFs as a
function of fiber length for various launching conditions (radial
offset and tilt angle). It is thus of interest to propose an effective
method for predicting the evolution of the power distribution
with fiber length and determining that particular length at which
the EMD is achieved. In this article, we investigate mode cou-
pling in GI POF by the time-independent power flow equation.
Results are compared to our experimental measurements [18]. In
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Fig. 1. Normalized output angular power distribution P(θ, z) over a range of radial offsets Δr measured at different fiber lengths: (a) z = 1 m, (b) z = 5 m,
(c) z = 10 m, (d) z = 20 m, and (e) z = 31 m [18].

fact, the simulated far field patterns are compared to measured
far field patterns, which discriminates this approach from the
approaches that have been reported in the literature.

II. TIME-INDEPENDENT POWER FLOW EQUATION

FOR GI OPTICAL FIBER

The index profile of GI optical fibers may be expressed as:

n(r, λ) =

⎧
⎪⎨

⎪⎩

n1(λ)
[
1− 2Δ(λ)

( r

a

)g]1/2
(0 ≤ r ≤ a)

n1(λ) (1− 2Δ(λ))1/2 = n2 (λ) (r > a)
(1)

where g is the core index exponent, a is the core radius, n1(λ) is
the maximum index of the core (measured at the fiber axis), n2(λ)
is the index of the cladding and Δ = [n1(λ)− n2(λ)]/n1(λ) is
the relative index difference. The optimum value of the core
index exponent g to obtain maximum bandwidth depends on the
wavelength λ (in free-space) of the source [19].

Time-independent power flow equation for GI optical fiber is
[20]–[22]:

∂P (m, λ, z)

∂z
=

D

m

∂P (m, λ, z)

∂m
+D

∂P 2(m, λ, z)

∂m2
(2)

where P(m, λ, z) is power in the m-th principal mode (modal
group), z is the coordinate along the fiber axis from the input
fiber end, D is a constant mode coupling coefficient [22]. The
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Fig. 2. Normalized output modal power distribution P(m, λ, z) over a range of radial offsets Δr, obtained from the measured angular power distributions P(θ, z)
(Fig. 1) using equation (6), at different fiber lengths: (a) z = 1 m, (b) z = 5 m, (c) z = 10 m, (d) z = 20 m, and (e) z = 31 m.

maximum principal mode number M(λ) can be obtained as [20],
[21]:

M(λ) =

√

gΔ(λ)

g + 2
akn1(λ) (3)

where k = 2π/λ.
Using the explicit finite difference method (EFDM), dis-

cretization of equation (2) leads to [23]:

Pi,j+1 =

(
DΔz

(Δm)2
− DΔz

2miΔm

)

Pi−1,j+

(

1− 2DΔz

(Δm)2

)

Pi,j

+

(
DΔz

2miΔm
+

DΔz

(Δm)2

)

Pi+1,j (4)

where i and j refer to the discretization step lengths Δm and
Δz for the mode m and length z, respectively. This is a simple
formula for Pi,j+1 at the (i, j + 1)th mesh point in terms of the
known values along the jth distance row. As first in the authors’
best knowledge, numerical solution (4) of the time-independent
power flow equation (2) is reported in this work for investigation
of the state of mode coupling along a graded-index plastic optical
fiber in terms of mode variable (m).

III. RESULTS

We applied our method to the GI POF (OM Giga, Fiber Fin),
which we previously investigated experimentally [18]. The core
diameter of the fiber was 0.9 mm (fiber diameter was 1 mm). The
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Fig. 3. Normalized output modal power distribution P(m, λ, z) over a range of radial offsets Δr obtained by solving numerically the time-independent power
flow equation (2) at different fiber lengths (a) z = 1 m, (b) z = 5 m, (c) z = 10 m, (d) z = 20 m and (e) z = 31 m.

refractive index of the core measured at the fiber axis was n1 =
1.522 and the refractive index of the cladding was n2 = 1.492. A
single-mode fiber was butt-coupled to the GI POF being tested
and aligned parallel to the fiber axis with controlled lateral
displacement to the axis. A HeNe laser operating at 633 nm
with output power of 10 mW was used as the light source.
The resulting spot size of the excitation was about 8 μm in
diameter. With increasing radial offset Δr, higher-order mode
groups were excited. The relation between the radial offset Δr
and the principal mode m excited at the input fiber end is [24]:

m

M
=

[(
Δr

a

)g

+
θ2

2Δ

](g+2)/2g

(5)

For the GI POF under investigation, the maximum prin-
cipal mode number is M = 656, g = 1.80101 and Δ =

(n1 − n2)/n1 = 0.019711. The output modal power distribu-
tion P(m, λ, z) is obtained from the modified far-field measure-
ments (P(θ, z)) that were based on spatial filtering with a pin
hole according to [24]. However, whereas the near field in [24]
was projected on the pinhole using a confocal double-lens setup,
we used a pinhole of appropriate size directly on the fiber end
facet. The pin hole with radius Rph = 50 μm was placed around
the fiber axis as close as possible to the end face of the GI POF.
The output modal power distribution P(m, λ, z) is obtained from
the output angular power distribution P(θ, z) using the following
relation [21], [24]:

m

M
≈

[
θ2

2Δ

](g+2)/2g

(6)

Fig. 1 shows the normalized experimental output angular
power distributions P(θ, z) for five radial offsets Δr = 0, 100,
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200, 300 and 400 μm at different fiber lengths [18]. Fig. 2 shows
the normalized output modal power distributions P(m, λ, z)
obtained from the measured output angular power distributions
P(θ, z) using equation (6).

In order to apply numerical solution (4) of the time-
independent power flow equation (2), the coupling coefficient D
for the fiber has to be known. It is obtained using the following
relation [22]:

D =
σ2
z2

− σ2
z1

2(z2 − z1)
(7)

whereσ2
z1

and σ2
z2

are variances of the modal power distribution
P(m, λ, z1) and P(m, λ, z2) measured at the fiber lengths z1 > 0
and z2 > 0, respectively (z2 > z1), for launch beam without
radial offset (Δr = 0). We used the two standard deviations of
σz2 = 111 and σz1 = 262 which characterize the modal power
distributions at fiber lengths z = 1 m and z = 20 m, respectively
(Fig. 2). Introducing these values into equation (7), we have
obtained the coupling coefficient of D = 1482 1/m. It is worth
noting that the coupling coefficient D obtained using equation (7)
takes into account all random anomalies in the optical fiber (such
as microscopic bends, voids and cracks, diameter variation, and
density and refractive index fluctuations). This is in contrast to
the method for determining the coupling coefficient D used by
Inoue et al. [8], which takes into account only microbending-
induced coupling.

We used the step lengths of Δm = 1 and Δz = 0.00001 m
in order to achieve the stability of our finite-difference scheme
(4) for GI POF. The smaller step length Δz = 0.00001 m for
GI POF if compared to Δz = 0.0001 m (where Δθ = 0.05° is
used) for SI POF [23], is due to much larger coupling coefficient
for the analyzed GI POF (D = 1482 1/m) if compared to the SI
POFs (D ≈ 10−4 rad2/m) [23], [25]. This leads to the finer mesh
and therefore to a larger CPU time for numerical calculations in
the case of GI POFs.

Fig. 3 shows the evolution of the normalized output modal
power distribution P(m, λ, z) with fiber length. In the numerical
calculations, a Gaussian beam P(θ, z) is assumed to be launched
with 〈θ〉= 0° and standard deviation σθ = 1.3° in equation (5).
This standard deviation describes the width of the launched beam
measured at the end of a single-mode optical fiber which was
butt-coupled to the GI POF being tested. Results are shown for
five different radial offsets Δr = 0, 100, 200, 300 and 400 μm.
A good agreement is apparent between the results in Fig. 3 and
measurements shown in Fig. 2. Modal power distributions in
short fibers indicate that the coupling is stronger for low-order
modes (their modal distributions have already shifted towards
m = 0). As a result of redistribution of the optical power from
lower to higher order modes during propagation, the coupling
of higher-order modes can be observed only after longer fiber
lengths. Power distributions of all modes have shifted their mid-
points to zero (m= 0) at the coupling length ofLc = 31 m (from
their initial values at the input fiber end), resulting in the EMD,
Fig. 3(d). It is worth noting that coupling length of ≈100 m
is reported for GI POF investigated by Inoue et al. [8]. The
coupling length in SI POFs is typically between 14 and 34 m
[25]. One can conclude that strong mode coupling characterizes

both SI and GI POFs, which is attributed to their strong intrinsic
perturbation effects. In contrast, silica optical fibers have much
weaker intrinsic perturbation effects and their coupling lengths
could be a few kilometers long [26].

Finally, the method proposed for predicting the evolution of
the power distribution along GI POFs can also be employed in
GI fibers where the number of modes is not excessive, e.g., GI
glass optical fibers with small core size (2a = 51 μm) [20] and
Perfluorinated GI POFs with smaller core size (2a = 50 μm,
62.5 μm, 120 μm).

IV. CONCLUSION

A numerical solution is reported of the time-independent
power flow equation employed to investigate the state of mode
coupling along a plastic optical fiber with graded refractive
index profile in the core. Numerical results have been compared
with our previously reported measurements [18]. These results
confirm the experimental observation that the coupling length
for achieving the equilibrium mode distribution is short in these
fibers due to a strong mode coupling process. Such strong
coupling is attributed to the strong intrinsic perturbation effects
in the fiber.

The experimental verification has demonstrated that the nu-
merical solution of the time-independent power flow equation
predicts accurately the evolution of the optical power along the
graded-index fiber. Since these fibers are often used for short
distances (up to a few tens of meters), such a fiber character-
ization is important for its employment in data transmission,
power delivery, sensing and other systems that may be affected
by change in the input power quality.
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H I G H L I G H T S

• We propose a multimode W type plastic optical fiber (POF).

• For different widths of the inner cladding and refractive index of the outer cladding, the bandwidth is determined.

• Bandwidth of W type POF is significantly higher than the bandwidth of the original singly clad POF.

• The bandwidth of W type plastic optical fiber is enhanced by reducing the width of its inner cladding.
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A B S T R A C T

We propose a multimode W type (doubly clad) plastic optical fiber which takes the characteristic W-shaped
index profile designed from a multimode singly clad step index plastic optical fiber upon modification of the
cladding layer of the latter. For different widths of the inner cladding and refractive index of the outer cladding,
the bandwidth and steady-state loss are determined for such W type plastic optical fiber. We have shown that
bandwidth of W type plastic optical fiber is significantly higher than the bandwidth of the original singly clad
step index plastic optical fiber. The bandwidth of W type plastic optical fiber is mostly enhanced by reducing the
width of its inner cladding.

1. Introduction

Recently, the requirement for high-bandwidth that has been
achieved with optical communications technology has rapidly ex-
panded to datacoms applications in both office and home area net-
works. Furthermore, in view of the advances in both intelligent driving
systems and multimedia services, this concept becomes a powerful
approach for use in optical networking strategies for automobile com-
munication systems. These systems are usually implemented using
multimode plastic optical fibers (POFs), which have large cores and
high numerical apertures (NAs) due to their ease of connection and
robustness for tight bends.

Multimode optical fibers are usually singly clad (SC) in terms of the
number of functional cladding layers. A various techniques have been
proposed for improving bandwidth and attenuation properties of these
fibers, such as special detection [1], modulation [2], equalization [3],
and compensation of modal-dispersion [4]. The analysis and design of
refractive index profile of multimode fiber with a view of advancing

fiber transmission characteristics have attracted a much attention in the
last few decades. A variety of designs of step-index (SI), graded index
(GI) and W type fibers (doubly clad fibers) has been proposed either for
a long-distance communication links or high capacity local area net-
works [5–7]. It has been shown that waveguide dispersion is smaller in
the W type fiber than it is in the singly-clad (SC) fiber [8]. W type fiber
has a wider bandwidth and lower bending losses compared to a cor-
responding SC fiber. For glass optical fibers, the bandwidth-distance
product is typically around 30MHz·km for the SC variety and around
50MHz·km for the W type. For POFs, these figures would typically be
15MHz·km for the SC and 200MHz·km for the W type fibers [5,7,9].

A W type fiber has an intermediate layer between its outer cladding
and core. This layer lowers dispersion, widens bandwidth and reduces
the number of guided modes. It achieves this by lowering the fiber’s
effective numerical aperture by reducing the number of guided modes –
guided modes are thus held tighter to the core [10].

In general, due to mode coupling optical power is transferred be-
tween modes [11]. This reduces modal dispersion and improves fiber
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bandwidth [12]. Methods are needed for calculating modal attenuation,
dispersion, and coupling to lossy modes of W type fiber’s intermediate
layer, and for optimizing the fiber’s refractive index profile in order to
minimize the group delay difference between modes in the output field
[9,13].

The bandwidth enhancement of W type POFs in respect to the GI
POFs has been reported by Ishigure et al. [14]. In this work, we in-
vestigated how the bandwidth can be enhanced for variously config-
ured W type POFs with SI distribution of the fiber core, in the terms of
depth and width of the fiber’s intermediate layer. The W type POFs
proposed in this work has a simpler refractive index distribution of the
fiber core if compared to the W type plastic optical fiber with GI dis-
tribution of the fiber core proposed by Ishigure et al. [14].

2. Time independent and time-dependent power flow equation

In multimode fibers, the guided modes with the same principal
mode number can be treated as one mode group. Coupling was said to
occur mainly between neighboring modes because the coupling
strength decreases fast with the mode spacing [11]. For mode coupling
between neighboring mode groups, the power flow can be represented
by the Gloge’s time independent coupled-power equation [11]:

∂
∂

= − + ∂
∂

⎡
⎣

∂
∂

⎤
⎦

P θ z
z

α θ P θ z
θ θ

θD θ P θ z
θ

( , ) ( ) ( , ) 1 ( ) ( , )
(1)

where P θ z( , ) is the angular power distribution at distance z from the
input end of the fiber, θ is the propagation angle with respect to the
core axis, D θ( ) is the coupling coefficient, and = +α θ α α θ( ) ( )d0 is the
modal attenuation – where α0 represents conventional losses (absorp-
tion and scattering) and is neglected as it features only as a multiplier
exp(−α0z) in the solution that is normalized. By solving Eq. (1) one can
obtain an output angular power distribution at any fiber length and
launch beam distribution. In practice Eq. (1) is solved up to the fiber
length zs at which a steady state distribution (SSD) is established in the
fiber. SSD indicates the completion of the mode coupling process and
the independence of the output light distribution from launch condi-
tions.

In order to calculate the bandwidth of optical fiber, we solved the
time-dependent power flow equation, which is in the form [12]:
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where p θ z t( , , ) is the angular power distribution at distance z and time
t ; τ θ( ) is modal delay per unit length. The time dependent power flow
Eq. (2) has been commonly employed for obtaining the bandwidth in SI
and W type fibers [12,15–17]. The same form of equation, in which
mode group number “m” replaces a variable θ, has been used for ob-
taining the bandwidth in GI optical fibers [18]. The finite element
method and implicit finite difference method in frequency domain [19],
as well as a multimode fiber link model [20] can also be employed in
calculating the fiber bandwidth. We find that approach presented in
this manuscript is one of the simplest and most effective in calculating
the fiber bandwidth. In order to obtain the frequency response in the
frequency domain, the Fourier transformation of Eq. (2) becomes:
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where =ω πf2 is the angular frequency, and

∫= −
−∞

+∞

P θ z ω p θ z t jωt dt( , , ) ( , , ) exp( )
(4)

The boundary conditions are:
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=
=
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It is apparent that P θ z ω( , , ) is complex. By separating P θ z ω( , , )
into the real part P θ z ω( , , )r and imaginary part P θ z ω( , , )i and assuming
a constant coupling coefficient D [7,21,22], Eq. (2) can be rewritten as
the following simultaneous partial differential equations:
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and

∂
∂

= − + ∂
∂

+ ∂
∂

−

P θ z ω
z

α θ P θ z ω D
θ

P θ z ω
θ

D P θ z ω
θ

ωτP θ z ω

( , , ) ( ) ( , , ) ( , , ) ( , , )

( , , )

i
i

i i

r

2

2

(6b)

where

= +P θ z ω P θ z ω jP θ z ω( , , ) ( , , ) ( , , )r i (7)

We solved two simultaneous Eqs. (6) by the explicit finite difference
method. It is worth noting that the simplifying assumption of constant
coupling coefficient D, which is independent of the propagation angle,
in SI POFs has been commonly used by many authors [12,23–25]. In
our previous work [26] we have shown that modeling mode coupling in
SI POFs assuming a constant coupling coefficient D can be used instead
of the more complicated approach with angle-dependent coupling
coefficient.

If P θ z ω( , , )r and P θ z ω( , , )i are obtained by solving Eq. (6), the
transmission characteristics can be calculated. Thus the frequency re-
sponse H z ω( , ) at distance z from the input end of the fiber is:

∫

∫
=

+

+
H z ω

π θ P θ z ω jP θ z ω dθ

π θ P θ ω jP θ ω dθ
( , )

2 [ ( , , ) ( , , )]

2 [ ( , 0, ) ( , 0, )]

θ

r i

θ

r i

0

0

m

m

(8)

The modal power distribution P θ z ω( , , )F and the spatial transient of
power P z ω( , )L can be obtained by:

= +P θ z ω P θ z ω P θ z ω( , , ) [ ( , , ) ( , , ) ]F r i
2 2 1/2 (9)
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The doubly clad (W type) fiber transforms into a singly clad one by
allowing the thickness of the intermediate layer (δa in Fig. 1) to either
vanish or expand to fiber thickness. In the vanishing case, the core and
the outer layer comprise the “SCp” fiber. In the other case, the core and
the intermediate layer as the only cladding form the “SCq” fiber. A W
type fiber with index profile shown in Fig. 1b can be viewed as the SCq

fiber and an additional cladding. Modes propagating along the SCq fiber
with subcritical angles θ < θq ( ≅θ (2Δ )q q

1/2), where = −n n nΔ ( )/q q0 0,
are guided. The same is true for those propagating through the com-
plete W-fiber with angles θ below the critical value θp for the SCp fiber,
that has only the outer cladding of the W type fiber (and lacks the in-
termediate layer), ≅θ (2Δ )p p

1/2, where = −n n nΔ ( )/p 0 p 0. However,
modes with angles between θp and θq are transformed into leaky modes.
Hence [27],
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where =k π λ2 /0 is the free-space wave number, a is core radius and δa
intermediate layer (inner cladding) width. In an SC fiber, experimental
results show that attenuation remains constant throughout the guided-
mode region and rises quite steeply in the radiation-mode region [23].
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Consequently, the modal attenuation in a W type fiber can be expressed
as:
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Modal delay is expressed in terms of θ by:
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where c is the light velocity in free space. The first term τ0 is common to
all modes. It is the difference in group delay that determines the
bandwidth. Therefore, only τ θ( )d is to be considered in the calculations.
The bandwidth of a fiber determines the maximum transmission data
rate and it is determined by the frequency response H(z, ω):

= =P z ω H z ω P z ω( , ) ( , ) )( 0, )L out L in( ) ( ) (14)

The frequency response defines the bandwidth (−3 dB bandwidth)
of the optical fiber as the frequency at which H(z, ω) is reduced to half
the DC value, that is when it is reduced by 3 dB. In our knowledge for
the first time, we determined the bandwidth of the W type POF by
numerical solving the time-dependent power flow equation.

3. Numerical results

In this paper we investigate the transmission characteristics of W
type POF which is designed from the SC POF (PGU-CD1001-22E) ex-
perimentally investigated by Mateo et al. [15]. A W-shape refractive
index model is used for the structure shown in Fig. 1b. The character-
istics of SC POF (Fig. 1a) were: core refractive index n0= 1.492,
cladding refractive index nq=1.4057, critical angle (measured inside
the fiber) θc=19.6°, core diameter d=0.98mm, and fiber diameter
b=1mm. The W type POF is designed from this SC POF in such a way
that the W type POF’s inner cladding retains the refractive index nq of
the SC POF’s cladding while an outer cladding of the W type POF has a

refractive index np which is higher than refractive index nq of the inner
cladding (Fig. 1b). The three values of the refractive index of the outer
cladding np were used in the modeling: np=1.4775, 1.4693, 1.4591,
corresponding to the critical angles θp =8°, 10°, 12°, respectively. The
normalized intermediate layer widths δ=0.001, δ=0.002 and
δ=0.003 were employed (actual width is δ·a mm). The coupling
coefficient = × −D 3.5 10 rad /m4 2 and wavelength λ=650 nm were
used in the calculations [28]. In the calculations, the launch beam
distribution was in the Gaussian form with a FWHM=7.5°.

Using the time-independent power flow equation, we calculated the
length zs, at which the SSD is achieved in W type POF and SC POF. The
main difference between modeling the SC type and W POF is the ex-
istence of leaky modes in the latter, which propagate between angles θp
and θq. Fig. 2 shows the output angular power distribution in SC POF
and three different W type POFs with the widths of the intermediate
layer δ=0.001, δ=0.002 and δ=0.003. One can see that at short
fiber length (Fig. 2a), the output angular power distribution is almost
the same in the SC POF and W type POFs. With increasing the fiber
length, the SSD is first achieved in W type POF with δ=0.001 at fiber
length zs=15m, δ=0.002 at fiber length zs=35m, then in W type
POF with δ=0.003 at zs=58m, and finally in SC POF at zs=75m. In
the case of W type POF fibers, appearance of leaky mode losses reduces
the number of higher modes involved in the coupling process, thus
reducing the length zs. Leaky mode losses decrease with increasing the
width of intermediate layer, which results in a longest length zs in the
case δ=0.003. With increasing the critical angle θp (decreasing the
refractive index np) the length zs slightly increases for three different
widths of the inner cladding (Table 1). The change of the critical angle
θp affects the lower leaky modes but not the highest leaky modes that
have a larger impact on the length zs. The influence of the width of the
inner cladding δ on leaky mode losses is more pronounced than the
influence of critical angle θp, which leads to a stronger influence of δ on
the length zs.

Our numerical solution of the time-dependent power flow equation
is illustrated in Fig. 3 which shows the transmission length dependence
of the bandwidth for W type POF for δ=0.001, 0.002 and 0.003, and
np=1.4775, 1.4693, 1.4591, with corresponding critical anglesθp =8°,
10° and 12°, respectively, for Gaussian launch beam distribution with
FWHM=7.5°. From Fig. 3 one can also compare the bandwidth for two
samples of the SC POF obtained experimentally by Mateo et al. [15] and
our numerical results. A good agreement between experimental results
[15] and our numerical results is seen. It can be seen that the band-
width of W type POF is higher compared to the bandwidth of SC POF.
This is explained by the leaky mode losses in the case of W type POF,
which reduce the number of higher modes which remain guided along
the fiber, thus decreasing the modal dispersion and increasing the
bandwidth. The bandwidth is highest for the narrowest inner cladding
(δ=0.001), because of larger leaky mode losses compared to the case
of δ=0.002 and 0.003. With increasing the refractive index of the
outer cladding np (decreasing the critical angle θp), there is an increase
in leaky mode losses, which results in the highest values of the band-
width in the case of δ=0.001. The influence of np (critical angle θp) on
the bandwidth is negligible in the case of δ=0.003, due to the low
influence of critical angle θp on the leaky mode losses. It can be seen
from Fig. 3 that the improvement of the bandwidth of W type POF is
more pronounced at longer fiber lengths. Since a narrow launch beam
distribution is assumed in the calculations, only guided modes are ex-
cited at the input fiber length. Therefore the role of leaky modes is of
less significance at short fiber lengths. Due to mode coupling, more
leaky modes are filtered out at longer fiber lengths, leading to the
significant improving of the W type POF’s bandwidth.

The trade-off relation between bandwidth and steady-state loss for
W type POF and SC POF is shown in Fig. 4. With increasing the leaky
mode losses the steady-state losses also increases. A trade-off relation
between bandwidth and loss would have to be considered in designing
the optimum W type POF by controlling parameters of the intermediate

Fig. 1. Refractive index profile of (a) SC POF and (b) W POF.

A. Simović et al. Optics and Laser Technology 111 (2019) 629–634

631



layer thickness and refractive index of the outer cladding.
In practical fiber deployment conditions a macro-bends are ex-

pected to occur. It has been shown that the coupling coefficient D for
the fibers with macro bands are higher than those found for straight
ones [29]. This increase of mode coupling could be explained by mi-
croscopical material changes. As a consequence, substantially shorter
coupling lengths Lc (where equilibrium mode distribution is achieved)
are obtained for fibers with macrobands than for straight ones [29]. Lc
is the fiber length after which the bandwidth becomes proportional to
1/z1/2 instead of 1/z (z is the fiber length). The shorter the length Lc, the

earlier the bandwidth would switch from the functional dependence of
1/z to 1/z1/2 (slower bandwidth decrease). On the other hand, mode
coupling increases the amount of power radiated in fiber curves or
bends and thus increases the fiber loss.

In conclusion, in our best knowledge for the first time, by solving
the time dependent power flow equation, we have shown that band-
width in W type POFs with SI distribution of the fiber core is sig-
nificantly higher than the bandwidth of the original singly clad SI POF.
Although the W type POFs proposed in this work have a SI distribution
of the fiber core, which is much simpler than the GI distribution of the

Fig. 2. Calculated output angular power distribution in W POF with δ=0.002 and δ=0.003, np=1.4775 (θp =8°), and SC POF at fiber lengths (a) 5m, (b) 35m
(SSD for W POF with δ=0.002), (c) 58m (SSD for W POF with δ=0.003) and (d) 75m (SSD for SC POF), for Gaussian launch beam distribution with FWHM=7.5°.
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fiber core, a significant enhancement of the bandwidth of such W type
POFs could be achieved with appropriate choice of the parameters of
the intermediate layer.

4. Conclusion

A new design of POF which takes the characteristic W-shaped index
profile is proposed. A W type POF is designed from a multimode SC POF
upon modification of its cladding layer. By numerically solving the
time-dependent power-flow equation under varied fiber design para-
meters, we have shown that the bandwidth of W type POF is higher
than the bandwidth of the original SC POF. This enhancement of the
bandwidth is due to the leaky mode losses in the W POF, which reduce
the number of higher leaky modes which remain guided along the fiber,

thus decreasing the modal dispersion and increasing the bandwidth.
The bandwidth of W type POF can be enhanced by reducing the width
of its inner cladding. With increasing the leaky mode losses the steady-
state losses also increases, thus a trade-off relation between bandwidth
and loss would have to be considered in designing the optimum W type

Table 1
Length zs at which the SSD is achieved in W type POF with δ=0.001,
δ=0.002 and δ=0.003, and critical angles of the outer cladding θp=8°, 10°
and 12°.

zs [m]

θp= 8° θp= 10° θp= 12°

δ=0.001 15 22 30
δ=0.002 35 38 40
δ=0.003 58 60 60

Fig. 3. Numerical results for transmission length dependence of bandwidth for W POF with δ=0.002 and 0.003, for (a) θp =8°, (b) 10° and (c) 12° and SC POF. Open
and solid dots represent experimental results for SC POF obtained by Mateo et al. [15].

Fig. 4. Numerical results for trade-off relation between bandwidth and steady-
state loss for W POF and SC POF.

A. Simović et al. Optics and Laser Technology 111 (2019) 629–634

633



POF.

Acknowledgements

This work was supported in part by the grant from Serbian Ministry
of Education, Science and Technological Development through the
Project No. 171011 and by the Strategic Research Grant of City
University of Hong Kong (Project No. CityU 7004600).

References

[1] K.M. Patel, S.E. Ralph, Enhanced multimode fiber link performance using a spatially
resolved receiver, IEEE Photon. Technol. Lett. 14 (2002) 393–395.

[2] E.J. Tyler, M. Webster, R.V. Penty, I.H. White, S. Yu, J. Rorison, Subcarrier
modulated transmission of 2.5 Gb/s over 300 m of 62.5-μm-core diameter multi-
mode fiber, IEEE Photon. Technol. Lett. 14 (2002) 1743–1745.

[3] X. Zhao, F.S. Choa, Demonstration of 10 Gb/s transmission over 1.5-km-long
multimode fiber using equalization techniques, IEEE Photon. Technol. Lett. 14
(2002) 1187–1189.

[4] J.S. Abbott, G.E. Smith, C.M. Truesdale, Multimode fiber link dispersion compen-
sator, U.S. Patent 6 363 195, 2002.

[5] T. Yamashita, M. Kagami, Fabrication of light-induced self-written waveguides with
a W-shaped refractive index profile, J. Lightwave Technol. 23 (2005) 2542–2548.

[6] M. Asai, Y. Inuzuka, K. Koike, S. Takahashi, Y. Koike, High-bandwidth graded-index
plastic optical fiber with low-attenuation, high-bending ability, and high-thermal
stability for home-networks, J. Lightwave Technol. 29 (2011) 1620–1626.

[7] K. Mikoshiba, H. Kajioka, Transmission characteristics of multimode W-type optical
fiber: experimental study of the effect of the intermediate layer, Appl. Opt. 17
(1978) 2836–2841.

[8] K. Takahashi, T. Ishigure, Y. Koike, Index profile design for high-bandwidth W-
shaped plastic optical fiber, J. Lightwave Technol. 24 (2006) 2867–2876.

[9] T. Tanaka, S. Yamada, M. Sumi, K. Mikoshiba, Microbending losses of doubly clad
(W-type) optical fibers, Appl. Opt. 18 (1977) 2391–2394.

[10] Babita, V. Rastogi, A. Kumar, Design of large-mode-area three layered fiber struc-
ture for femtosecond laser pulse delivery, Opt. Commun. 293 (2013) 108–112.

[11] D. Gloge, Optical power flow in multimode fibers, Bell Syst. Tech. J. 51 (1972)
1767–1783.

[12] D. Gloge, Impulse response of clad optical multomode fibers, Bell Syst. Tech. J. 52
(1973) 801–816.

[13] S. Savović, A. Simović, A. Djordjevich, Explicit finite difference solution of the
power flow equation in W-type optical fibers, Opt. Laser Technol. 44 (2012)

1786–1790.
[14] T. Ishigure, H. Endo, K. Ohdoko, K. Takahashi, Y. Koike, Modal bandwidth en-

hancement in a plastic optical fiber by W-refractive index profile, J. Lightwave
Technol. 23 (2005) 1754–1762.

[15] J. Mateo, M.A. Losada, J. Zubia, Frequency response in step index plastic optical
fibers obtained from the generalized power flow equation, Opt. Express 17 (2009)
2850–2860.

[16] S. Savović, B. Drljača, M.S. Kovačević, A. Djordjevich, J.S. Bajić, D.Z. Stupar,
G. Stepniak, Frequency response and bandwidth in low NA step index plastic optical
fibers, Appl. Opt. 53 (2014) 6999–7003.

[17] A. Simović, S. Savović, B. Drljača, A. Djordjevich, Influence of the fiber design and
launch beam on transmission characteristics of W-type optical fibers, Opt. Laser
Technol. 68 (2015) 151–159.

[18] K. Kitayama, S. Seikai, N. Uchida, Impulse response prediction based on experi-
mental mode coupling coefficient in a 10-km long graded-index fiber, IEEE J.
Quant. Electron. 16 (1980) 356–362.

[19] F. Breyer, Multilevel Transmission and Equalization for Polymer Optical Fiber
Systems, PhD Thesis TECHNISCHE UNIVERSITAT MUNCHEN, Munchen, Germany,
2010.

[20] P. Pepeljugoski, S.E. Golowich, P. Kolesar, A. John Ritger, A. Risteski, Modeling and
simulation of next-generation multimode fiber links, J. Lightwave Technol. 21
(2003) 1242–1255.

[21] A. Djordjevich, S. Savović, P.W. Tse, B. Drljača, A. Simović, Mode coupling in
strained and unstrained step-index glass optical fibers, Appl. Opt. 49 (2010)
5076–5080.

[22] A. Djordjevich, S. Savović, Investigation of mode coupling in step index plastic
optical fibers using the power flow equation, IEEE Photon. Technol. Lett. 12 (2000)
1489–1491.

[23] L. Jeunhomme, M. Fraise, J.P. Pocholle, Propagation model for long step-index
optical fibers, Appl. Opt. 15 (1976) 3040–3046.

[24] W.A. Gambling, D.N. Payne, H. Matsumura, Mode conversion coefficients in optical
fibers, Appl. Opt. 14 (1975) 1538–1542.

[25] M. Rousseau, L. Jeunhomme, Numerical solution of the coupled-power equation in
step index optical fibers, IEEE Trans. Microw. Theory Tech. 25 (1977) 577–585.

[26] S. Savović, A. Djordjevich, Influence of the angle-dependence of mode coupling on
optical power distribution in step-index plastic optical fibers, Opt. Laser Technol. 44
(2012) 180–184.

[27] T.P. Tanaka, S. Yamada, Numerical solution of power flow equation in multimode
W-type optical fibers, Appl. Opt. 19 (1980) 1647–1652.

[28] S. Savović, A. Djordjevich, Mode coupling in strained and unstrained step-index
plastic optical fibers, Appl. Opt. 45 (2006) 6775–6780.

[29] S. Savović, A. Djordjevich, Calculation of the coupling coefficient in strained step
index plastic optical fibers, Appl. Opt. 47 (2008) 4935–4939.

A. Simović et al. Optics and Laser Technology 111 (2019) 629–634

634

http://refhub.elsevier.com/S0030-3992(18)30963-0/h0005
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0005
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0010
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0010
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0010
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0015
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0015
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0015
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0025
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0025
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0030
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0030
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0030
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0035
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0035
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0035
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0040
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0040
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0045
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0045
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0050
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0050
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0055
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0055
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0060
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0060
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0065
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0065
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0065
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0070
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0070
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0070
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0075
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0075
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0075
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0080
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0080
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0080
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0085
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0085
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0085
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0090
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0090
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0090
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0095
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0095
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0095
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0100
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0100
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0100
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0105
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0105
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0105
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0110
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0110
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0110
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0115
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0115
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0120
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0120
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0125
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0125
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0130
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0130
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0130
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0135
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0135
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0140
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0140
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0145
http://refhub.elsevier.com/S0030-3992(18)30963-0/h0145


Full length article

Influence of mode coupling on three, four and five spatially multiplexed
channels in multimode step-index plastic optical fibers
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a b s t r a c t

We investigate the influence of mode coupling on space division multiplexing capability of three multi-
mode step-index plastic optical fibers with different strengths of mode coupling. Results show that mode
coupling significantly limits the fiber length at which the space division multiplexing can be realized with
a minimal crosstalk between the neighbor optical channels. Three, four and five spatially multiplexed
channels in the investigated multimode step-index plastic optical fibers can be employed with a minimal
crosstalk up to the fiber lengths which are about 7%, 5% and 3% of the corresponding coupling lengths
(fiber length where equilibrium mode distribution is achieved), respectively. Such characterization of
optical fibers should be considered in designing an optical fiber transmission system for space division
multiplexing.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing demand for digital data bandwidth pushes the
development of emerging technologies to increase network capac-
ity, especially for optical fiber infrastructures. The increase capac-
ity of optical fiber systems was caused by successive technology
improvements: low losses single-mode fibers, fiber amplifiers,
multiplexing, and high-efficiency spectral coding [1]. Multiplexing
of optical data can be realized not only in wavelength [2], but also
in polarization, in time, in phase and in space [1]. Space division
multiplexing (SDM) including mode division multiplexing using
multimode fibers or few-mode fibers and/or core multiplexing
using multicore fibers, has attracted much attention in the last dec-
ade for the next multiplicative capacity growth for optical commu-
nication [1,3–8]. SDM may operate at the same wavelength or
different wavelengths [9]. In the case of SDM at the same wave-
length, radially distributed, dedicated spatial locations are
assigned to every SDM channel inside the carrier fiber as these
channels traverse the length of the carrier. The location of the each
channel inside the fiber is a function of the launch angle and the
strength of mode coupling. In practice the channel launched with
input angle h0 = 0� along the fiber axis appears as a far field in
the form of disk, while all subsequent channels launched with

h0 > 0 appear in the far field as concentric rings. The center disk
and each ring represent a separate spatially modulated optical
channel, thereby enhancing the bandwidth of optical fiber systems
(see Fig. 1).

Plastic optical fibers (POFs) are a low-cost solution for short-
distance applications in digital car networks, industrial networks,
and home networks and appliances. Transmission characteristics
of multimode step-index (SI) POFs depend upon the differential
mode attenuation and rate of mode coupling [9,10]. The latter rep-
resents power transfer between neighbor modes caused by fiber
impurities and inhomogeneities introduced during the fiber manu-
facturing process [11]. Mode coupling is very important for SDM
because SDM involves tightly packing spatial channels into a fiber,
thus making crosstalk between channels an obvious potential
problem.

In this work, using the power flow equation, we examine the
state of mode coupling in three multimode SI POFs with different
strengths of mode coupling, investigated earlier [11,12]. This
enables one to obtain the limits of the fiber lengths up to which
a SDM can be realized with minimal crosstalk between the co-
propagating optical channels.

2. Power flow equation

Assuming that mode coupling in multimode optical fibers
occurs predominantly between neighbor modes, Gloge’s power

https://doi.org/10.1016/j.optlastec.2018.03.015
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flow equation for power distribution inside a multimode
step-index fiber is [10]:

@Pðh; zÞ
@z

¼ �aðhÞPðh; zÞ þ D
h

@

@h
h
@Pðh; zÞ

@h

� �
ð1Þ

where P(h,z) is the angular power distribution, z is distance from the
input end of the fiber, h is the propagation angle with respect to the
core axis, D is the coupling coefficient assumed constant [10,13–16]
and aðhÞis the modal attenuation. In our previous work [16] we
have shown that modeling mode coupling in SI POFs assuming a
constant coupling coefficient D can be used instead of the more
complicated approach with angle-dependent coupling coefficient.
Except near cutoff, the attenuation remains uniform a(h) = a0
throughout the region of guided modes 0 � h � hc [14] (it appears
in the solution as the multiplication factor exp(�a0 z) that also does
not depend on h). Therefore, a(h) need not be accounted for when
solving (1) for mode coupling and this equation reduces to [15]:
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h
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Numerical solution of the power flow Eq. (2) was obtained using
the explicit finite-difference method [15], for Gaussian launch-
beam distribution of the form:

Pðh; z ¼ 0Þ ¼ 1
r

ffiffiffiffiffiffiffi
2p

p exp �ðh� h0Þ
2r2

2
" #

ð3Þ

with 0 � h � hc , where h0 is the mean value of the incidence
angle distribution, with the full width at half maximum

FWHM = 2r
ffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
¼ 2:355r (r is standard deviation).

3. Results and discussion

In this paper, we analyze mode coupling in three multimode SI
POFs used in the experiments reported earlier [11,12]. The three SI
POFs had a 1-mm-diameter polymethylmetacrylate core. The fiber
HFBR-RUS500 (HFBR fiber) from Hewlett-Packard has an NA = 0.47,
the PGU-CD1001-22E (PGU fiber) fiber from Toray has an NA = 0.5
and the ESKA Premier GH 4001P (GH fiber) from Mitsubishi Rayon
Co., Ltd. has an NA = 0.51. Critical angles are hc = 18.4, 20 and 19.5�
for the HFBR, GH and PGU fiber, respectively. It was found that
D = (8.7, 5.6 and 3.3)�10�4 rad2/m for the HFBR, GH and PGU fiber,
respectively [11,12] – which we have adopted in this work.

In Figs. 2–4, our numerical solution of the power flow equation
is presented by showing the evolution of the normalized output
power distribution with fiber length for HFBR fiber for five, four
and three spatially multiplexed channels, respectively. The five
co-propagating optical channels are launched at different input
angles h0 = 0, 4, 8, 12 and 16� thus maintaining a different spatial
orientation. The four co-propagating optical channels are launched
at different input angles h0 = 0, 5, 10 and 15�, while the three co-
propagating optical channels are launched at different input angles
h0 = 0, 8 and 16�. For multiple optical channels we selected Gaus-
sian launch beam distribution with (FWHM)0 = 0.127� by setting
r0 = 0.054� in Eq. (3). Ring radiation patterns in very short fibers
in Figs. 2(a), 3(a) and 4(a) indicate that the mode coupling is so
low thus leading to a minimal crosstalk observed between the
neighbor co-propagating optical channels. With increasing a fiber
length, a crosstalk between neighbor co-propagating optical chan-
nels continue to increase and significantly influence the quality of
light signals which are transmitting through the channels (Figs. 2
(b), (c), 3(b), (c) and 4(b), (c)). Finally, at fiber’s coupling length Lc
the mode-distributions of co-propagating optical channels which

Fig. 2. Normalized output angular power distribution at different locations along the HFBR fiber calculated for five Gaussian input angles h0 = 0� (solid line), 4� (dashed line),
8� (dotted line), 12� (dash-dotted line) and 16� (dash-dotted-dotted line) with (FWHM)z=0 = 0.127� for: (a) z = 0.5 m; (b) z = 1 m; (c) z = 10 m and (d) z = 15 m.

Fig. 1. Minimalistic system design of three channel SDM system.
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are in the ring form, shift their mid-points to zero degrees, produc-
ing the equilibrium mode distribution (EMD) in Figs. 2(d), 3(d) and
4(d): Lc is 15 m for HFBR. For GH and PGU fiber, the coupling length
Lc is 20 and 35 m, respectively (Table 1). As a result, at fiber lengths
z � Lc the Gaussian distributions which corresponded to different

spatially multiplexed co-propagating optical channels are no more
spatially separated since they form a disk-type circular far field
outputs. One can see that mode coupling significantly limits the
length of the POFs at which the space division multiplexing can
be realized. This limitation is most pronounced in HFBR fiber which

Fig. 3. Normalized output angular power distribution at different locations along the HFBR fiber calculated for four Gaussian input angles h0 = 0� (solid line), 5� (dashed line),
10� (dotted line) and 15� (dash-dotted line) with (FWHM)z=0 = 0.127� for: (a) z = 0.7 m; (b) z = 1.5 m; (c) z = 10 m and (d) z = 15 m.

Fig. 4. Normalized output angular power distribution at different locations along the HFBR fiber calculated for three Gaussian input angles h0 = 0� (solid line), 5� (dashed line)
and 10� (dotted line) with (FWHM)z=0 = 0.127� for: (a) z = 1 m; (b) z = 2 m, (c) z = 10 m and (d) z = 15 m.
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showed the strongest mode coupling, with reducing the length for
practical realization of five-, four- and three-channel space division
multiplexing up to zSDM � 0.5, 0.7 and 1.0 m, respectively. In GH
fiber these lengths are zSDM � 0.7, 0.9 and 1.4 m, respectively, while
in PGU fiber these lengths are zSDM � 1.2, 1.6 and 2.4 m, respec-
tively. It is worth noting that the lengths zSDM up to which a min-
imal crosstalk is observed between the neighbor co-propagating
optical channels are much shorter than the corresponding coupling
lengths Lc at which the EMD is achieved (Figs. 2(d), 3(d) and 4(d)).
A three, four and five spatially multiplexed channels in the inves-
tigated multimode SI POFs can be realized with a minimal crosstalk
up to the fiber lengths which are about 7%, 5% and 3% of the corre-
sponding coupling lengths, respectively. In general, the larger
number of co-propagating optical channels, the sooner crosstalk
between the neighbor optical channels would appear. In practice,
a tradeoff between a number of co-propagating optical channels
and a length of fiber which one expect to transmit the spatially
multiplexed signals with minimal crosstalk between the neighbor
optical channels should be considered for a particular fiber use.
Such characterization of optical fibers should be considered in
designing an optical fiber transmission system with space division
multiplexing. One should note that by calculating the normalized
output power distribution at different fiber lengths in the case of
five, four and three spatially multiplexed channels, it is difficult
to exactly predict the level of the crosstalk which prohibits the sys-
tem operation. In practice, for more accurate estimation of the
SDM capacity of the particular POF, the transmission matrix should
be used, with taking into account the noise terms which depend on
the specific implementation of the receiver [19,20]. But, our
numerical results can be used as a good approximation in the esti-
mation of the fiber length at which SDM with five, four and three
channels could be realized in the investigated SI POFs with a min-
imal crosstalk.

As comparison, the spatial multiplexing capabilities of the co-
propagating optical channels in POFs analyzed in this work are
poorer than in the silica optical fibers, due to weaker mode cou-
pling and slower modal equilibration (D � 10�6 rad2/m; Lc � 10
to 110 m) in the latter [17,18]. In conclusion, an optical fiber with
weak mode coupling is desirable for future ultra-high capacity
space-division multiplexing systems because mode coupling in
an optical fiber results in crosstalk between guided optical modes.

4. Conclusion

The influence of mode coupling on three, four and five spatially
multiplexed optical channels in three multimode SI POFs with dif-
ferent strengths of mode coupling is investigated by solving the
power flow equation. We have shown that mode coupling signifi-
cantly limits the length of SI POFs at which the space division mul-
tiplexing can be realized with minimal crosstalk between the
neighbor optical channels. The larger number of co-propagating
optical channels, the sooner crosstalk between the neighbor optical
channels would appear. In practice, a tradeoff between a number of
co-propagating optical channels and a length of fiber which one
expect to transmit the spatially multiplexed signals with minimal
crosstalk between the neighbor optical channels should be consid-

ered for a particular fiber use. Such characterization of optical
fibers should be considered in designing an optical fiber transmis-
sion system with space division multiplexing.
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Fiber type D (rad2/m) zSDM (m) (3-channel) zSDM (m) (4-channel) zSDM (m) (5-channel) Lc (m)

HFBR 8.7�10�4 1.0 0.7 0.5 15

GH 5.62�10�4 1.4 0.9 0.7 20

PGU 3.3�10�4 2.4 1.6 1.2 35

S. Savović et al. / Optics and Laser Technology 106 (2018) 18–21 21

http://refhub.elsevier.com/S0030-3992(18)30204-4/h0005
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0005
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0010
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0010
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0010
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0010
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0010
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0015
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0015
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0020
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0020
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0025
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0025
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0025
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0030
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0030
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0030
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0035
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0035
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0035
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0045
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0045
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0045
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0050
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0050
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0055
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0055
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0060
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0060
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0060
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0065
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0065
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0070
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0070
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0070
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0075
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0075
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0075
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0080
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0080
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0080
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0085
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0085
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0085
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0085
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0095
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0095
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0095
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0100
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0100
http://refhub.elsevier.com/S0030-3992(18)30204-4/h0100


Citation: Todorović, D.D.; Stojanović
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Abstract: This study analyzes the grid-connected PV system performances over a 10-year period
under temperate continental conditions in Niš. Based on the experimental results, we found the
following: the 10-year yearly average values of PV system efficiency, Yf, CF, and PR are 10.49%,
1178.51 kWh/kWp, 13.45%, and 0.87, respectively. The yearly average value of PV performances
for a 10-year measurement indicates that the behavior of the given PV system over 10 years does
not change significantly. Besides, a mathematical prediction model was obtained through regression
analysis, and ANOVA was applied for testing the model’s validity. It is shown that the obtained
model is statistically significant and enables prediction better than a simple average, the mean values
of PV electricity are not changed statistically significantly over the 10 observed years, and there is a
statistically significant difference in POA mean radiation during the months over 10 years. Based on
the obtained model and POA radiation values, a prediction of the PV system output can be made for
similar PV installations. The analysis presented in this study significantly impacts energy prediction,
PV energy modeling, and the economics and profitability of the grid-connected PV system utilization,
as well as the PV systems’ operation planning and maintenance.

Keywords: PV system; POA radiation; efficiency; performance ratio; statistical analysis; ANOVA;
post hoc Tukey test

1. Introduction

Energy shortage is a growing problem today. Climate changes have already been
observed, on the one hand, while the use of fossil fuels is becoming more and more limited
due to the high energy consumption and Earth’s increasing population. Global fossil fuel
resources are not yet exhausted; however, their use’s negative environmental and social
impacts are apparent [1].

The Sun is the largest energy source that has powered and sustained life on Earth for
more than 4.5 billion years. Solar energy is more than enough to meet all energy needs
worldwide. It is assessed that over one year, the solar energy that arrives at the Earth’s
surface is 10,000 times greater than the energy necessary for the entire population’s needs
worldwide. On the other hand, solar energy is an ecologically clean energy whose energy
technologies do not pollute the environment. Besides, it represents an energy resource
available to every country without import dependence. Photovoltaic (PV) technology is
one of the best ways to utilize solar energy and represents one of the most competitive
renewable sources for electricity production. The use of PV systems is recently on the rise
in many countries, and PV systems are beginning to occupy a significant place in energetics
worldwide. Recently, many studies have been conducted on the techno-economic effective-
ness of PV systems applications and their benefits in different climatic conditions. These
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studies are carried out in different countries worldwide, where the climatic specificities
of these countries are taken into account. On the other hand, over the last decades, many
life cycle assessments (LCAs) of PV systems have been carried out. LCA is an important
tool to provide a comprehensive analysis of PV systems compared to conventional energy
systems, especially with regard to the greenhouse gas (GHG) emissions assessment [1–7].

In practice, deploying PV technologies is the comprehension of the performance
exhibited by each of them once installed outdoors and functions in real climatic conditions.
Such investigations are necessary because the outdoor PV electrical characteristics differ
from the reference STC characteristics in manufacturer data sheets [8].

Many studies provide PV systems’ performance analysis in different periods and
locations worldwide. Such studies provide experimental data on the PV systems’ oper-
ation in real conditions, which are necessary for developing PV software and PV energy
modeling and predicting PV system operations, as can be seen in [3,4,9–11]. Considering
that many PV systems have been installed worldwide, there are numerous analyses about
the performances of installed PV systems under different climatic conditions. On the other
hand, some of them provide a comparison of experimental and simulated results of PV
system performance parameters. The comprehensive review of the analysis of performance
ratio (PR) and final yield (Yf) for 3326 PV systems in Slovenia and a comparison with other
countries’ PV systems installed is given in. [12]. A comparative performance analysis of
two grid-connected PV systems with p-Si and CIS solar cells and power of 1 kWp and
1.36 kWp, respectively, in Southern India is presented in [13], while the prediction of per-
formances, energy losses, and degradation of a 200 kWp grid-integrated PV system using
the PVsyst simulation tool in Northern India is given in [14]. An analysis of the long-term
performance of 594 PV systems from the power of less than 1 kW to the power of more
than 2 MW from different countries (Australia, Germany, Italy, USA, The Netherlands,
France, and Belgium) id provided in [15]. This study includes datasets of final yield, PR,
and degradation rate of PV systems with different PV technologies, operation years, and
installation types. The parameters of reference, array and final yields, system losses, PV
and inverter efficiencies, and PR of a 13 kWp grid-connected PV system in Northern Ireland
are analyzed on the hourly, daily, and monthly levels over three years of its operations, as
can be seen in [16], and the results were compared with the simulation results obtained
by TRNSYS simulation tool [17]. Experimental results and simulation results obtained by
SAM and PVSyst simulation tools of PR, efficiency, and losses of a grid-connected 960 kW
PV system in Italy are analyzed in [18]. Reference [19] provides the results of efficiencies,
PR, and degradation rates by testing three PV systems with different PV technologies (c-Si,
a-Si, and CdTe) under the same climatic conditions in Ankara (Anatolia) after 4 operation
years. A comparison of the experimental and simulated performance of a grid-connected
49.92 kW PV system in the Irish climate over one year is presented in [20]. The energy
efficiency analysis, specifically in terms of specific yield, of eight grid-connected and one
hybrid PV system with various system configurations, tilt angles, and orientations, in-
stalled in southeastern Poland, is presented in [21]. A comprehensive review of PV system
performances with a focus on comparative performance studies of different PV systems
worldwide is analyzed in [22]. The outdoor performances (PR, system efficiency, and
capacity utilization factor) of three grid-connected photovoltaic (PV) systems with c-Si, p-Si,
and a-Si PV technologies and total installed power of 5.94 kWp in Morocco are analyzed
in [23]. The analysis of PV-generated power in dependence on insolation, ambient, and
module temperatures of PV systems with different PV technologies (c-Si, p-Si, and CIGS)
in Poland is given in [24].An experimental efficiency analysis of three PV systems with
different PV technologies (p-Si, CdTe, and CIGS) under a temperate climate in Poland is
given in [25].The performance parameters of a 1.75 kW grid-connected PV system over
the four years of its operation in Sydney (Australia) are determined and compared with
simulation results obtained by PVSyst. This analysis is given in [26], while the performance
indicators, such as performance index, solar fraction etc., are analyzed in [27]. The perfor-
mance and I-U parameters of two 20-year-old PV systems installed on the west and east
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side of the building at NREL (USA) are statistically analyzed in [28]. Special attention is
focused on the degradation rate, which was found to be 0.8%/year, which is consistent
with historical averages. The degradation rate of PV systems with different powers and PV
technology and under different climate conditions is also analyzed in [29–37]. All those
studies provide helpful insight into energy prediction, the economics and profitability of
PV system utilization, and PV systems’ operation planning and maintenance. However,
there are not many experimental studies on long-term PV system operation in Serbia and
surrounding countries with similar climates.

This study provides the original experimental results of PV system performances in
Niš (Serbia) for 10 years of its operations. The collected results are statistically analyzed in
order to obtain the PV system performances under real operating conditions for a specific
region. Based on experimental measurements, the PV system performance parameters over
the 10 years of its operations were determined, and a mathematical prediction model was
created. Compared with other similar studies, the difference and originality of this study are
reflected in terms of 10-year results obtained for a specific location as well as the application
of statistical methods for the analysis of a large number of data obtained by experimental
measurements of POA radiation and PV electricity. A regression analysis was performed to
obtain a prediction model, and an Analysis of Variance (ANOVA) was applied for testing
the model’s validity. Considering that the variable “years” is a categorical variable and “PV
electricity” and “POA radiation” are numerical ones, a one-way analysis was performed. In
this regard, the conditions for applying ANOVA were tested, and the O’Brien test was used
to check the equality of variances. Thus, the originality of this study compared to similar
ones is particularly reflected in the statistical analysis of the results (PV electricity and POA
radiation) and the determination of statistical significance in the prediction model. Related
to this, this study aims to apply the obtained results in integrating PV systems into the
country’s electro-power system to increase commercial PV systems applications in Serbia.
Besides, this study provides data necessary for increasing the PV modeling accuracy by
analyzing the accurate data. On the other hand, the obtained data are useful as guidelines
for predicting, planning, and applying PV systems in other locations with similar climates.
Besides, the study findings are also useful for degradations analysis of long-term PV system
operations, especially in moderate continental climate regions.

Background

The main meteorological parameter that impacts the PV system operation is solar
irradiation. It is generally known that the PV module operating voltage is logarithmic-
dependent while the current has linear dependence. The main problem is the assessment
of solar irradiation effects, which stems from solar irradiation being related to other factors
affecting PV performance, such as the clear sky or diffuse radiation due to cloudy sky,
low radiation in the early morning or late afternoon (high AM), angle-of-incidence (AOI)
radiation effects, spectral response, etc. On the other hand, global solar irradiation is
generally measured on a horizontal surface, while the maximum amount of incident
solar irradiation is measured on an inclined surface (POA radiation) [10]. Recently, many
analytical models have been proposed to estimate the amount of solar irradiation on
horizontal (GHI) and inclined surfaces (POA irradiation). These models have different
ranges and applicability to specific surfaces and locations. To find the most suitable solar
model for a given location, the hourly results predicted by the available models are usually
compared with the experimental measurements for the given locations [10,37,38].

In general cases, solar irradiation is usually measured as long-term data on the hori-
zontal surface worldwide, and based on these measurements, solar databases are created.
These solar databases, containing solar resource data obtained from the ground and/or
derived from satellite imagery, are widely available as open-source or paid datasets. Based
on these solar datasets and analytical models for the estimates of solar irradiation on the
inclined surface, new bases are formed. The availability of solar databases containing POA
irradiation data is limited and very low [10].
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In accordance with the reasons mentioned above, the special importance of this study is
that it contains long-term measurements of POA solar irradiation and electrical parameters
of a grid-connected PV system and provides a statistical analysis of the long-term PV
system operation in real conditions.

2. Materials and Methods

For the performance analysis of PV system operation in the real climatic condition
in Niš (Latitude: 43◦19′28.99′′ N, Longitude: 21◦54′11.99′′ E), 10 monocrystalline silicon
solar modules (SST-200WM, Shenzhen Sunco Solar Technology Co., Shenzhen, China), with
individual power of 200 W, were mounted right next to each other (in order to minimize
cable losses) on the roof of Faculty of Sciences and Mathematics and serially interconnected
in a string. The solar modules were set up on the fixed metal construction tilted at an
optimal angle of 32◦ toward the south (Figure 1). The total PV array (solar modules surface)
was 16.59 m2 (or 1.659 m2/module). The minimum distance between the solar modules
and the roof surface was 50 cm to ensure natural air circulation, i.e., a passive air-cooling
method for the solar modules was used so that the system balance could take place naturally
without any additional (mechanical) technique, as can be seen in Figure 1. It should also be
noted that the solar modules were free from any shading.
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By appropriate cables (conductors), the solar modules were connected to a DC junction
box (DC-RO), then a 2 kW inverter (SunnyBoy 2000HF-30, SMASolar Technology AG,
Niestetal, Germany), then to an AC junction box (AC-RO), and finally to a city power grid.
The used inverter was a single-phase inverter with a high-frequency (HF) transformer
power of 2000 W and an efficiency of 96.3%, providing a single-phase AC voltage of 230 V,
50 Hz. This PV system was connected to the city power grid. However, its effects on the
city grid, including the variation of power factor effect of load, PV penetration variation,
anti-islanding effect, and introduction of harmonic into the system by the inverter, have
not been investigated or considered. It should be noted that over the 10-year period of the
PV system operation, there were no problems during the PV electricity transmission to the
city network grid.

Global solar radiation on the surface of PV modules (POA radiation) was measured by
a sensor unit (Sunny SensorBox), which was also placed next to solar modules at an optimal
inclination angle of 32◦ toward the south. It should be noted that the solar sensor (Sunny
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SensorBox) uses an a-Si solar cell and measures POA radiation with a resolution of 1 W/m2

and measurement accuracy of ±8%. A central communication interface (Sunny WEBBox)
was interconnected to the inverter and SensorBox by Bluetooth. The POA radiation data
and PV system electrical parameters continuously record every 5 min into the Sunny
WEBBox internal memory [10,39]. The SunnyBoy inverter, Sunny WEBBOX, and DC and
AC junction boxes were placed indoors in the faculty laboratory, where the optimum room
temperature is maintained throughout the year.

A schematic of the grid-connected 2 kWp PV system in Niš [28] is given in Figure 2.
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An approximate PV module efficiency at STC can be calculated using the Equation (1) [9]:

ηSTC = (ISC·VOC·FF)/ISTC (1)

where ISTC is the reference solar irradiance at STC of 1 kW/m2, FF is a fill factor of the solar
module, ISC is the short-circuit current of solar module, and VOC is the open-circuit voltage
of solar module [9]. If it is taken into account that FF = 76%, ISC = 4.64 A, VOC = 57.12 V,
and the inverter efficiency ηinv = 96.3%, which is based on the specification of the modules
and inverter given by the manufactory datasheet and presented in [10], the approximate
PV system efficiency at STC (ideally, excluding cable losses) is around 19.4%.

Evaluation of the long-term grid-connected PV system operation in real conditions,
based on the statistical processing of experimental data, was performed in two phases:

1. The main performance PV system parameters (PV system efficiency, PR, Yr, Yf, and
CF), defined by IEC 61724:1998 standard and described in [8,10,39], were determined
and are presented in this study.

2. The relationship between two numerical variables (PV system electricity output and
total POA irradiation data), obtained by 10-year measurements, was statistically
analyzed using JMP Pro software. For that purpose, a regression analysis, analysis
of variance (ANOVA), and post hoc Tukey test were applied. ANOVA is a technique
for statistical analysis where datasets are compared to provide and determine their
significance. ANOVA also describes complex relationships between variables; in this
case, they are POA radiation and PV electricity. As results in ANOVA do not identify
which specific differences between pairs of means are significant, it is common to
use post hoc tests to investigate differences between multiple groups’ means. Based
on obtained results, the conclusion of the grid-connected PV system application’s
degradation, efficiency, profitability, and stability during its 10-year operation for a
specific climate region was presented.
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3. Results and Discussion

As PV manufacturers give the electrical parameters of solar modules, such as open-
circuit voltage, short-circuit current, MPP voltage, MPP current, max power, efficiency,
and temperature coefficients at STC, and those parameters are not applicable to predict
the PV system operation in actual conditions with increased accuracy, it is necessary to
determine the main performance parameters of PV system, namely: energy yield (Ey),
outdoor efficiency (η), and performance ratio (PR) for a more extended period.

In this section, the experimental results of 2 kWp grid-connected PV system operation
in Niš for the period from 1 January 2013 to 31 December 2022 are presented. Since
the measurements of all the mentioned parameters were performed every 5 minutes for
10 years, the statistical processing of the data calculated first the hourly, then the daily,
and finally the monthly and annual values. Further on, the experimental results will be
presented on a monthly level for 10 years.

3.1. Performance Parameters

The 10-year average values of energy yield (Ey) depending on the 10-year average
values of total POA radiation reached on the total PV array area by month are given
in Figure 3.
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of total POA radiation reached on the total PV array area by month.

The 10-year average values of total POA radiation on the total PV array by month
range from 667.158 kWh (December) to 3204.684 kWh (July), while 10-year average values
of energy yield by month range from 82.196 kWh (December) to 276.746 kWh (August), as
can be seen in Figure 3.

One of the main parameters of PV system performance in real conditions is the
efficiency of the given system (ηsyst), which is determined as the ratio of the PV system
output (AC output from the inverter and transmitted to the city grid) to the total POA
radiation on the PV array [10,39]. The 10-year average values of PV system energy efficiency
(ηsyst) by month are given in Figure 4.

The 10-year average values of PV system energy efficiency (ηsyst) by month range
from 8.61% (July) to 12.61% (January), while the PV system efficiency at STC is 19%.
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Figure 4. The 10-year average values of PV system energy efficiency (ηsyst) by month.

The reference yield (Yr) represents the ratio between the total POA radiation (in
kWh/m2) and the reference solar radiation of 1 kW/m2 (reference solar radiation is radia-
tion at STC) and is a function of the geographical location and orientation of the PV array.
On the other hand, the specific yield factor (Yf) represents the ratio between the PV system
output (in kWh) and the total installed power of the PV system (in kWp). The specific yield
factor (or final yield) is usually utilized to normalize the produced system energy relative
to the PV system size. It could be said that Yf is a good parameter for comparing the energy
produced by different sized PV systems [10]. The ratio between the specific yield factor (Yf)
and the reference yield (Yr) for 10-year measurements is given in Figure 5.
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Figure 5 shows that there is a linear dependence between the specific yield factor
and the reference yield. Plotting the regression line for each month during the 10 years
(Figure 5) allows for the identification of the slope and, therefore, the average monthly
performance ratio. In this case, the regression coefficient (slope in the regression model)
amounts to 0.617536 and responds to the average change of the expected value of the
dependent variable Yf for the unit change of the independent variable Yr. Thus, the ratio
between the specific yield factor (Yf) and the reference yield (Yr) represents Performance
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Ratio (PR). Hence, the PR defines the rate of effective produced energy with the energy
the PV system would generate if it continually worked on its efficiency at standard test
conditions. So, the PR comprises all PV optical and electric losses in a system without being
directly dependent on input parameters such as meteodata (temperature, solar radiation,
wind speed, cloudiness, snow, precipitation, presence of aerosols, etc.), module efficiency,
and orientation of the PV array [10,29–37].

Graphics of the change of yearly average values of the Performance Ratio (PR) for a
10-year period is given in Figure 6.
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The yearly average values of PR for the 10 years, from 2013 to 2022, range from
0.849 to 0.93. On the other hand, the 10-year average values of PR by month range
from 1.01 (December) to 0.713 (July). A PR higher than 1 is uncommon and can only
be accomplished under particularly favorable weather conditions, such as high solar
insolation values when cell temperatures are much below the temperatures at STC. In this
case, deviations of PR values from the usual ones occurred in the winter months (December,
January, and February) due to higher insolation, mild temperatures, and less precipitation
and snow, which is unusual for that time of year. On the other hand, plotting the regression
line of PR during the 10 years shows a very slight linear decrease over the years, with a
regression coefficient of |–0.0000583|, representing the slope in a regression model. So,
in this case, the PR, that is, the rate of effective produced energy with the energy the PV
system would generate if it continually worked on its efficiency at STC, did not change
statistically significantly over the 10 years of its operation. In other words, the losses in
the PV system, which include soiling and aging of the system components, during its
10-year operation are insignificant (almost negligible) for the observed period. Thus, as
PR is a quantitative characteristic of all PV system losses, including soiling and aging of
the system’s components, the results show that the behavior of the given PV system over
10 years of its operation does not change significantly; that is, the PV system degradation
over 10 years is minimal. Based on the specific yield factor, the capacity factor (CF) can be
calculated, which presents the ratio of the yearly specific yield factor and yearly theoretical
PV production capability. In this case, the yearly average of CF over the 10-year period
range from 12.88% (2014) to 14.02% (2019).

On the other hand, the average value of total energy losses in the given PV system
could be calculated as the difference between Yr and Yf, and for the 10-year measurement
period, it is 22.3%.

Although solar radiation, to a great extent, affects the PV arrays’ electricity output,
ambient temperature also affects electricity production and, therefore, other PV system
performance parameters, such as PR. Ambient temperature can lead to heating of the
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solar module surface, resulting in reduced PV system efficiency. Generally, an increase in
temperature of 1 ◦C causes a decrease in relative PV efficiency between 0.14% and 0.47%,
depending on the PV installation type [40]. Recently studies have shown that there are
different PV cooling methods that noticeably increase the PV system efficiency but passive
ventilation of the PV system, i.e., PV cooling under natural air convection, is the simplest
and most inexpensive method for application [40,41]. With the natural air convection
appearing behind the PV modules, the temperature of solar cells can decrease by about
15–20 K, as reported in [42]. In this case, as the ventilation of a given PV system unfolds
naturally (passive air cooling), so solar modules’ cooling is done only by the wind influence.
The ratio between the average monthly values of PV system energy efficiency (ηsyst) and
the wind speed (v) for 10-year measurements is given in Figure 7.
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Figure 7. The ratio between the average monthly values of PV system energy efficiency (ηsyst) and
the wind speed (v) for 10-year measurements.

Based on simple linear regression, the plotted regression line for each month during
the 10 years (Figure 7) allows for the identification of the slope so that, in this case, the
regression coefficient (slope in the regression model) amounts to 0.214411 and responds
to the average change of the expected value of the dependent variable ηsyst for the unit
change of the independent variable v. Figure 7 also shows that, with increasing wind
speed, PV system efficiency linearly increases. However, this type of PV cooling does not
significantly increase the system efficiency. It should be noted that wind speed values
for Niš were taken from the website of the Hydrometeorological Institute of the Republic
of Serbia (https://www.hidmet.gov.rs/ciril/meteorologija/klimatologija_godisnjaci.php,
accessed on 8 May 2023.). It was also observed that the ratio between the average monthly
values of PR and the wind speed (v) follows the same trend over the 10-year measurements,
as is the case with PV system efficiency.

Performance comparison of grid-connected PV systems with similar installation,
power (1–3 kW), and PV technology in the different climatic zone is given in Table 1 [13,22].

As the chosen PV systems, shown in Table 1, and PV system in Niš have similar
power and PV configurations, it can be concluded that PV system efficiency and PR are
lower in countries with a subtropical climate due to the negative impact of higher ambient
temperatures and, therefore, higher solar module temperatures. PV systems with other
PV technology and higher powers, installed worldwide and shown in [12–27,32], are not
comparable to a given PV system in Niš.

https://www.hidmet.gov.rs/ciril/meteorologija/klimatologija_godisnjaci.php
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Table 1. Performance comparison of grid-connected PV systems power of 1–3 kW with similar
installation and crystalline-Si technology in different climatic zone [13,22].

Location Power
(kW)

PV
Technology

Final Yield
(h/d)

System
Efficiency

(%)
PR (%) CF (%) Climate Year/Duration

(Years)

Serbia—current
study 2 c-Si 3.23 10.49 87 13.45 Temperate/continental 2022/10

Ireland 1.72 c-Si 2.4 12.6 81.5 10.1 Temperate/oceanic /

Norway 2.1 p-Si 2.55 13–14 83.06 10.58 Temperate/subarctic /

Brazil 2.2 p-Si 4.6 13.3 82.9 19.2 Tropical/subtropical /

China 3 p-Si 2.86 10.73 80.6 / Humid subtropical 2009/3

Morocco 2.4 c-Si, p-Si 4.34 11.67 76.7 18.16 Hot semi-arid subtropical 2018/4

Morocco 2.04 c-Si 4.34 11.7 76.7 / Hot semi-arid subtropical 2015/2

India 2 p-Si / / 70 / tropical 2019/1

Spain 2 / 7.11 64.5 Subtropical/Mediterranean 1997/1

Turkey 2.35 c-Si, p-Si / 13.26 91 / Humid subtropical 2014/1

Oman 1.4 p-Si / / 84.6 21 Hot desert /

Korea 3 c-Si / 7.9 63.3 11.5 Humid subtropical 2003/1

3.2. Statistical Analysis of PV System Electricity and Total POA Radiation Data during 10 Years
of Measurements

For statistical analysis of the results, the JMP Pro software is used [43]. The regression
analysis is used for building a mathematical model for the prediction of PV electricity
at a given POA radiation on a PV array. The model enables a specific value of POA
radiation (independent variable) to calculate PV electricity (dependent variable) simply.
The criterion for estimating the regression coefficients is a least square method. In order
to assess the adequacy of a linear regression model, the statistical hypotheses about the
model parameters are tested by T-test. To test hypotheses about the slope and intercept of
the regression model, the error component in the model has to be normally distributed and
also independently distributed. The significance of the regression is tested via Analysis of
Variance (ANOVA). The existing significance shows that the model gives more information
about the system than the simple average. The one-way ANOVA is also used for comparing
the groups of data (groups is a categorical variables). The significance of the ANOVA
shows that at least two groups have different means. ANOVA also uses to describe complex
relationships between variables, as can be seen in the [36,43–47]. As results in ANOVA do
not identify which specific differences between pairs of means are significant, it is common
to use post hoc tests to investigate differences between multiple groups’ means while
controlling for experimental error [47].

The PV and POA radiation are numerical variables. The relationship between nu-
merical variables can be graphically shown via a scatter plot (Figure 8). A numerical
representation that shows the strength of the relationship between numerical variables is
the correlation coefficient. The resulting value of the correlation coefficient between two
numerical variables, PV electricity and POA radiation on the PV array, is 0.90059, which
shows that the relationship between these two variables is highly positive. The strong
and positive relationship tendency between the two variables can also be seen in Figure 8.
Such a high value of the correlation coefficient enables the formation of a regression model
between the variables.

A linear regression model, developed by the least squares method with R square and R
square adjusted at 0.811062 and 0.809344, respectively. The obtained model Equation (2) is:

y = 58.326117 + 0.0685116*x, (2)

where y is PV electricity in kWh, while x is the total POA radiation on PV array in kWh. This
model, based on data obtained over 10 years of investigation, can be used for prediction
PV electricity value for the known POA radiation value.



Appl. Sci. 2023, 13, 6229 11 of 17
Appl. Sci. 2023, 13, x FOR PEER REVIEW 12 of 18 
 

 
Figure 8. Scatter plot of two numerical variables, PV electricity and POA radiation on PV array 
with fitted line—red line. 

A linear regression model, developed by the least squares method with R square and 
R square adjusted at 0.811062 and 0.809344, respectively. The obtained model Equation (2) is: 

y = 58.326117 + 0.0685116*x, (2) 

where y is PV electricity in kWh, while x is the total POA radiation on PV array in kWh. 
This model, based on data obtained over 10 years of investigation, can be used for pre-
diction PV electricity value for the known POA radiation value. 

In order to test validity of the model, an ANOVA was conducted. The analysis of 
variance of the regression model is given in Table 2, while the parameter estimates are 
given in Table 3. 

Table 2. Analysis of variance of the regression model. 

Source DF Sum of Squares Mean Square F Ratio 
Model 1 421,038.40 421,038 472.2001 
Error 110 98,081.77 892 Prob> F 

C. Total 111 519,120.17  <0.0001 

The ANOVA showed that the model is statistically significant α = 0.05 with a p-value 
less than 0.001, which means that the model provides significantly more information than 
the simple average. The T test was used to test the significance of the intercept and x 
variable, and both are statistically significant with the p value less than 0.001.  

Table 3. Parameter estimates. 

Term Estimate Std Error t Ratio Prob > |t| 
Intercept 58.326117 7.002889 8.33 <0.0001 

POA radiation on PV array (kWh) 0.0685116 0.003153 21.73 <0.0001 

Figure 8. Scatter plot of two numerical variables, PV electricity and POA radiation on PV array with
fitted line—red line.

In order to test validity of the model, an ANOVA was conducted. The analysis of
variance of the regression model is given in Table 2, while the parameter estimates are
given in Table 3.

Table 2. Analysis of variance of the regression model.

Source DF Sum of Squares Mean Square F Ratio

Model 1 421,038.40 421,038 472.2001
Error 110 98,081.77 892 Prob> F

C. Total 111 519,120.17 <0.0001

Table 3. Parameter estimates.

Term Estimate Std Error t Ratio Prob > |t|

Intercept 58.326117 7.002889 8.33 <0.0001
POA radiation on PV

array (kWh) 0.0685116 0.003153 21.73 <0.0001

The ANOVA showed that the model is statistically significant α = 0.05 with a p-value
less than 0.001, which means that the model provides significantly more information than
the simple average. The T test was used to test the significance of the intercept and x
variable, and both are statistically significant with the p value less than 0.001.

Figure 9 considers POA radiation on PV array during the months measured over
10 years.

In Figure 9, the black line is the mean of the data. The top and bottom of green
diamonds represent the confidence interval for each year. The middle line across the
diamond represents the mean of the POA radiation for each group (month). The circles
represent the results of Tukey–Kramer test, and circles with the same color are statistically
significantly different.
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The O’Brien test for checking equality of variances, with a p-value of 0.0692, shows
that based on the data, there is no evidence that shows statistically unequal variances
between the groups.

Results of the ANOVA, which are related to an analysis of variance of POA radiation
on PV array by “months” groups, are shown in Table 4, and a p value less than 0.001 shows
that at least the mean between two groups of data is statistically significantly different.
However, with ANOVA it is not clear which of them are significantly different. For that
reason, the post hoc Tukey test is performed (Table 5).

Table 4. Analysis of variance of POA radiation on PV array by “months” groups.

Source DF Sum of Squares Mean Square F Ratio Prob > F

Month 11 81,047,311 7,367,937 85.1508 <0.0001
Error 100 8,652,807 86,528

C. Total 111 89,700,118

Table 5. The results of the Tukey test—connecting letters report.

Level Mean

July A 3204.6841
August A 3194.4330

June B 2715.8129
May B 2629.4805

September B 2470.4103
April B 2409.3351
Marth C 1918.8154

October C 1810.7883
February D 1158.8864

November D E 1054.8455
January D E 776.5689

December E 667.1575

As was expected, the mean of POA radiation has the highest values on July and
August. Within the Table 5, the months which are not statistically significantly different are
marked with the same letter, while those that are statistically significantly different have
letters that are also different.
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It should be noted that levels not connected by the same letter are significantly different.
The values of PV electricity during the 10-year period are also analyzed and presented

in Figure 10.
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In Figure 10, the black line is the mean of the data. The top and bottom of the
green diamonds represent the confidence interval (1-alpha) ×100 for each year (group).
The middle line across the diamond represents the mean of the group (mean of the PV
electricity within the specific year). The height of the diamonds is proportional to the
reciprocal of the square root of the number of observations in the groups. The horizontal
extent of each group along the horizontal axis is proportional to the sample size for each
level of year variable. It means the narrower diamonds are usually taller. The mean line
across the middle of each diamond represents the group mean (mean of PV electricity of
the year).

Considering that the variable “years” is a categorical variable and “PV electricity” is
numerical one, a one-way analysis needs to be performed. In this regard, it is necessary
to test the conditions for applying ANOVA. The O’Brien test is used to check the equality
of variances.

The obtained p-value of 0.9860 in the O’Brien test indicates that it cannot be said that
the variance along the groups (the group is the PV electricity values for a specific year and
it means that the sample consists of 10 groups/years) is not equal and ANOVA can be used.
The analysis of variance of the PV electricity by years (groups) is given in Table 6.

Table 6. Analysis of variance of the PV electricity by “years”—groups.

Source DF Sum of Squares Mean Square F Ratio Prob > F

Year 9 3305.57 367.29 0.0696 0.9999
Error 107 564,654.35 5277.14

C. Total 116 567,959.92

The ANOVA shows, with a p-value of 0.9999, that it cannot be stated that the mean
values of PV electricity between the groups differ from each other. In other words, based
on the data obtained over 10 years, it cannot be stated that the mean values of PV electricity
change statistically significantly with the years. Because POA radiation and PV electricity
are statistically speaking matched pairs data, it means that the same conclusion related
to PV electricity could be applied on POA radiation in terms of mean difference over the
10 years.
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Thus, the mathematical prediction model was obtained by regression analysis, and the
model’s validity was tested by ANOVA. As the obtained model is statistically significant
and allows for a better prediction than the usual average, the mean values of PV electricity
were found to not change statistically significantly during the 10 observed years, while there
was a statistically significant difference in the mean POA radiation during the months over
10 years; by applying the obtained model, the PV system output for similar PV installations
can be predicted with significant accuracy.

4. Conclusions

This study analyzes the performance and reliability parameters of a long-term grid-
connected PV system operation that was exposed to moderately continental climatic condi-
tions in Niš (Serbia).

Based on the experimental results, this study shows that:

• The yearly average values of POA radiation on a south-oriented and optimally inclined
plane and total POA radiation on the PV array for a 10-year measurements level are
120.5931 kWh/m2 and 1,999,512 kWh, respectively.

• The total electricity production of the PV system for 10 years of its operations is
22,934.65 kWh.

• The yearly average value of PV system efficiency, for the 10-year measurements level,
is 10.49%, which is almost two times less than the given efficiency at STC, and the
relative error of yearly average values of PV system efficiency, observed from year to
year, range from 0.34% to 6.16%.

• The yearly average value of specific yield factor (Yf) for the 10-year measurements
level is 1178.51 kWh/kWp.

• The yearly average value of CF over the 10-year period is 13.45%.
• The yearly average value of PR for the 10-year measurements level is 0.87, and the

relative error of yearly average values of PR, observed from year to year, range from
0.97% to 6.83%. On the other hand, the PV system, which uses highly efficient com-
ponents and is designed appropriately, shows a PR near 90% (“good” performances
are >84%). Thus, the experimental results indicate that the behavior of the given PV
system over 10 years of operation does not change significantly.

Based on a statistical analysis of PV system electricity and total POA radiation on PV
array data over 10 years of measurements, it can be concluded that:

• A high correlation coefficient value allows for the formation of regression model
between PV electricity and POA radiation of the PV array. The obtained model is
statistically significant and enables prediction better than the simple average.

• ANOVA shows that the mean values of PV electricity are not statistically significant
changed over the 10 observed years.

• ANOVA and post hoc Tukey test show that there is a statistically significant difference
of POA mean radiation during the months over 10 years and that the highest values
of POA radiation are in July and on August. The Tukey test enables the months to
be separated within the groups based on difference of POA radiation on PV array.
The months within the groups are without statistically significant differences of POA
radiation, while the months in various groups differ statistically significantly in terms
of POA radiation.

• Based on the POA radiation values and by applying the obtained model, a prediction
of the PV system output can be made for similar PV installations.

It should be also noted that, by making the presented results publicly available, this
research could benefit researchers in increasing the accuracy of modeling, prediction, and
the cost-effectiveness of PV systems over a longer period of their operation.
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A B S T R A C T   

By employing the time-dependent power flow equation (TD PFE), we examine the bandwidth in 
multimode W-type (double clad) microstructured plastic optical fibers (mPOFs) with a PMMA 
(polymethyl methacrylate) solid core for parametrically varying depth and width of the inter-
mediate layer (IL) (inner cladding). The investigated W-type mPOF’s bandwidth was calculated 
for various configurations of the air-holes in the inner cladding and varied launch excitations. We 
obtained that results for smaller inner cladding air-holes at longer fiber lengths exhibit greater 
bandwidth. On the other hand, for shorter fibers, the launch beam which only excites guided 
modes, has no effect on the bandwidth due to the air-hole size. The W-type mPOF with a narrower 
inner cladding has a greater bandwidth. The bandwidth is also larger for a narrow launch that 
only excites guided modes as opposed to a wider launch that excites both guided and leaky 
modes. Therefore, the bandwidth increases as the width of the IL is reduced, or by decreasing the 
diameter of air-holes in the IL, or by exciting only guided modes. W-type mPOFs can be more 
easily tailored for a specific use in optical fiber sensors and communications because to their 
programmable properties.   

1. Introduction 

Due to its ductility, light weight, and large core sizes (up to 1 mm), multimode POF technology are suited for short-range 
communication lines. POFs are also simple to treat. It is straightforward to integrate large-core POFs with VCSELs, LEDs, and lasers 
to create low-cost and reliable communication systems. They have also included illumination, sensing, and data processing in their 
applications. Traditional optical fibers cannot match the flexibility of the microstructured patterning of the optical fiber to affect the 

* Corresponding author. 
E-mail address: rumi@doctor.upv.es (R. Min).  

Contents lists available at ScienceDirect 

Optik 

journal homepage: www.elsevier.com/locate/ijleo 

https://doi.org/10.1016/j.ijleo.2022.170207 
Received 14 August 2022; Received in revised form 2 November 2022; Accepted 7 November 2022   

mailto:rumi@doctor.upv.es
www.sciencedirect.com/science/journal/00304026
https://www.elsevier.com/locate/ijleo
https://doi.org/10.1016/j.ijleo.2022.170207
https://doi.org/10.1016/j.ijleo.2022.170207
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2022.170207&domain=pdf
https://doi.org/10.1016/j.ijleo.2022.170207


Optik 271 (2022) 170207

2

sectional profile [1–7]. We are aware that an "endlessly single-mode" mPOF that operates over a wide spectrum of wavelengths has 
been realized [2]. Photonic bandgap guidance additionally makes it possible to define the hollow core mPOF [8–13]. Applications for 
mPOFs include dispersion and birefringence for optical fiber communication [14–17], supercontinuum source generation [18–20], 
wavelength up-down conversion [21,22] and optical fluids sensing [23,24]. The mPOF typically has a numerical aperture (NA) of 
NA≃0.5 [25–27]. By using high NA mPOFs, lensless focusing with excellent resolution has been made possible [28]. 

With the goal of enhancing the transmission properties of multimode mPOFs, there has been a lot of attention in the design of the 
refractive index (RI) profile in recent years. This led to the development of numerous step-index, graded-index, and W-type mPOF 
designs [3–5,26,28,29]. When compared to a matched single-clad (SC) fiber, the IL of W-type fibers more tightly bonds the guided 
modes to the core, producing a wider bandwidth. Therefore, modal dispersion in W-type optical fibers is lower than that in SC fibers. In 
a typical mPOF design, the cladding layer can be modified by changing the air-hole pattern and/or size inside a concentric ring-like 
region, as shown in Fig. 1. Fig. 1 shows a mPOF with a changing pattern in the cladding that resembles a W-type optical fiber. When it 
comes to modifying the geometric properties, such as the air-hole sizes dq, dp, and pitch Λ, W-type mPOF is more adaptable. 

The efficiency of light propagation through multimode optical fibers is influenced by mode coupling, modal attenuation, and modal 
dispersion. Mode coupling is primarily brought on by light scattering, which occurs naturally in multimode optical fibers due to the 
presence of vacancies, cracks, minute bends, and density variations. Because core modes travel at their own, mutually unequal group 

Fig. 1. (a) Cross section of multimode double clad W-type mPOF with a solid-core and rings of air-holes in the inner and outer cladding, where Λ is 
the hole-to-hole spacing (pitch), dq and dp are diameters of air-holes in the inner and outer cladding, respectively, (b) RI profile of the referent W- 
type mPOF. 
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velocities, which causes temporal pulse broadening with distance from the input fiber end, modal dispersion is a major limiting issue. It 
took some time for commercial simulation software programs to be developed in order to study the transmission characteristics of 
multimode mPOFs. The TD PFE for multimode double-clad W-type mPOF is numerically solved in this paper to address this flaw. 
Having triangular holes in the inner and outer cladding with a constant pitch (Λ in Fig. 1), enabled us to analyze the multimode W-type 
mPOF’s bandwidth. Using the explicit finite difference method (EFDM) [30], we were able to solve the TD PFE for such a fiber. Results 
demonstrate the impact of different inner-cladding air-holes arrangements and launch excitations on bandwidth. To our knowledge, 
this article is the first to examine the bandwidth of a multimode mPOF with a W-type RI distribution. 

2. A W-type mPOF design 

The air-holes in the cladding of conventional mPOFs typically form a regular triangular lattice. The effective RI profile of the 
selected optical fiber layer can be changed by adjusting the geometric parameters dq, dp and Λ, as illustrated in Fig. 1-a. The outer 
cladding has smaller air-holes than the inner cladding (dp vs dq in Fig. 1-a). The core’s RI is higher than that of the two claddings (Fig. 1- 
b). The inner cladding has the lowest effective RI nq and the largest diameter dq of the air-holes while the outer cladding has an effective 
RI np (nq<np<n0). The spacing and size of the air-holes as well as the width of the IL the modified holes are in, are also additional 
design parameters that are used to engineer dispersion and other fiber qualities. Such a system was simulated using the TD PFE. 

3. Time-dependent power flow equation 

Gloge’s TD PFE [31] describes the power flow for light transmission in multimode optical fibers: 

∂p(θ, z, t)
∂z

+ τ(θ) ∂p(θ, z, t)
∂t

= − α(θ)p
(

θ, z, t
)

+
1
θ

∂
∂θ

[

θD(θ)
∂P(θ, z, t)

∂θ

]

(1)  

where p(θ, z, t) is power distribution; τ(θ) is modal delay; D(θ) is coupling coefficient; and α(θ) = α0 + αd(θ) is the modal attenuation, 
where α0 represents conventional losses (absorption and scattering). The term α0 leads only to a multiplier exp( − α0z) in the solution 
and is thus neglected. The boundary conditions are p(θm, z) = 0 where θm is the maximum propagation angle, and D(θ)(∂p/∂θ) = 0 at θ 
= 0. 

In order to obtain the frequency response in the frequency domain, Eq. (1)’s Fourier transformation results in: 

∂P(θ, z,ω)
∂z

+ jωτ(θ)P
(

θ, z,ω
)

= − α(θ)P
(

θ, z,ω
)

+
1
θ

∂
∂θ

[

θD(θ)
∂P(θ, z,ω)

∂θ

]

(2)  

where ω = 2πf is the angular frequency, also: 

P
(

θ, z,ω
)

=

∫ +∞

− ∞
p(θ, z, t)exp

(

− jωt
)

dt (3) 

The boundary conditions become: 

P
(

θm, z,ω
)

= 0, D(θ)
∂P(θ, z,ω)

∂θ

⃒
⃒
⃒
⃒

θ=0
= 0 (4) 

By splitting P(θ, z,ω) into the real part Pr(θ, z,ω) and imaginary part Pi(θ, z,ω) and assuming a constant coupling coefficient D 
[32–34], Eq. (2) can be rewritten as the following simultaneous equations: 

∂Pr(θ, z,ω)
∂z

= − α(θ)Pr

(

θ, z,ω
)

+
D
θ

∂Pr(θ, z,ω)
∂θ

+ D
∂2Pr

(
θ, z,ω

)

∂θ2 + ωτPi

(

θ, z,ω
)

(5a)  

and: 

∂Pi(θ, z,ω)
∂z

= − α(θ)Pi

(

θ, z,ω
)

+
D
θ

∂Pi(θ, z,ω)

∂θ
+ D

∂2Pi
(
θ, z,ω

)

∂θ2 − ωτPr

(

θ, z,ω
)

(5b)  

where: 

P(θ, z,ω) = Pr(θ, z,ω)+ jPi(θ, z,ω) (6) 

If Pr(θ, z,ω) and are obtained by solving Eq. (5), it is possible to obtain the transmission characteristics. The frequency response H(z,
ω) at distance z along the optical fiber is: 

H

(

z,ω
)

=
2π
∫ θm

0 θ[Pr(θ, z,ω) + jPi(θ, z,ω)]dθ
2π
∫ θm

0 θ[Pr(θ, 0,ω) + jPi(θ, 0,ω)]dθ
(7) 

The modal power distribution PF(θ, z,ω) and the spatial transient of power PL(z,ω) are given as: 
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PF

(
θ, z,ω

)
=
[
Pr(θ, z,ω)

2
+ Pi(θ, z,ω)2]1/2

(8)  

PL

(

z,ω
)

= 2π
∫ θm

0
θPF(θ, z,ω)dθ (9) 

A W-type mPOF with the RI distribution as Fig. 1-b shows can be thought of as a SCq optical fiber and cladding system [32]. The 
angle θq ≅ (2Δq)

1/2is the critical angle for the guided modes in the SCq optical fiber - whereΔq = (n0 − nq)/n0. Similarly, the angle θp ≅

(2Δp)
1/2 is the critical angle of a singly clad SCp optical fiber with only the W-type mPOF outer cladding (and no IL), where Δp = (n0 −

np)/n0. The modes with propagation angles θ < θp remain guided for the entire W-type mPOF. Lossy leaky modes are those with angles 
between θp and θq. As a result, the leaky mode attenuation is given as: 

αL(θ) =
4
(

θ2 − θ2
p

)1/2

a
(
1 − θ2)1/2

θ2
(

θ2
q − θ2

)

θ2
q

(
θ2

q − θ2
p

) exp
[

− 2δan0k0

(
θ2

q − θ2
)1/2

]

(10)  

where k0 = 2π/λ is the free-space wave number, a is the core radius and δa is IL width. The modal attenuation in the W-type mPOF is 
given as: 

αd(θ) =

⎧
⎨

⎩

0 θ ≤ θp
αL(θ) θp < θ < θq
∞ θ ≥ θq

(11) 

Modal delay is expressed in terms of θ by [33]: 

τ(θ) = n0

c
1

cos θ
≅

n0

c

(

1+
θ2

2

)

= τ0 + τd(θ) (12)  

where c is the light propagation velocity in free space. The first term τ0 is common to all modes, therefore only τd(θ) is to be considered 
in the calculations. The maximum transmission data rate of a fiber is determined by its bandwidth, which is determined by the fre-
quency response H(z,ω): 

PL(out)(z,ω) = H(z,ω)PL(in)(z = 0,ω) (13) 

The frequency response defines the bandwidth (− 3 dB bandwidth) of the optical fiber as the frequency at which output power is 
reduced to half of the input power (reduced by 3 dB) [35]. 

4. Numerical results and discussion 

We investigated light transmission in a multimode W-type mPOF, as illustrated in Fig. 1. The effective V parameter for such a fiber 
is as follows: 

V =
2π
λ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

aeff n2
0 − n2

fsm

√

(14)  

where aeff
= Λ/ ̅̅̅

3
√

[36], and nfsm is cladding’s effective RI, which is obtained from Eq. (4), using the following equation [36]: 

V
(

λ
Λ
,

d
Λ

)

= A1 +
A2

1 + A3exp(A3exp(A4λ)/Λ )
(15)  

with the parameters Ai (i = 1–4), which are given in the following form: 

Ai = ai0 + ai1

(
d
Λ

)bi1

+ ai2

(
d
Λ

)bi2

+ ai3

(
d
Λ

)bi3

(16)  

Table 1 
The coefficients in Eq. (16).   

aij bij 

j = 0 j = 1 j = 2 j = 3 j = 1 j = 2 j = 3 

i = 1  0.54808  5.00401 -10.43248 8.22992 5  7  9 
i = 2  0.71041  9.73491 47.41496 -437.50962 1.8  7.32  22.8 
i = 3  0.16904  1.85765 18.96849 -42.4318 1.7  10  14 
i = 4  -1.52736  1.06745 1.93229 3.89 -0.84  1.02  13.4  
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where the coefficients ai0 to ai3 and bi1 to bi3 (i = 1–4) are given in Table 1. 
Table 2 displays significant values of the effective RI of the inner cladding nq, relative RI difference Δq, and critical angles θq, for two 

inner cladding air-hole diameters dq= 1.5 and 2 µm, for a fixed diameter of the outer cladding air-holes dp= 1 µm, and for Λ= 3 µm and 
λ = 645 nm. The critical angle θp for dp=1 μm is θp= 5.8o, and the effective RI of the outer cladding is np= 1.4844. The following are 
the main multimode mPOF’s parameters investigated in this paper: refractive index of PMMA solid core n0 = 1.492 [29,36,37], optical 
fiber diameter b= 1 mm, the core diameter 2a = 600 µm and coupling coefficient D= 1.649 × 10–4 rad2/m (typical value of D for 
conventional POFs and mPOFs) [29,36,37]. Because the mode coupling in both conventional POF and mPOF is affected by the polymer 
core material, the D values obtained for conventional POF can be used in the modeling process of W-type mPOF. In order to model a 
multimode silica W-type microstructured optical fiber, a similar assumption was used [38]. It should also be noted that because 
changing the depth of the outer cladding (i.e. the diameter of the air-holes in the outer cladding dp) has a negligible effect on the 
bandwidth of the W-type mPOFs, it is not investigated in this work. 

Figs. 2 and 3 show the bandwidth vs transmission length for two different diameters of the inner cladding air-holes dq= 1.5 and 
2 µm, for a fixed diameter of the outer cladding air-holes dp= 1 µm - for three different widths of the Gaussian launch beam distribution 
FWHM= 1, 5, and 10o, respectively, for the case of a W-type mPOF with width of the inner cladding δ = 0.008 and 0.024. At longer 
fiber lengths, bandwidth increases with reducing diameter of the inner cladding air-holes dq, as shown in Figs. 2 and 3. This is due to a 
decrease in leaky mode losses as dq increases, thus power remains in higher leaky modes over longer transmission distances, which 
results in the increased modal dispersion and reduced bandwidth. At shorter fiber lengths, leaky modes are almost not guided along the 
fiber for narrower launch beam excitation (exiting only the guided modes), and the influence of dq on bandwidth is negligible. 

The bandwidth is larger in the case of narrower inner cladding (δ = 0.008), as shown in Figs. 2 and 3. Because leaky mode losses are 
lower in optical fibers with wider inner cladding, power stays in leaky modes for longer optical fiber transmission lengths, resulting in 
increased modal dispersion and reduced bandwidth. When a narrow launch excites only guided modes, the bandwidth is larger than 
when a wider launch excites both leaky and guided modes. Modal dispersion rises as both leaky and guided modes are excited, thus 
reducing bandwidth. After reaching a steady-state distribution [29], the influence of launch excitation is negligible at longer fiber 
lengths. To summarize, we demonstrated that decreasing the width of the inner cladding, decreasing the diameter of the air-holes in 
inner cladding, or exciting only guiding modes can improve W-type mPOF’s bandwidth. 

Finally, one should mention that the theoretical model (time-dependent power flow equation) for calculation of bandwidth in 
multimode mPOF employed in this work has been successfully employed for calculation of bandwidth in multimode silica micro-
structured optical fiber [38]. 

5. Conclusions 

The bandwidth of a multimode W-type mPOF with solid core is determined as a function of transmission length by numerically 
solving the TD PFE for various arrangements of the inner cladding’s air-holes and different launch excitations. Longer lengths of optical 
fiber result in higher bandwidth for smaller diameter of inner cladding air-holes dq. For shorter lengths, however, the effect of air-hole 
size dqon bandwidth is negligible due to excitation that only launches guided modes (narrower launch beam). The bandwidth of W- 
type mPOF is greater when the inner cladding is narrower. The bandwidth is also larger in the case of a narrow launch that only excites 
guided modes, as opposed to a wider launch that excites both guided and leaky modes. As a result, as the width of the inner cladding is 
reduced, or the diameter of air-holes in the inner cladding is reduced, or only guided modes are excited, the bandwidth improves. 
Based on the results reported here, W-type mPOFs can be more easily tailored for a specific use in optical fiber sensors and 
communications. 

Funding 

Strategic Research Grant of City University of Hong Kong (CityU 7004600); Serbian Ministry of Education, Science and Techno-
logical Development grant (451-03-68/2022-14/200122); Science Fund of the Republic Serbia (CTPCF-6379382); Guangdong Basic 
and Applied Basic Research Foundation (2021A1515011997); Special project in key field of Guangdong Provincial Department of 
Education (2021ZDZX1050);The Innovation Team Project of Guangdong Provincial Department of Education (2021KCXTD014). 

Declaration of Competing Interest 

No conflict of interest exits in the submission of this manuscript, and manuscript is approved by all authors for publication. I would 
like to declare on behalf of my co-authors that the work described was original research that has not been published previously, and not 

Table 2 
For two air-hole diameters dq in the inner cladding, the data show the effective RI nq, 
relative RI difference Δq and critical angle θq - all for the inner cladding at λ = 645 nm.  

dq (µm)  1.5  2.0 
nq  1.4757  1.4458 
Δq= (n0 − nq)/n0  0.01092  0.03097 
θq (deg)  8.5  14.3  
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δ = 0.008, three different launch beam distributions with FWHM= 1, 5 and 10o and two different diameters of air-holes in the inner cladding (a) 
dq= 1.5 and (b) dq= 2 µm. 

Fig. 3. Bandwidth as a function of transmission length for a fixed diameter of air-holes in the outer cladding dp= 1 µm, width of the inner cladding 
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Abstract: Solving the time-dependent power flow equation (PFE) provides a useful method to study 

the transmission bandwidth of step-index silica photonic crystal fibers (SI SPCFs). The transmission 

bandwidth of these kinds of fibers is determined for different air-hole structures (different numeri-

cal apertures (NAs)) and different distribution widths of the Gaussian launch beam. The results 

indicate that the lower the NA of SI SPCFs, the higher the bandwidth (for example, for a lower NA 

of SI SPCFs, a bandwidth that is eight times larger is obtained at a fiber length of 3500 m). The 

narrower launch beam at short fiber lengths results in a wider bandwidth. The longer the fiber (>300 

m), the much less the effect of the launch beam width on the bandwidth. The bandwidth becomes 

independent of the width of the launch beam distribution at the fiber length at which a steady-state 

distribution (SSD) is reached. These results are useful for some potential applications, such as high 

capacity transmission optical fiber systems. 

Keywords: photonic crystal fiber; bandwidth; multimode optical fiber; step-index fiber; power flow 

equation 

 

1. Introduction 

The communication system based on optical fibers provides more reliability and flex-

ibility than the wireless communication medium, which is the backbone of the modern 

telecommunication network [1]. The PCF first investigated by the Russell group is a spe-

cific optical fiber technology (optical fiber with micro-structure) for light guiding [2]. The 

light passing through PCFs follows two principles: the first one is light passing through a 

high refractive index (RI) medium surrounded by a lower RI medium, and the other one 

is light passing through a low RI medium surrounded by a higher RI medium. For some 

kinds of PCFs, a high RI material, such as silica material, is implemented as the back-

ground material, which is doped in a periodic manner with air holes. The hole pattern has 

lowered the effective RI of the fiber cladding and allows the optical fibers to guide light 

[2–7]. Choosing this cladding hole pattern allows one to adjust the RI profile of the optical 

fiber during the design process. PCFs exhibit excellent performance as the microstructure 

of the fibers provides additional flexibility to influence the cross-section during the design 

phase. The “end-less” PCF [2] has been shown to work only in fundamental mode over a 

wide range of wavelengths. On the other hand, a PCF may have an empty core. Photonic 

gap guidance [8–11] allows the “air center” of hollow fibers to have a lower RI than the RI 
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of the cladding material [12,13]. In practice, optical dispersion and birefringence of PCFs 

is often investigated [14–17]. Nowadays, PCFs are important since they can be imple-

mented for many applications, such as supercontinuum light generation [18–20], light 

wavelength conversion [21,22], optical fluids [23], and different sensing area [24]. The 

width of the PCF material between the holes of the cladding determines the NA of the 

PCF, which is normally limited to NA ≃ 0.5–0.6 [25–27]. Sometimes, PCFs considered in-

clude heavy metal oxide glass fibers [28] and liquid-filled hollow-core fibers for specific 

applications [29]. Additionally, high NA PCFs demonstrated excellent resolution in 

lensless focusing [30].  

PCFs show high bandwidth performance and flexibility, making them useful for 

transmission and sensing technology. The propagation characteristics of PCFs are im-

portant parameters for their practical applications, which are affected by mode attenua-

tion, mode coupling, and modal dispersion. The main cause of mode coupling lies in light 

scattering due to intrinsic perturbations in the fiber (micro-bend, changes in diameter, and 

changes in density and RI distribution). One of the most efficient approaches in modeling 

the transmission characteristics of multimode optical fibers is based on the employment 

of the PFE [31–36]. In this work, by solving the time-dependent PFE, we determine the 

bandwidth of a multimode SI SPCF with a solid core for two different launch beam dis-

tribution widths and two different air-hole sizes (two different NAs), which have a great 

potential for applications in optical fiber communication. The central part has the highest 

RI; holes with diameter d and pitch  in the cladding reduce the effective value of RI in 

the cladding.  

2. The Design of the PCF 

Here, we present a SI PCF design in which the air holes are uniform in size and form 

an equilateral triangular network in the cladding, as shown in Figure 1. Despite the fact 

that the material properties are uniform throughout the optical fiber, the hole-free central 

part has the highest RI; holes with diameter d and pitch  in the cladding reduce the ef-

fective value of RI in the cladding.  

 

Figure 1. (a) Lateral end-face of a solid-core multimode SI PCF, where is the pitch and d is the 

diameter of the air holes. (b) RI profile of a multimode SI PCF. 

3. The Time-Dependent PFE 

We used the time-dependent PFE for the bandwidth simulation, which is presented 

in the following form [31]:  
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where t is the time, θ is the angle, z is the optical fiber length, �(�, �, �) is the power dis-

tribution, �(�) is the modal delay, �(�) is the coupling coefficient (usually assumed con-

stant [31,32]), and α(θ) ≃ α0 (it does not have to be accounted when solving (1)) [32].  

The Fourier transformation of Equation (1) is: 
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where � = 2�� is the angular frequency, and we obtain: 
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The boundary conditions are presented in the following form: 
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Since �(�, �, �) has the real part ��(�, �, �) and imaginary part ��(�, �, �), Equation 

(2) can be rewritten as: 
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 (6)

We obtained ��(�, �, �) and ��(�, �, �) by numerically solving Equation (5) using 

the explicit finite difference method (EFDM). The frequency response �(�, �) is then ob-

tained as: 
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(7)

This equation can be used to determine the change of the transmission bandwidth 

with the transmission length. 

4. Simulation Results  

The bandwidth for various launch beam distribution widths in the multimode SI 

SPCF was investigated. For a PCF with triangular lattice air holes, the effective parameter 

V is presented as: 

2 2
0

2
eff fsmV a n n




   (8)

where n0 is the RI of the core, nfsm is the effective RI of the cladding, and 3/effa  [33]. 

The effective RI of the cladding n1 ≡ nfsm, can be obtained from Equation (8), using the 

following equation [33]: 
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where the parameters for fitting �� (i = 1 to 4) are presented as:  

1 2 3

0 1 2 3

     
        

       

i i ib b b

i i i i i

d d d
A a a a a  (10)

where the coefficients 0ia  to 3ia  and 1ib  to 3ib  (i = 1 to 4) are supplied in Table 1. 

Table 1. Fitting coefficients in Equation (10) [33]. 

 =i 1  i 2=  i 3=  i 4=  

0ia  
0.54808 0.71041 0.16904 −1.52736 

1ia  
5.00401 9.73491 1.85765 1.06745 

2ia −10.43248 47.41496 18.96849 1.93229 

3ia  
8.22992 −43.750962 −42.4318 3.89 

1ib  
5 1.8 1.7 −0.84 

2ib  
7 7.32 10 1.02 

3ib  
9 22.8 14 13.4 

Figure 2 shows the cladding’s effective RI n1 ≡ nfsm as a function of / , for μm3

and for two values of the hole diameter d. The design parameters of the investigated SI 

SPCF are presented in Table 2.  

 

Figure 2. Effective RI of the inner cladding as a function of / . 
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Table 2. Effective RI of the cladding ��, relative RI difference ∆= (�� − ��)/��, where �� =1.45, 

and the critical angle �� for the varied air-hole diameter d at wavelength 850 nm. 

d (µm) 1.0 2.0 

�� 1.443717 1.423679 

∆= (�� − ��)/�� 0.00433 0.01815 

m  (deg) 5.34 10.93 

The Equation (5) are solved using the EFDM [34], where the coupling coefficient was

/mrad103.2 26D (typical value of D for glass core fibers [35]). The cases with diameter 

of air holes d = 1 µm (n1 = 1.443717, Δ = 0.00433) and d = 2 µm (n1 = 1.423679, Δ = 0.01815) 

and launch beam distribution with (FWHM)z=0 = 1° and 5° are analyzed.  

For illustration purposes, Figure 3 shows the bandwidth expansion over the fiber 

length. This was calculated for the beam distributions with (FWHM)z=0 = 1° and 5° , in the 

case of Δ = 0.00433 and Δ = 0.01815. From Figure 3, we can observe that a lower NA 

(smaller Δ) yields a higher bandwidth. For shorter fiber lengths, the smaller the Gaussian 

launch beam width, the wider the bandwidth. This is due to the narrow launch beam of 

(FWHM)z=0 = 1°, which reduces the modal dispersion. The effect of the (FWHM)z=0 of the 

launch beam distribution on the bandwidth vanishes with increasing the optical fiber 

length. Initial mode excitation has less effect on the bandwidth of longer fibers, because 

mode coupling affects the redistribution of energy between guide modes. Figure 3 shows 

a linear decrease in the bandwidth over short fiber lengths before switching to a 1/z1/2 

functional dependence. For the larger widths of the Gaussian launch beams and lower 

NAs, this change, and therefore the equilibrium mode distribution, occurs at shorter fiber 

lengths. For (FWHM)z=0 = 1°, the length is Lc ≃ 500 m for n1 = 1.443717 and Lc ≃ 1650 m for 

n1 = 1.423679. For (FWHM)z=0 = 5°, the length is Lc ≃ 300 m for n1 = 1.443717 and Lc ≃ 1450 

m for n1 = 1.423679 [36]. The shorter the length Lc, the slower the bandwidth decrease. The 

bandwidth tends to be length-independent for certain fiber lengths. This length marks the 

onset of an SSD. This length is ���� ≈ 1150 m for n1 = 1.443717 and ���� ≈ 3800 m for n1 = 

1.423679 [36]. Finally, one can conclude that the examined PCFs seem to be suitable for 

short-haul rather than long-haul applications. 

 

Figure 3. Bandwidth as a function of the optical fiber length for the Gaussian launch beams with 

(FWHM)z=0 = 1° and 5° for Δ = 0.00433 Δ = 0.01815. 



Photonics 2022, 9, 214 6 of 8 
 

 

It is worth noting that the proposed method for the investigation of the bandwidth 

in SI SPCFs by employing the time-dependent power flow equation has already been 

proven as effective and accurate in several previously published works, including the the-

oretical and experimental investigation of bandwidths in graded-index plastic optical fi-

bers and SI plastic optical fibers [34,37]. A block diagram that illustrates the procedure 

applied in this work for the calculation of the bandwidth in SI SPCFs is shown in Figure 

4. 

 

Figure 4. Block diagram for the calculation of the bandwidth in SI SPCFs. 

5. Conclusions 

To conclude, by solving the time-dependent PFE, an approach for estimating the 

bandwidth of multimode SI SPCFs is proposed. From the obtained results, we conclude 

that lower NA enables a higher fiber bandwidth (e.g., for lower NA of SI SPCFs, a band-

width that is eight times larger is obtained at a fiber length of 3500 m). Additionally, a 

narrower Gaussian launch beam leads to a higher bandwidth at short fiber lengths. The 

bandwidth decreases with increasing the fiber length and tends to be launch-beam inde-

pendent for a certain fiber length. This length marks the onset of the SSD. One can con-

clude that the examined PCFs seem to be suitable for short-haul rather than long-haul 

applications. Finally, we show that these tuning parameters provide additional flexibility 

in the construction of photonic crystal fibers for high bandwidth optical fiber transmis-

sion. 

Author Contributions: Methodology, software, B.D., M.S.K.; writing—original draft preparation, 

S.S., L.K. and A.S.; writing—review and editing, A.D., S.S. and R.M.; funding acquisition, S.S. and 

R.M. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the NSFC (62003046, 6211101138); City University of Hong 

Kong (CityU 7004600); Serbian Ministry of Education, Science and Technological Development (451-

03-68/2022-14/200122); Science Fund of the Republic of Serbia (CTPCF-6379382); Guangdong Pro-

vincial Department of Technology (2021A1515011997); Guangdong Provincial Department of Edu-

cation (2021ZDZX1050,2021KCXTD014); and Guangdong Provincial Department of Science and 

Technology(2021A1313030055). 

Institutional Review Board Statement: Not applicable.  

Informed Consent Statement: Not applicable.  

Data Availability Statement: The data presented in this study are available on request from the 

corresponding author. 

Conflicts of Interest: The authors declare no conflicts of interest. 



Photonics 2022, 9, 214 7 of 8 
 

 

References 

1. Knight, J.C.; Birks, T.A.; Russell, P.S.J.; Atkin, D.M. All-silica single-mode optical fiber with photonic crystal cladding. Opt. Lett. 

1996, 21, 1547–1549, https://doi.org/10.1364/OL.21.001547. 

2. Birks, T.A.; Knight, J.C.; Russell, P.S.J. Endlessly single-mode photonic crystal fiber. Opt. Lett. 1997, 22, 961–963, 

doi:10.1364/ol.22.000961. 

3. Russell, P.S.J. Photonic crystal fibers. Science 2003, 299, 358–362, https://doi.org/10.1364/OE.11.002641. 

4. Knight, J.C. Photonic crystal fiber. Nature 2003, 424, 847–851, https://doi.org/10.1126/science.1079280. 

5. Russell, P.S.J. Photonic-crystal fibers. J. Lightwave Technol. 2006, 24, 4729–4749, https://doi.org/10.1364/PRJ.5.000088. 

6. Knight, J.C.; Broeng, J.; Birks, T.A.; Russell, P.S.J. Photonic Band Gap Guidance in Optical Fibers. Science 1998, 282, 1476–1478, 

https://doi.org/10.1126/science.282.5393.1476. 

7. Knight, J.C.; Russell, P.S.J. Photonic crystal fibers: New way to guide light. Science 2002, 296, 276–277, https://doi.org/10.1126/sci-

ence.1070033. 

8. Cregan, R.F.; Mangan, B.J.; Knight, J.C.; Birks, T.A.; Russell, P.S.J.; Roberts, P.J.; Allan, D.C. Single-Mode Photonic Band Gap 

Guidance of Light in Air. Science 1999, 285, 1537–1539, https://doi.org/10.1126/science.285.5433.1537. 

9. Amezcua-Correa, R.; Gèrôme, F.; Leon-Saval, S.; Broderick, N.G.R.; Birks, T.; Knight, J. Control of surface modes in low loss 

hollow-core photonic bandgap fibers. Opt. Express 2008, 16, 1142–1149, https://doi.org/10.1364/oe.16.001142. 

10. Zhang, Z.; He, J.; Du, B.; Guo, K.; Wang, Y. Highly sensitive gas refractive index sensor based on hollow-core photonic bandgap 

fiber. Opt. Express 2009, 27, 29649–29658, https://doi.org/10.1364/OE.27.029649. 

11. Zhang, X.; Gao, S.; Wang, Y.; Ding, W.; Wang, X.; Wang, P. 7-cell hollow-core photonic bandgap fiber with broad spectral 

bandwidth and low loss. Opt. Express 2019, 27, 11608–11616, https://doi.org/10.1364/OE.27.011608. 

12. Benabid, F.; Knight, J.C.; Antonopoulos, G.; Russell, P.S.J. Stimulated Raman Scattering in Hydrogen-Filled Hollow-Core Pho-

tonic Crystal Fiber. Science 2002, 298, 399–402, https://doi.org/10.1126/science.1076408. 

13. Light, P.; Benabid, F.; Couny, F.; Maric, M.; Luiten, A. Electromagnetically induced transparency in Rb-filled coated hollow-

core photonic crystal fiber. Opt. Lett. 2007, 32, 1323–1325, https://doi.org/10.1364/ol.32.001323. 

14. Mogilevtsev, D.; Birks, T.; Russell, P. Group-velocity dispersion in photonic crystal fibers. Opt. Lett. 1998, 23, 1662–1664, 

https://doi.org/10.1364/ol.23.001662. 

15. Nair, A.A.; Amiri, I.S.; Boopathi, C.S.; Karthikumar, S.; Jayaraju, M.; Yupapin, P. Numerical investigation of co-doped micro-

structured fiber with two zero-dispersion wavelengths. Results Phys. 2018, 10, 766–771, 

https://doi.org/10.1016/j.rinp.2018.07.032. 

16. Huang, Y.; Yang, H.; Zhao, S.; Mao, Y.; Chen, S. Design of photonic crystal fibers with flat dispersion and three zero dispersion 

wavelengths for coherent supercontinuum generation in both normal and anomalous regions. Results Phys. 2021, 23, 104033, 

https://doi.org/10.1016/j.rinp.2021.104033. 

17. Anas, T.; Asaduzzaman, S.; Ahmed, K.; Bhuiyan, T. Investigation of highly birefringent and highly nonlinear Hexa Sectored 

PCF with low confinement loss. Results Phys. 2018, 11, 1039–1043, https://doi.org/10.1016/j.rinp.2018.11.013. 

18. Rajesh, A.; Chandru, S.; Robinson, S. Investigation of defective hybrid cladding with silicon nanocrystal PCF for super-contin-

uum generation. Laser Phys. 2021, 31, 126206, https://doi.org/10.1088/1555-6611/ac32da. 

19. Kuliesaite, M.; Jarutis, V.; Pimpe, J.; Vengelis, J. Partially coherent UV–VIS light generation in photonic crystal fiber using femto-

second pulses. Results Phys. 2021, 31, 104965, https://doi.org/10.1016/j.rinp.2021.104965. 

20. Paul, B.K.; Moctader, M.G.; Ahmed, K.; Khalek, M.A. Nanoscale GaP strips based photonic crystal fiber with high non-linearity 

and high numerical aperture for laser applications. Results Phys. 2018, 10, 374–378, https://doi.org/10.1016/j.rinp.2018.06.033. 

21. Wu, D.; Guo, Z.; Wu, Z.; Shum, P. 900 nm waveband four wave mixing generation in highly nonlinear photonic crystal fiber. J. 

Opt. 2018, 20, 035501, https://doi.org/10.1088/2040-8986/aaa9ea. 

22. Yuan, J.; Kang, Z.; Li, F.; Zhou, G.; Sang, X.; Wu, Q.; Yan, B.; Zhou, X.; Zhong, K.; Wang, L.; et al. Polarization-dependent 

intermodal four-wave mixing in a birefringent multimode photonic crystal fiber. Opt. Lett. 2017, 42, 1644–1647, 

https://doi.org/10.1364/OL.42.001644. 

23. Das, S.; De, M.; Singh, V.K. Single mode dispersion shifted photonic crystal fiber with liquid core for optofluidic applications. 

Opt. Fiber Technol. 2019, 53, 102012, https://doi.org/10.1016/j.yofte.2019.102012. 

24. Monfared, Y.E.; Liang, C.; Khosravi, R.; Kacerovska, B.; Yang, S. Selectively toluene-filled photonic crystal fiber Sagnac inter-

ferometer with high sensitivity for temperature sensing applications. Results Phys. 2019, 13, 102297, 

https://doi.org/10.1016/j.rinp.2019.102297. 

25. Wadsworth, W.; Percival, R.; Bouwmans, G.; Knight, J.; Birks, T.; Hedley, T.; Russell, P. Very High Numerical Aperture Fibers. 

IEEE Photon. Technol. Lett. 2004, 16, 843–845, https://doi.org/10.1109/lpt.2004.823689. 

26. Hansen, K.P.; Broeng, J.; Petersson, A.; Nielsen, M.D.; Skovgaard, P.M.W.; Jakobsen, C.; Simonsen, H.R. High-power photonic 

crystal fibers. Proc. SPIE 2006, 6102, 61020B–61020B-11, https://doi.org/10.1117/12.660174. 

27. Olausson, C.B.; Hansen, K.P.; Broeng, J.; Noordegraaf, D.; Maack, M.D.; Alkeskjold, T.T.; Laurila, M.; Nikolajsen, T.; Skovgaard, 

P.M.W.; Sørensen, M.H.; et al. Airclad fiber laser technology. Opt. Eng. 2011, 50, 111609, https://doi.org/10.1117/1.3631872. 

28. Stepien, R.; Siwicki, B.; Pysz, D.; Stepniewski, G.; Kujawa, I.; Klimczak, M.; Buczynski, R. Characterization of a large core pho-

tonic crystal fiber made of lead–bismuth–gallium oxide glass for broadband infrared transmission. Opt. Quantum Electron. 2014, 

46, 553–561, https://doi.org/10.1007/s11082-013-9835-5. 



Photonics 2022, 9, 214 8 of 8 
 

 

29. Tefelska, M.M.; Ertman, S.; Wolinski, T.R.; Mergo, P.; Dabrowski, R. Large Area Multimode Photonic Band-Gap Propagation in 

Photonic Liquid-Crystal Fiber. IEEE Photon. Technol. Lett. 2012, 24, 631–633, https://doi.org/10.1109/lpt.2012.2184278. 

30. Amitonova, L.V.; Descloux, A.; Petschulat, J.; Frosz, M.H.; Ahmed, G.; Babic, F.; Jiang, X.; Mosk, A.P.; Russell, P.; Pinkse, P.W.H. 

High-resolution wavefront shaping with a photonic crystal fiber for multimode fiber imaging. Opt. Lett. 2016, 41, 497–500, 

https://doi.org/10.1364/ol.41.000497. 

31. Gloge, D. Optical Power Flow in Multimode Fibers. Bell Syst. Tech. J. 1972, 51, 1767–1783, https://doi.org/10.1002/j.1538-

7305.1972.tb02682.x. 

32. Rousseau, M.; Jeunhomme, L. Numerical Solution of the Coupled-Power Equation in Step-Index Optical Fibers. IEEE Trans. 

Microw. Theory Tech. 1977, 25, 577–585, https://doi.org/10.1109/tmtt.1977.1129162. 

33. Saitoh, K.; Koshiba, M. Empirical relations for simple design of photonic crystal fibers. Opt. Express 2005, 13, 267–274, 

https://doi.org/10.1364/opex.13.000267. 

34. Simović, A.; Drljača, B.; Savović, S.; Djordjevich, A.; Min, R. Investigation of bandwidth in multimode graded-index plastic 

optical fibers. Opt. Express 2021, 29, 29587–29594, HTTPS://DOI.ORG/10.1364/OE.433481. 

35. Tanaka, T.P.; Yamada, S. Steady-state characteristics of multimode W-type fibers. Appl. Opt. 1979, 18, 3261–3264, 

https://doi.org/10.1364/AO.18.003261. 

36. Savović, S.; Kovačević, M.S.; Simović, A.; Kuzmanović, L.; Drljača, B.; Djordjevich, A. Method for investigation of mode cou-

pling in multimode step-index silica photonic crystal fibers. Optik 2021, 246, 167728, https://doi.org/10.1016/j.ijleo.2021.167728. 

37. Savović, S.; Drljača, B.; Kovačević, M.S.; Djordjevich, A.; Bajić, J.S.; Stupar, D.Z.; Stepniak, G. Frequency response and bandwidth 

in low NA step index plastic optical fibers. Appl. Opt. 2014, 53, 6999–7003, https://doi.org/10.1364/AO.53.006999. 



 
 

 
 

 
Photonics 2022, 9, 127. https://doi.org/10.3390/photonics9030127 www.mdpi.com/journal/photonics 

Communication 

Theoretical Investigation of the Capacity of Space Division 
Multiplexing with Multimode Step-Index Air-Clad Silica  
Optical Fibers 
Svetislav Savović 1,2, Alexandar Djordjevich 3, Isidora Savović 4, Branko Drljača 5, Ana Simović 2  
and Rui Min 1,* 

1 Center for Cognition and Neuroergonomics, State Key Laboratory of Cognitive Neuroscience and Learning, 
Beijing Normal University at Zhuhai, Zhuhai 519087, China; savovic@kg.ac.rs 

2 Faculty of Science, University of Kragujevac, R. Domanovića 12, 34000 Kragujevac, Serbia;  
asimovic@kg.ac.rs 

3 Department of Mechanical Engineering, City University of Hong Kong, 83 Tat Chee Avenue, Kowloon, 
Hong Kong, China; mealex@cityu.edu.hk 

4 Laboratory of Neurodegenerative Disease, School of Biomedical Sciences, LKS Faculty of Medicine, The 
University of Hong Kong, 21 Sassoon Road, Pokfulam, Hong Kong, China; u3008169@connect.hku.hk 

5 Faculty of Sciences and Mathematics, University of Priština in Kosovska Mitrovica, L. Ribara 29,  
38220 Kosovska Mitrovica, Serbia; branko.drljaca@pr.ac.rs 

* Correspondence: rumi@doctor.upv.es 

Abstract: We studied the effect of mode coupling on the space division multiplexing (SDM) capa-
bilities of multimode step-index (SI) air-clad silica optical fibers by numerically solving the power 
flow equation. Mode coupling considerably reduces the length of these fibers at which space divi-
sion multiplexing may be achieved with minimal crosstalk between neighboring optical channels, 
according to the findings. Up to 120 m and 30 m, respectively, the two and three spatially multi-
plexed channels in the investigated multimode step-index silica optical fibers can be used with low 
crosstalk. When building a space division multiplexing-based optical fiber transmission system, 
such characterization of optical fibers should be taken into account. 

Keywords: air-clad silica optical fibers; microbends; mode coupling; space division multiplexing 
 

1. Introduction 
Global network traffic has expanded dramatically in recent decades, owing primarily 

to the rapid expansion of the Internet [1]. Optical fiber systems now support the majority 
of this data flow. Multiplexing, fiber amplifiers, and high-efficiency spectral coding have 
all contributed to this capacity gain [1]. Optical data multiplexing is possible not just in 
wavelength, but also in space, time, polarization, and phase. Optical fiber transmission 
systems can benefit from the multiplexing technique [1,2]. SDM, which includes mode 
division multiplexing using few-mode fibers or multimode and/or core multiplexing uti-
lizing multicore fibers, has gotten a lot of attention as a way to increase optical communi-
cation’s multiplicative capacity [1,3–8]. SDM can operate at the same or separate wave-
lengths [9]. If the SDM channels inside the carrier fiber are assigned radially distributed 
optical signals at the same wavelength, the central channel is launched along the fiber axis 
in the form of a disk, whereas all other channels are in the form of concentric rings. Thus, 
one increases the capacity of the optical fiber link (Figure 1). 

Silica optical fibers (SOFs) are suited to long-distance signal communication [10], 
while plastic optical fibers (POFs) with a large core are extensively used in short-distance 
(less than 100 m) networks [11]. Optical measurements, telecommunications, and sensor 
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applications all use plastic-clad silica fibers (PCSFs) [12,13]. Currently, the only technol-
ogy capable of reaching exceptionally high NAs is PCSFs and air-clad silica fibers. In com-
mercially marketed PCSFs, NA is limited to ~0.46. An all-silica fiber is promising for SDM 
because of the material durability and sufficient silica purity for strong transmission per-
formance in the large wavelength range of 300 nm to 2.4 µm [14–16]. In contrast, air-clad 
fibers can have an extraordinarily high numerical aperture (NAmeas > 0.9) [17]. Figure 2 is 
a cross-sectional sketch of an all-silica air-clad fiber with an annulus made up of a single 
ring of holes, produced at the University of Sydney [15]. The ring, or rings, of air holes, 
whose surface roughness has been measured to be 0.5 nm [18], are solely responsible for 
the NA of air-clad fibers. The thin bridges are typically between 100 and 400 nm thick, 
with the ring of holes forming a corrugated surface at the core. To decrease light leakage, 
the thickness was chosen. 

 
Figure 1. A schematic of a three-channel SDM system, consisting of a center disk and two concentric 
rings. 

Fiber imperfections and inhomogeneities introduced during the optical fiber fabrica-
tion process cause power transfer between adjacent modes [9,19,20]. Because SDM entails 
densely packed spatial channels in a fiber, mode coupling is critical since it allows cross-
talk between channels. As a result, the expected beam parameters are altered. The optical 
power distribution of an optical fiber determines its far-field pattern, which is influenced 
by launch conditions, fiber parameters, and fiber length. Only short fibers will produce a 
highly defined ring radiation pattern when light is launched at a given angle

0θ  > 0 with 
respect to the fiber axis. The boundaries of such a ring grow fuzzy at the end of longer 
fibers due to mode coupling. At “coupling length” Lc, where the highest-order mode ring-
pattern evolves into a disk, an equilibrium mode distribution (EMD) is established. 

 
Figure 2. Sketch of cross section of air-clad silica fiber based on the design used in the experiments 
of [15]. 

 Because information on SDM in multimode air-clad silica optical fibers is lacking in 
the literature, we investigated mode coupling in multimode SI air-clad silica optical fibers 
in this work by numerically solving the power flow equation. This fiber was previously 
investigated experimentally by Åslund et al. [15]. This allows one to determine the maxi-
mum fiber lengths for an SDM system that employs multimode SI air-clad silica optical 
fibers.  
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2. Power Flow Equation 
Gloge’s power flow equation is [19]: 
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where P(θ,z) is the angular power distribution, θ is the propagation angle in respect to 
the core axis, z is the distance from the input end of the optical fiber, D is the constant 
coupling coefficient [19,21–23], and ( )α θ is the modal attenuation. Since ( )α θ need not be 
accounted for in solving Equation (1) for mode coupling [22,23], Equation (1) reduces to 
[15]: 
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The explicit finite-difference approach [24] was used to derive a numerical solution 
of the power flow Equation (2) for a Gaussian launch-beam distribution of the form: 
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0θ  is the mean value of the launch angular distribution, σ is the 

standard deviation, and FWHM = 2 2ln 2 2.355σ σ= . We discretized Equation (2) using 
explicit finite difference method, so Equation (2) now reads [24]: 
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where indexes i and j refer to the discretization step lengths Δθ and Δz for the angle θ and 
length z, respectively. This is a simple formula for Pi,j+1 at the (i, j + 1)th mesh point in terms 
of the known values along the jth distance row. The truncation error for the difference in 
Equation (4) is O(Δz,Δθ2). The grid dimension in the θ direction is N = θc/Δθ and the grid 
dimension in the z direction is M = L/Δz, where θc is the critical angle and L is the fiber 
length. 

3. Results and Discussion 
In this study, we theoretically investigated the effect of mode coupling on SDM ca-

pabilities in a multimode SI air-clad silica optical fiber employed in a prior experiment by 
Åslund et al. [15]. The single-material air-clad fiber was made of low-grade natural silica 
and had material losses of less than 10 dB/km at 1550 nm. The fiber had NA = 0.54, a core 
diameter of dcore = 180 µm, and 59 bridges with a length of l ∼26 µm to sustain it. The 
maximum thickness of the bridge was 340 nm. The constant coupling coefficient for the 
fiber was D = 3.5 × 10–5 rad2/m at λ = 1550 nm [15,25], which we adopted in this work. The 
numerical solution to Equation (4) was obtained using discretization step lengths Δθ = 
0.1° and Δz = 0.001 m. 

Figure 3 illustrates the normalized output angular power distribution at two lengths 
of the multimode SI air-clad optical fiber obtained as a solution of Equation (2). The three 
launch beams in the Gaussian form with (FWHM)z=0 = 3.9° and different input angles 

0θ  
= 0°, 13°, and 26° represent three optical channels [15,25]. In the short SI air-clad optical 
fiber in Figure 3a, the mode coupling is minimal, and as a result there is no crosstalk be-
tween optical channels. Due to mode coupling, spatial power distributions broaden with 
increasing fiber length, so the three-channel SDM can be realized in this fiber up to a fiber 
length of zSDM = 30 m (Figure 3b). In the case of two co-propagating optical channels, the 
two Gaussian launch distributions with input angles 0θ  = 0° and 26°, and (FWHM)z=0 = 3.9°, 
are investigated. One can see from Figure 4b that practical realization of two-channel SDM 
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can be done up to a fiber length of zSDM = 120 m. As can be seen, mode coupling severely 
restricts the length of multimode SI air-clad silica optical fibers that can be used for SDM 
(Table 1). 

 
Figure 3. Normalized output intensity at different lengths of the multimode SI air-clad silica optical 
fiber obtained as solutions of Equation (2) for D = 3.5 × 10−5 rad2/m, three launch beams in the Gauss-
ian form, and input angles 

0θ  = 0o (solid line), 13° (dashed line) and 26° (dotted line), with 
(FWHM)z=0 = 3.9° for: (a) z = 10 m and (b) z = 30 m. 

 
Figure 4. Normalized output intensity at different lengths of the multimode SI air-clad silica optical 
fiber obtained as solutions of Equation (2) for D = 3.5 × 10−5 rad2/m, two launch beams in the Gaussian 
form, and input angles

0θ  = 0o (solid line) and 26° (dotted line), with (FWHM)z=0 = 3.9° for: (a) z = 40 
m and (b) z = 120 m. 

Table 1. Length zSDM for two and three spatially multiplexed channels with minimal crosstalk in SI 
air-clad silica optical fibers and PCSFs, with different numerical apertures NA and coupling coeffi-
cients D. 

Fiber type NA 
D  

(rad2/m) 
zSDM (m)  

(2-channel) 
SDM (m) 

(3-channel) 
Air-clad silica fiber (this 

work) 
0.54 3.5 × 10−5 120 30 

PCSF (1) [26] 0.4 1.28 × 10−5 50 14 
PCSF (2) [26] 0.37 4.5 × 10−5 25 7 

The coupling coefficient D of the multimode SI air-clad silica fiber investigated in this 
study is of the same order of magnitude as that of the previously investigated multimode 
SI PCSFs [26] (Table 1). SI PCSFs have a lesser capacity for SDM due to their lower NA of 
0.37 to 0.4. For example, the capacity for three-channel SDM in the SI air-clad silica fiber 
investigated in this work, compared to PCSF (2) [26], is about four times greater, which is 
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mainly due to the much higher NA of the SI air-clad silica fiber (these two fibers have a 
similar coupling coefficient D). On the other hand, despite the higher coupling coefficient 
D (which restricts the capacity for SDM) of the SI air-clad silica fiber compared to that of 
PCSF (1) [26], the capacity for three-channel SDM in the SI air-clad silica fiber compared 
to PCSF (1) is about two times greater, due to the higher NA of the SI air-clad silica fiber. 
Therefore, in practical realization of SDM in PCSFs and air-clad silica fibers, the coupling 
coefficient is the dominant factor for lower NA PCSFs compared to high NA air-clad silica 
fibers. As a result, two- and three-channel SDM can be achieved in SI air-clad silica optical 
fibers with lengths longer than PCSFs (Table 1). Air-clad silica fibers are, hence, more suit-
able for SDM applications. It is worth noting that, in our previous works, we have shown 
that this kind of SDM can be employed in standard multimode SI plastic optical fibers at 
lengths of up to few meters [27–29] and multimode SI silica optical fibers at lengths of 
several hundreds of meters [30].  

In order to investigate the influence of (FWHM)z=0 of launch beam distribution on the 
capacity of SDM in the SI air-clad silica fiber, we solved Equation (1) for four different 
Gaussian beams with (FWHM)z=0 = 0.5, 1, 2, and 3°. The numerical results are summarized 
in Table 2. One can see that, by increasing the width of the launch beam, the length of two- 
and three-channel SDM decreases. One can conclude that a narrower launch beam distri-
bution is more desirable in practical realization of SDM in the investigated SI air-clad silica 
fiber.  

To conclude, an optical fiber with weaker mode coupling and higher NA should be 
employed in order to achieve a higher capacity of SDM. A further improvement of the 
capacity of SDM can be achieved by choosing a narrower launch beam. 

Table 2. Length zSDM for two and three spatially multiplexed channels with minimal crosstalk in SI 
air-clad silica optical fibers for different widths ((FWHM)z=0) of the Gaussian launch beam distribu-
tions. 

(FWHM)z=0  zSDM (m) zSDM (m) 
(deg) (2-channel) (3-channel) 

3.9 120 30 
3 130 33 
2 142 36 
1 151 39 

0.5 158 41 

In general, for spatially multiplexed channels, it is difficult to precisely anticipate the 
amount of crosstalk that will prevent the system from operating by computing the nor-
malized output power distribution for different fiber lengths. In practice, a transmission 
matrix should be employed for a more precise assessment of the SDM capacity of a specific 
fiber, taking into consideration the noise factors that are dependent on the receiver’s indi-
vidual implementation [27]. Our numerical results provide a good estimate of the optical 
fiber length, where SDM with three and two channels might be implemented with low 
crosstalk in the analyzed SI air-clad silica fibers. 

4. Conclusions 
The power flow equation was used to explore the effect of mode coupling on SDM 

in multimode SI air-clad silica optical fibers. We have shown that mode coupling limits the 
length at which the SDM can be realized in high-NA air-clad silica optical fiber. When 
compared to SI PCSFs with smaller NA, this constraint is less noticeable. For SDM, an op-
tical fiber with a lower mode coupling and a higher NA is preferable. Furthermore, a nar-
rower launch beam results in longer fiber lengths at which SDM can be realized. When 
building an optical fiber transmission system with space division multiplexing, such char-
acterization of optical fibers should be taken into account. 
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Abstract
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the UPFD scheme nevertheless remains less accurate than its standard explicit finite
difference counterpart. The presented results are important when modeling a heat and
mass transfer processes using the investigated advection–diffusion reaction equation.
Furthermore, current and future developers of coupled multi-species transport models
may draw on the ideas of solutions methods employed in this study to further develop
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1 Introduction

Parabolic equations, with or without reaction terms, are used to model a wide variety
of physical, chemical, biological, and engineering problems such as heat transfer,
transmission of light through optical fibers, transport and reaction of chemical species,
population dynamics, adsorption of pollutants in soil, and diffusion of radon and
neutrons [1–8]. Solutions have often been obtained by the finite element method [9] or
finite difference method [7]. Both methods have advantages and limitations.While the
finite element methodmay be better suited for complex three-dimensional geometries,
one-dimensional problems are more easily solved by the finite difference method.
For neither does the standard finite discretization explicitly constrain the solutions
to positive values. Due to truncation or other errors, the solutions may thus turn up
negative and physically nonsensical, leading to numerical instabilities and oscillations.

In the 1970s and 1980s, implicit finite difference methods (IFDMs) were generally
preferred over explicit finite difference methods (EFDMs). This trend has been chang-
ing with the advancement of computers, shifting the emphasis to EFDMs. Being often
unconditionally stable, the IFDM allows larger step lengths. Nevertheless, this does
not translate into IFDM’s higher computational efficiency because extremely large
matrices must be manipulated at each calculation step. We found that the EFDM is
also simpler in addition to being computationally more efficient [2, 6, 10].

Chen-Charpentier and Kojouharov [11] proposed a numerical solution of the one
dimensional advection–diffusion reaction equation that guarantees positivity of the
solutions independent of the time step and mesh size. The method works with reac-
tion terms that are the sum of a positive function and a negative function of the
unknown—either or both may be zero. It is applicable to both, problems where either
advection or diffusion dominates. In this work, a previously reported unconditionally
positive finite difference scheme and a standard explicit finite difference scheme for
solving parabolic differential equations with advection, diffusion and reaction terms
which describes the exponential traveling wave in heat and mass transfer processes
are compared to analytical solution reported in the literature.

2 The unconditionally positive finite differencemethod

Several authors (for example in [12, 13]) have developed schemes that preserve the
positivity of solutions for parabolic equations. Chen-Charpentier and Kojouharov [11]
previously proposed a numerical solution of the one dimensional advection–diffusion
reaction equation with linear decay:

∂c(x, t)

∂t
= D

∂c2(x, t)

∂x2
− u

∂c(x, t)

∂x
− Kc(x, t), x ∈ [0, xmax], t ∈ [0, T ] (1)

for the unknown c(x,t), with appropriate boundary and initial conditions; whereby
the parameters u, D, and K are positive constants. They used the following dif-
ference schemes for derivatives: (∂c(x, t)/∂t) = (cn+1

i − cni )/�t , (∂c(x, t)/∂x) =
(cn+1

i − cni−1)/�x and
(
∂2c(x, t)/∂x2

) = (cni+1 − 2cn+1
i + cni−1)/�x2. Then, the
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unconditionally positive finite difference method they have proposed is:

cn+1
i − cni

�t
= D

cni+1 − 2cn+1
i + cni−1

�x2
− u

cn+1
i − cni−1

�x
− Kcn+1

i (2)

where cni is the approximation of c(xi , n�t). In the advection and diffusion terms
in the above discretization, the spatial derivatives are approximated using values at
different moments in time. Equation (2) is now rewritten in the following explicit
form:

cn+1
i = D̂cni+1 + cni /�t + (û + D̂)cni−1

1/�t + û + 2D̂ + K
(3)

where û = u/�x and D̂ = D/�x2. If the parameters u,K andD are all non-negative,
and therefore û and D̂ are both positive, then the numerical scheme represents a UPFD
method for any �t > 0 and �x > 0. Thus, the solutions of the scheme are guaranteed
to be positive independent of the choice of space and time steps [11]. If u < 0, Chen-
Charpentier and Kojouharov [11] proposed that the advection term is discretized as +
u
cni −cn+1

i−1
�x so that the UPFD solution would remain positive. This is not the case with

standard finite differences.
The method (3) proposed by Chen-Charpentier and Kojouharov [11] is explicit

and unconditionally positive. However, it is not unconditionally consistent. There are
extra truncation error terms because the approximations of the first and second deriva-
tives with respect to x are evaluated at different moments in time. One approach to
addressing this problem is to choose the time step depending on the mesh size so that
the inconsistent terms approach zero as the mesh is refined. Another approach is to
incorporate these terms into the numerical scheme to achieve a consistent approxi-
mation of the original partial differential equation [11]. The main error term causing
inconsistency is α(∂c/∂t), where α = �t

�x2
(2D+ u�x). This term imposes the largest

restriction on �t as a function of �x. Adding it to (1), one gets:

∂c(x, t)

∂t
(1 + α) = D

∂c2(x, t)

∂x2
− u

∂c(x, t)

∂x
− Kc(x, t), x ∈ [0, xmax], t ∈ [0, T ]

(4)

Defining a new time t̃ = t(1 + α), we get the original equation but with a new time
scale and without the inconsistent term. The scheme now has the truncation error
O(�t, �x) and x and t increments should be chosen such to keep this error small. It
is of great interest to compare this unconditionally-positive finite difference scheme
with standard explicit finite difference scheme.
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3 Standard explicit finite differencemethod

Using the standard explicit finite difference method, where the forward difference
scheme is used to represent the derivative terms (∂c(x, t)/∂t) = (cn+1

i − cni )/�t
and (∂c(x, t)/∂x) = (cni − cni−1)/�x , and central finite difference scheme is used to
represent derivative term

(
∂2c(x, t)/∂x2

) = (cni+1 − 2cni + cni−1)/�x2 [14], Eq. (1)
is written in the following form:

cn+1
i − cni

�t
= D

cni+1 − 2cni + cni−1

�x2
− u

cni − cni−1

�x
− Kcni (5a)

cn+1
i =

(
u�t

�x
+ D�t

�x2

)
cni−1 +

(
1 − u�t

�x
− 2D�t

�x2
− K�t

)
cni + D�t

�x2
cni+1

(5b)

where cni ≡ c(xi , tn), indexes i and n refer to the discrete step lengths�x and�t for the
coordinate x and time t, respectively, such that xi = i�x and t j = n�t . Equation (8)
represents a formula for cn+1

i at the (i, n + 1)th mesh point in terms of the known
values along the nth time row. The truncation error for the difference Eq. (5) is O(�t,
�x). Using a small-enough value of �t and �x, the truncation error can be reduced
until the accuracy achieved is within the error tolerance. Unlike the UPFD scheme,
this one has no additional truncation error terms in the approximations of the first and
second derivatives with respect to x that are evaluated at different moments in time;
but one still has to choose a sufficiently small �t to ensure stability of the scheme.
The aim of this work is to compare the unconditionally-positive finite difference and
the standard explicit finite difference schemes, especially in terms of their accuracy.

4 Numerical results and discussion

To compare the UPFD and EFD schemes, we consider the advection–diffusion reac-
tion Eq. (1) for the same set of input data previously used by Chen-Charpentier and
Kojouharov [11], u = 1, D = 1 and K = 1:

∂c(x, t)

∂t
= ∂c2(x, t)

∂x2
− ∂c(x, t)

∂x
− c(x, t) (6)

subject to the following initial and boundary conditions:

c(x, 0) = exp(−x), x ∈ [0, xmax] (7a)

c(0, t) = exp(t), t ∈ [0, T ] (7b)

∂c(xmax, t)

∂x
= −c(xmax, t) , t ∈ [0, T ] (7c)
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Equation (6) with initial and boundary conditions (7) describes the exponential trav-
eling wave. It has an exact solution of the form c(x, t) = exp(t − x).

For u = 1, D = 1 and K = 1, stability of the EFD scheme (5) is given as [15]:

∣∣∣∣1 − �t − 2�t

�x
− 4�t

�x2

∣∣∣∣ ≤ 1 (8)

while the conditions for stability of the UPFD scheme (3) are given as [15]:

∣∣∣∣∣

1 − �t
�x − 2�t

�x2

1 + �t + �t
�x + 2�t

�x2

∣∣∣∣∣
≤ 1 (9a)

∣
∣∣∣∣
(1 + 210�t)2 + (

4410�t2 − 210�t
)2

ω2

(1 + 210�t)2

∣
∣∣∣∣
≤ 1 (9b)

where ω → 0 is phase angle within the Von-Neumann stability analysis [15].
The initial and boundary conditions (7) in the EFD and UPFD schemes are given

as:

c0i = exp(−xi ), x ∈ [0, xmax], t = 0 (EFD and UPFD) (10a)

cn0 = exp(−t j ), t > 0, x = 0 (EFD and UPFD) (10b)

cnN = cnN−1

(1 + �x)
, t > 0, x = xmax(EFD);

cn+1
N = cnN−1

(1 + �x)
, t > 0, x = xmax(UPFD) (10c)

To facilitate the comparison of the UPFD scheme (3) and EFD scheme (5), we
numerically solved (6) for xmax = 10 and T = 0.85, using �x = 0.1 and �t =
0.0047. For �x = 0.1, according to (8), EFD scheme becomes unstable for �t >
0.004750593824. For �x = 0.1, according to (9), UPFD scheme becomes unstable
for�t > 0.04761904762 [15]. As can be observed in Fig. 1, the EFD scheme produces
a solution that is closer to the exact one than is the solution by the UPFD scheme. One
can observe in Fig. 1 that results by the EFD scheme are more accurate than those
by the UPFD scheme. This is attributed to the latter containing additional truncation
error terms in the approximations to the first and second derivatives with respect to x,
which are evaluated at different moments in time.

We modify numerical scheme (6) in order to minimize the extra truncation error
terms of the UPFD scheme. Figure 2 shows solutions of (6) by the EFD, unmodified
UPFD, and by our modified UPFD schemes. Modification of (6) leads to:

∂c(x, t)

∂t
(1 + α) = ∂c2(x, t)

∂x2
− ∂c(x, t)

∂x
− c(x, t) (11)
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Fig. 1 Comparison of results by the EFD and unmodifiedUPFDnumerical schemes to those by the analytical
solution

Fig. 2 Comparison of results by the EFD, unmodified UPFD, and modified UPFD numerical schemes to
those by the analytical solution

where α = �t
�x2

(2D + u�x). We have solved (11) for two values of time steps, �t =
0.0047 and�t = 0.001, where�x = 0.1. One can observe in Fig. 2 that the solution by
the modified UPFD scheme is less accurate than that by the unmodified UPDF scheme
for step lengths�x = 0.1 and�t = 0.0047. This accuracy (of the former) improves as
�t is reduced from 0.0047 to 0.001, but remains below that by the EFD scheme with
�t = 0.0047. We tested further by refining the mesh size and decreasing the time step
�t from 0.001 to 0.0001, both for EFD and modified UPFD schemes, Fig. 3. One can
observe in Fig. 3 that by decreasing the time step �t, the accuracy improved for the
modified UPFD scheme but remained unchanged for the EFD scheme (same as with
step lengths �x = 0.1 and �t = 0.0047). We have obtained that by decreasing �t
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Fig. 3 On a refined mesh size, the comparison of results by the EFD scheme and modified UPFD scheme
to those by the analytical solution

further does not translate into higher accuracy for either the EFD or modified UPFD
schemes. Hence, we conclude that EFD scheme gives marginally better results than
the modified UPFD scheme does for small values of the space coordinate x. With
increasing x, results by both EFD and modified UPDF schemes agree well with the
analytical solution. One should note here that the positivity and stability of the EFD
scheme is easily achieved by choosing a small enough �t.

In conclusion, in our best knowledge for the first time, we compare in this work
the accuracy of the UPFD and standard EFD schemes. We obtained that in solving
advection–diffusion reaction equation, EFD scheme is more accurate than either the
unmodified or modified UPFD scheme. In our previous works we have shown that
the standard explicit finite difference method is also effective and accurate for advec-
tion–diffusion equation with variable coefficients [16], which is especially important
when arbitrary initial and boundary conditions are required. The presented results are
important when modeling a heat and mass transfer processes using the investigated
advection–diffusion reaction equation. Furthermore, current and future developers of
coupled multi-species transport models may draw on the ideas of solutions meth-
ods employed in this study to further develop numerical models for various types of
coupled multi-species transport problems.

5 Conclusion

A previously reported unconditionally positive finite difference (UPFD) scheme and
standard explicit finite difference (EFD) scheme for solving parabolic differential
equations with advection, diffusion and reaction terms are compared to analytical
solution reported in the literature. We have shown that, although UPFD scheme guar-
antees the positivity of the solutions for arbitrary step sizes, this scheme is less accurate.
The reason is that the UPFD scheme contains additional truncation error terms in the

123



252 S. Savović et al.

approximations to the first and second derivatives with respect to x, which are evalu-
ated at different moments in time. Although these inconsistent terms tend to zero as
the mesh is refined, the UPFD scheme remains less accurate than the standard explicit
finite difference scheme despite finer discretization. Current and future developers
of coupled multi-species transport models may draw on the ideas of solutions meth-
ods employed in this study to further develop numerical models for various types of
coupled multi-species transport problems.
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A B S T R A C T   

We propose a new method for investigation the state of mode coupling in a multimode step-index 
silica photonic crystal fiber (SI SPCF) with a solid-core by solving the time-independent power 
flow equation. For various arrangements of air-holes (different numerical apertures (NAs)), as 
well as a different widths of launch beam distribution, the length Lc for achieving equilibrium 
mode distribution (EMD) and length zs at which a steady state distribution (SSD) is established are 
determined for such fiber. We obtained that the larger the air holes in the cladding (higher NA), 
the longer length of the fiber it takes for the modal distribution-transients to reach their equi-
librium and steady state. In the case of a wide launch that excites more guiding modes, these 
lengths shorten. Such information is of interest for application of multimode SI SPCFs in tele-
communication and fiber optic sensors.   

1. Introduction 

Chemical doping or selective layering of materials have traditionally been used to achieve this refractive-index variation through 
an optical fiber. A micro-structured pattern of very small holes running the length of the “holey” or PCFs is another method. As shown 
in Fig. 1, a PCF may have a solid core and a holy cladding. The hole pattern reduces the cladding’s effective refractive index, allowing 
the fiber to direct light. The refractive index profile of the fiber can thus be adjusted during the design process by selecting this hole 
pattern in the cladding. 

PCFs have demonstrated performance not matched by traditional fibers [1–7] because micro-structured patterning of the fiber 
provides additional versatility to affect its sectional profile during the design stage. A PCF, on the other hand, may have a hollow core. 
Thanks to photonic bandgap guidance [8–11] the hollow fiber’s "air center" can have a lower refractive index than the cladding 
material [12,13]. Dispersion [14–16], birefringence [17], supercontinuum generation [18–20], wavelength conversion [21,22], 
optofluidics [23], and sensing [24] are just a few of the many recorded applications of PCFs. 

The numerical aperture, NA, of the PCF is determined by the width of the material between holes in the cladding. The impracticality 
of cleaving fibers with even larger NAs having big holes and little material remaining between [25–27] appears to limit it to 
NA≃0.5–0.6. A heavy metal-oxide glass fiber [28] or a hollow core fiber filled with liquid [29] are two examples of PCFs to consider. 
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Lensless focusing with excellent resolution has been registered with high NA PCFs [30]. 
Differential mode attenuation, mode coupling, and modal dispersion all affect PCF propagation characteristics. Mode coupling is 

primarily caused by light scattering that transfers power from one mode to another in multimode optical fibers due to intrinsic per-
turbations. Various irregularities, such as microscopic bends, voids and cracks, diameter variation, and density and refractive index 
variations, can cause these effects. The length-dependent variations of pulse dispersion and bandwidth are caused by mode coupling 
effects. We calculated spatial transients of power distribution and characteristic lengths at which EMD and SSD are achieved for 
different widths of launch beam distribution for multimode SI SPCF with solid core and three different diameters of air-holes in the 
cladding (three different NAs) for multimode SI SPCF with solid core. The cladding holes are set in a triangular pattern with a constant 
pitch (see Fig. 1). 

Until recently, commercial simulation software packages were either designed specifically for single mode PCFs or they modeled 

Fig. 1. (a) Cross section of multimode SI PCF with a solid-core and rings of air holes in the cladding, where Λis the hole-to-hole spacing (pitch), d is 
diameter of air holes in the cladding. Gray background indicates pure silica and white area indicates air holes. (b) refractive-index profile of the 
referent multimode SI PCF. 
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individual guided modes in few mode PCFs in a considerable detail, which is not adequate for multimode PCFs having thousands of 
propagation modes, strong mode coupling and high variability. This inadequacy is resolved in this article, in our knowledge for the first 
time, by numerical solving the time-independent power flow equation. The parametric variance of the size of air-holes and the width of 
the launch beam distribution has an effect on mode coupling characteristics of SI SPCF, and thus on characteristic coupling lengths, as 
shown in the Numerical Results. 

2. SI SPCF design 

Air-holes are normally of uniform size and form a regular triangular lattice over the SI SPCF’s cladding. Where the size (d) or pitch 
(spacing densityΛ) could be adjusted for desired effective refractive index in that cladding layer. Numerical aperture, dispersion and 
other fiber properties are thereby engineered by additional design parameters, namely spacing and size of air-holes (Fig. 1). Despite 
uniform material properties across the fiber, the central part without holes has the highest refractive index n0; holes in the cladding 
reduce the effective value n1of such index; larger or more densely spaced holes in the cladding reduce it even more. 

3. Time-independent power flow equation 

The power flow in multimode SI optical fibers can be represented by the Gloge’s time independent power flow equation [31]. 
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where P(θ, z) is the angular power distribution at distance z from the input end of the fiber, θ is the propagation angle with respect to 
the core axis, D is the coupling coefficient assumed constant [31,32], and α(θ) = α0 + αd(θ)is the modal attenuation – where 
α0 represents conventional losses (absorption and scattering) and is neglected as it features only as a multiplier exp(− α0z) in the 
solution that is normalized [32]. The boundary conditions are ∂P(θm, z) = 0 and D(∂P/∂θ)|θ=0 = 0, where θmis the maximum propa-
gation angle (critical angle). 

4. Numerical results 

We investigated spatial transients of power distribution as well as an EMD and SSD for different widths of launch beam distribution 
in a multimode solid-core silica SI SPCF. For PCFs with air holes in a triangular lattice, the effective refractive index of cladding nfsm can 
be obtained using the effective parameter V: 
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where n0 is the refractive index of the core. The effective refractive index of the cladding nfsmis defined as the effective refractive index 
of so-called fundamental space-filling mode in the triangular hole lattice, and aeff = Λ/

̅̅̅
3

√
[33]. The effective refractive index of the 

cladding n1–––nfsm, can be obtained from Eq. (2), using the effective V parameter [33]: 
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with the fitting parameters Ai (i = 1 to 4): 
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where the coefficients ai0 to ai3 and bi1 to bi3 (i = 1 to 4) are given in Table 1. 
Fig. 2 shows the effective refractive index of the cladding n1–––nfsm as a function of λ/Λ, for Λ = 3 μmand for two values of the hole 

Table 1 
Fitting coefficients in Eq. (4).   

i = 1  i = 2  i = 3  i = 4  

ai0   0.54808  0.71041  0.16904  -1.52736 
ai1   5.00401  9.73491  1.85765  1.06745 
ai2   -10.43248  47.41496  18.96849  1.93229 
ai3   8.22992  -43750962  -42.4318  3.89 
bi1   5  1.8  1.7  -0.84 
bi2   7  7.32  10  1.02 
bi3   9  22.8  14  13.4  
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Fig. 2. Effective refractive index of the inner cladding as a function of λ/Λ.  

Table 2 
Effective refractive index of the cladding n1, relative refractive index difference ∆ = (n0 −

n1)/n0, where n0 = 1.45, and the critical angle θm for varied air-hole diameter d (wave-
length: 850 nm).  

d (µm) 1.0 2.0 

n1   1.443717  1.423679 
∆ = (n0 − n1)/n0   0.00433  0.01815 
θm (deg)   5.34  10.93  

Fig. 3. The evolution of the normalized output angular power distribution with fiber length for the case with d= 1 µm calculated for Gaussian input 
angles θ0 = 0◦ (solid line), 2◦ (dashed line) and 4◦ (dotted line), with (FWHM)z=0 = 1◦ for: (a) z = 100 m; (b) z = 200 m; (c) z≡ Lc= 500 m and (d) 
z≡ zs= 1150 m. 
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diameter d of the cladding. Relevant values of the effective refractive index n1, relative refractive index difference ∆, air-hole diameters 
of the cladding d, and critical angles θm, are summarized in Table 2 for the operating wavelength of light of 850 nm. 

We solved the power flow Eq. (1) using the explicit finite difference method (EFDM) [34] for the multimode SI SPCF with pure silica 
core with n0 = 1.45, 2a = 50 μm, and coupling coefficient D = 2.3× 10− 6rad2/m(typical value of D for glass core fibers [35]). In order 
to look at the impact of the diameter of the air holes in the cladding (i.e. the influence of NA of the fiber) on the power distribution, we 
analyzed cases with diameter of air holes in the cladding d= 1 µm and 2 µm and launch beam distribution with full width of half 
maximum (FWHM)z=0 = 1◦, 3 ◦ and 5◦. As illustration, Figs. 3 and 4 show the evolution of the normalized output angular power 
distribution with fiber length for the case with d= 1 and 2 µm calculated for Gaussian launch beam distributions with (FWHM)z=0 = 1◦. 
It can be seen from Figs. 3 and 4 that when the Gaussian launch beam distribution at the input end of the fiber is centered at θ0 = 0◦, the 
distribution of the power remains at the same angle as the distance from the input fiber end increases. However, due to mode coupling, 
its width increases. In short fibers, the radiation patterns of non-centrally launched beams are positioned at values similar to their 
initial values. With increasing the fiber length one can observe that coupling is stronger for the low-order modes: their distributions 
have shifted more towards θ = 0◦. Coupling of higher-order modes can be observed only after longer fiber lengths. Coupling of 
higher-order modes can be observed only after longer fiber lengths. It is not until the fiber’s coupling length Lc that all the 
mode-distributions shift their mid-points to zero degrees (from the initial value of θ0 at the input fiber end), producing the EMD at fiber 
length z = Lc = 500 m for d= 1 µm and z = Lc = 1650 m for d= 2 µm, and finally the SSD at length z = zs= 1150 m for d= 1 µm and 
z = zs = 3800 m for d= 2 µm. Length zs marks the fiber length at which the output angular power distribution becomes completely 
independent on the launch beam distribution. One can see from Figs. 3 and 4 that the lengths Lc and zs increases with the air-hole size 
(diameter d), which corresponds to the increase of NA of the multimode SI SPCF. This is as a consequence of the greater participation 
rate of higher-order modes in higher-aperture photonic-crystal fibers. In contrary, the wider the launch beam, the shorter the length at 
which EMD and SSD are established (Table 3). This is due to the energy of a wide launch beam which is more uniformly distributed 
among guided modes in the fiber, that forces the EMD and SSD at shorter distances than for a narrow launch beam. 

Fig. 4. The evolution of the normalized output angular power distribution with fiber length for the case with d= 2 µm calculated for Gaussian input 
angles θ0 = 0◦ (solid line), 4◦ (dashed line) and 8◦ (dotted line), with (FWHM)z=0 = 1◦ for: (a) z = 150 m; (b) z = 300 m; (c) z≡ Lc= 1650 m and (d) 
z≡ zs= 3800 m. 

Table 3 
Coupling length Lc (for EMD) and length zs (for SSD) in SI PPCF with d= 1 µm and d= 2 µm, for different (FWHM)z=0 of the incident beam.   

(FWHM)= 1◦ FWHM= 3◦ FWHM= 5◦

Lc [m] zs [m] Lc [m] zs [m] Lc [m] zs [m] 

d= 1 µm  500  1150  410  960  300  700 
d= 2 µm  1650  3800  1520  3570  1450  3300  
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The mode coupling behavior determines the length dependence of the bandwidth of SI SPCF. Below coupling length Lc the pulse 
spreading is linear with length. However, beyond this equilibrium length, it has an L1/2 dependence. Thus, the shorter the length Lc, the 
faster bandwidth improvement (slower bandwidth decrease). 

5. Conclusion 

We proposed a new method for investigation the state of mode coupling in a multimode step-index silica photonic crystal fiber with 
a solid-core by solving the time-independent power flow equation. For a multimode step-index silica photonic crystal fiber with a solid- 
core and triangular air-hole lattice in the cladding, spatial transients of the power distribution are presented in graph form. These 
transients are found to be highly dependent on the excitation conditions as well as the size of the air holes in the cladding (NA of the 
fiber). We obtained that the larger the air holes in the cladding (higher NA), the longer length of the fiber it takes for the modal 
distribution-transients to reach their equilibrium and steady state. In the case of a wide launch that excites more guiding modes, these 
lengths shorten. The photonic crystal fibers can be designed with more versatility thanks to these adjustable parameters. Such design 
flexibility of adjusting structural parameters of the fiber enables dispersion management by affecting the interplay between the ma-
terial and geometrical dispersions. Dispersion and the resulting mode coupling affect the majority of fiber-based applications. 
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A B S T R A C T   

We investigate the state of mode coupling in a multimode step-index plastic photonic crystal fiber 
(SI PPCF) with a solid-core by solving the time-independent power flow equation. For various 
arrangements of air-holes, and therefore a different numerical apertures (NAs), as well as a 
different widths of launch beam distribution, the length Lc for achieving equilibrium mode dis-
tribution (EMD) and length zs at which a steady state distribution (SSD) is established are 
determined for such fiber. We show that the larger the air holes in the cladding (higher NA), the 
longer length of the fiber it takes for the modal distribution-transients to reach their equilibrium 
and steady state. This is as a consequence of the greater participation rate of higher-order modes 
in higher-aperture photonic-crystal fibers. In contrary, in the case of a wide launch that excites 
more guiding modes, these lengths shorten. This is because the energy of a wide launch beam is 
more uniformly distributed among guided modes in the fiber, thus the EMD and SSD are reached 
at shorter distances than for a narrow launch beam. Such information is of interest for application 
of multimode photonic crystal fibers in telecommunication and fiber optic sensors.   

1. Introduction 

Despite single-mode glass fibers’ superior bandwidth, multimode plastic optical fibers (POFs) are often used for short-distance (less 
than 100 m) communication links such as high-bandwidth local area networks (LANs) and multi-node bus networks. Because of their 
ductility and light weight, POFs are easy to treat. Their main benefit is that they can be made with wide core diameters (up to 1 mm). 
Since systems can be made with low-precision plastic components instead of precision couplers, the tolerances needed for system 
interconnections are relaxed, and the total cost is reduced. Large-core POFs can easily be combined with lasers, LEDs, and VCSELs to 
build low-cost, high-reliability systems. Illumination, sensing, and data processing have also been used in their applications. 

Chemical doping or selective layering of materials have traditionally been used to achieve this refractive-index variation through 
an optical fiber. A micro-structured pattern of very small holes running the length of the “holey” or photonic crystal fibers is another 
method (PCFs). As shown in Fig. 1, a PCF may have a solid core and a holy cladding. The hole pattern reduces the cladding’s effective 
refractive index, allowing the fiber to direct light. The refractive index profile of the fiber can thus be adjusted during the design 
process by selecting this hole pattern in the cladding. 

PCFs have demonstrated performance not matched by traditional fibers [1–7] because micro-structured patterning of the fiber 
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provides additional versatility to affect its sectional profile during the design stage. For example, “endlessly single-mode” PCFs that 
operate in only the fundamental mode across a broad wavelength range have been defined [2]. A PCF, on the other hand, may have a 
hollow core.The hollow fiber’s "air center" can have a lower refractive index than the cladding material [12,13] thanks to photonic 
bandgap guidance [8–11]. Dispersion [14–16], birefringence [17], supercontinuum generation [18–20], wavelength conversion [21, 
22], optofluidics [23], and sensing [24] are just a few of the many recorded applications of PCFs. 

The numerical aperture, NA, of the PCF is determined by the width of the material between holes in the cladding. The impracticality 
of cleaving fibers with even larger NAs having big holes and little material remaining between [25–27] appears to limit it to 
NA ≃ 0.5–0.6. A heavy metal-oxide glass fiber [28] or a hollow core fiber filled with liquid [29] are two examples of PCFs to consider. 
Lensless focusing with excellent resolution has been registered with high NA PCFs [30]. 

Differential mode attenuation, mode coupling, and modal dispersion all affect PCF propagation characteristics. Mode coupling is 
primarily caused by light scattering that transfers power from one mode to another in multimode optical fibers due to intrinsic per-
turbations. Various irregularities, such as microscopic bends, voids and cracks and density variations, can cause these effects. The 
length-dependent variations of pulse dispersion and bandwidth are caused by mode coupling effects. We calculated spatial transients 
of power distribution and characteristic lengths at which EMD and SSD are achieved for different widths of launch beam distribution 
for multimode SI PPCF with solid core and three different diameters of air-holes in the cladding (three different NAs) for multimode SI 

Fig. 1. (a) Cross section of multimode SI PCF with a solid-core and rings of air holes in the cladding, where Λ is the hole-to-hole spacing (pitch), d is 
diameter of air holes in the cladding, white area indicates air holes, (b) refractive-index profile of the referent multimode SI PPCF. 
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PPCF with solid core. The cladding holes are set in a triangular pattern with a constant pitch (see Fig. 1). We used the explicit finite 
differences method (EFDM) to solve the time-independent power flow equation for such a fiber. The parametric variance of the size of 
air-holes and the width of the launch beam distribution has an effect on characteristic coupling lengths, as shown in the Numerical 
Results. 

2. SI PPCF design 

Over the SI PPCF cladding, air-holes are usually uniform in size and form a regular triangular lattice. Where the size (d) or pitch 
(spacing density) (Λ) of the cladding layer could be changed to achieve the desired effective refractive index. Additional design pa-
rameters, such as air-hole spacing and size, are used to monitor numerical aperture, dispersion, and other fiber properties (Fig. 1). 
Despite uniform material properties in the fiber, the central part without holes has the highest refractive index n0; holes in the cladding 
decrease the effective value n1 of such index; larger or more densely spaced holes in the cladding further reduce it. 

3. Time-independent power flow equation 

The power flow in multimode SI optical fibers can be represented by the Gloge’s time- independent power flow equation [31]. 

∂P(θ, z)
∂z

= − α(θ)P
(

θ, z
)

+
D
θ

∂
∂θ

(

θ
∂P(θ, z)

∂θ

)

(1)  

where P(θ, z) is the angular power distribution at distance z from the input end of the fiber, θ is the propagation angle with respect to 
the core axis, D is the coupling coefficient assumed constant [31,32], and α(θ)is the modal attenuation (except near cutoff, the 
attenuation remains uniform α(θ) = α0 throughout the region of guided modes 0 ≤ θ ≤ θm) [33]. The boundary conditions are ∂P(θm, z)
= 0 and D(∂P/∂θ)|θ=0 = 0, where θmis the maximum propagation angle (critical angle). 

In order to apply the EFDM, we express Eq. (1) in the following form: 

∂P(θ, z)
∂z

= − α0P
(

θ, z
)

+
D
θ

∂P(θ, z)
∂θ

+ D
∂2P
(
θ, z
)

∂θ2 (2) 

We used the central difference scheme to represent the (∂P(θ, z))/∂θ and (∂2P(θ, z))/∂θ2 terms, and the forward difference scheme 
for the derivative term (∂P(θ, z))/∂z. Then, Eq. (2) reads: 

Pi,j+1 =

(
ΔzD
Δθ2 −

ΔzD
2θi,jΔθ

)

Pi− 1,j +

(

1 −
2ΔzD
Δθ2 − Δzα0

)

Pi,j +

(
ΔzD

2θi,jΔθ
+

ΔzD
Δθ2

)

Pi+1,j (3)  

where indexes i and j refer to the discrete step lengths Δθ and Δz for the angle θ and length z, respectively. This is a simple formula for 
Pi,j+1 at the (i, j + 1)th mesh point in terms of the known values along the jth distance row. The truncation error for the difference Eq. (3) 
is O(Δz,Δθ2). In the difference form, the boundary conditions can be expressed as PN,j = 0; P0,j = P1,j, where N = (θm/Δθ) is grid 
dimension in the θ direction. 

4. Numerical results 

In a multimode solid-core SI PPCF, we investigated spatial transients of power distribution as well as an EMD and SSD for different 
widths of launch beam distribution. The effective refractive index of cladding nfsm for SI PPCFs with air holes in a triangular lattice can 
be calculated using the effective parameter: 

V =
2π
λ

aeff

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

n2
0 − n2

fsm

√

(4)  

where n0 is the refractive index of the core. The cladding’s effective refractive index nfsmis defined as the effective refractive index of so- 

Table 1 
Fitting coefficients in Eq. (6).   

i = 1  i = 2  i = 3  . 

ai0   0.54808  0.71041  0.16904  -1.52736 
ai1   5.00401  9.73491  1.85765  1.06745 
ai2   -10.43248  47.41496  18.96849  1.93229 
ai3   8.22992  -43750962  -42.4318  3.89 
bi1   5  1.8  1.7  -0.84 
bi2   7  7.32  10  1.02 
bi3   9  22.8  14  13.4  
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called fundamental space-filling mode in the triangular hole lattice, and aeff = Λ/
̅̅̅
3

√
[34]. The effective refractive index of the cladding 

n1–––nfsm, can be obtained from Eq. (4), using the effective V parameter [34]: 

V
(

λ
Λ
,
d
Λ

)

= A1 +
A2

1 + A3exp(A4λ/Λ)
(5)  

with the fitting parameters Ai (i = 1 to 4): 

Ai = ai0 + ai1

(
d
Λ

)bi1

+ ai2

(
d
Λ

)bi2

+ ai3

(
d
Λ

)bi3

(6)  

where the coefficients ai0 to ai3 and bi1 to bi3 (i = 1 to 4) are given in Table 1. 
Fig. 2 depicts the effective refractive index of the cladding n1–––nfsm as a function of λ/Λ, for Λ = 3 μmand for three different values 

of the hole diameter of the cladding d = 1 µm, 1.5 µm and 2 µm. Relevant values of the effective refractive index n1, relative refractive 
index difference Δ, air-hole diameters of the cladding d, and critical angles θm, are summarized in Table 2 for the operating wavelength 
of light of 645 nm. 

The time-independent power flow Eq. (2) was solved using the EFDM for the multimode SI PPCF with solid core with n0 = 1.492, 
core diameter 2a = 0.980 mm, fiber diameter b = 1 mm, D = 1.649× 10− 4 rad2/m and α0 = 0.22 dB/m (typical value of D and α0 for 
standard POFs [33]). One should note that in modeling the SI PPCF one can use the typical values of D which characterizes a standard 
SI POF, since a strength of mode coupling in both types of plastic optical fibers is related to the plastic core material. Namely, mode 
coupling in both types of optical fibers is mainly caused by light scattering that transfers power from one mode to another due to 
various irregularities in plastic core, such as microscopic bends, voids, cracks and density variations. A similar assumption has been 
made in modeling a silica W-type PCF [35]. One should note that for bent POFs mode coupling is much stronger [36], which is ex-
pected to happen in bent PPCFs too. In order to look at the impact of the diameter of the air holes in the cladding (i.e. the influence of 
NA of the fiber) on the power distribution, we analyzed cases with diameter of air holes in the cladding d = 1 µm, 1.5 µm and 2 µm and 
launch beam distribution with (FWHM)z=0 = 1◦, 5 ◦ and 10◦. As illustration, Fig. 3 shows the evolution of the normalized output 
angular power distribution with fiber length for the case with d = 2 µm calculated for Gaussian launch beam distributions with 
(FWHM)z=0 = 5◦. It can be seen from Fig. 3 that when the Gaussian launch beam distribution at the input end of the fiber is centered at 
θ0 = 0◦, the distribution of the power remains at the same angle as the distance from the input fiber end increases. However, due to 
mode coupling, its width increases. In short fibers, the radiation patterns of non-centrally launched beams are positioned at values 
similar to their initial values. With increasing the fiber length one can observe that coupling is stronger for the low-order modes: their 
distributions have shifted more towards θ = 0◦. Coupling of higher-order modes can be observed only after longer fiber lengths. It is 
not until the fiber’s coupling length Lc that all the mode-distributions shift their mid-points to zero degrees (from the initial value of 
θ0 at the input fiber end), producing the EMD at fiber length z = Lc = 39 m and the SSD at length z = zs= 102 m. Length zs marks the 
fiber length where the output angular power distribution becomes completely independent on the launch beam distribution. The 
lengths Lc and zs increase with the air-hole size (diameter d), that relates to the increase of NA of the multimode SI PPCF (Table 3). This 
is due to the higher participation rate of higher-order modes in photonic crystal fibers with larger numerical apertures. In contrary, the 
wider the launch beam, the shorter the length at which EMD and SSD are established (Figs. 4 and 5). This is due to the energy of a wide 
launch beam which is more uniformly distributed among guided modes in the fiber, that forces the EMD and SSD at shorter distances 
than for a narrow launch beam. 

The results reported in this work can be used in employing the PPCFs as a part of various sensory systems [37] and compare their 
performance with standard POF sensors [38]. On the other hand, the mode coupling behavior determines the length dependence of the 

Fig. 2. Effective refractive index of the inner cladding as a function of λ/Λ.  
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Table 2 
Effective refractive index of the cladding n1, relative refractive index difference Δ = (n0 − n1)/n0, where n0 = 1.492, and the 
critical angle θm for varied air-hole diameter d (wavelength: 645 nm).  

d (µm) 1.0 1.5 2.0 

n1   1.4844  1.4757  1.4458 
Δ = (n0 − n1)/n0   0.673673  0.677645  0.691611 
θm (deg.)   5.79  8.48  14.28  

Fig. 3. The evolution of the normalized output angular power distribution with fiber length for the case with d = 2 µm calculated for Gaussian input 
angles θ0 = 0◦ (solid line), 6◦ (dashed line), and 12◦ (dotted line) with (FWHM)z=0 = 5◦ for: (a) z = 2 m; (b) z = 15 m; (c) z≡ Lc = 39 m and (d) z≡
zs = 102 m. 
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Table 3 
Coupling length Lc (for EMD) and length zs (for SSD) in SI PPCF with d = 1 µm, d = 1.5 µm and d = 3 µm, for different (FWHM)z=0 of the incident 
beam.   

(FWHM) = 1◦ FWHM = 5◦ FWHM = 10◦

Lc [m] zs [m] Lc [m] zs [m] Lc [m] zs [m] 

d = 1 µm  5  13  4.5  12  2.5  6 
d = 1.5 µm  12.5  31  11  28  9  22 
d = 2 µm  41  106  39  102  33  85  

Fig. 4. Length Lc as a function of the launch beam’s angular distribution that is Gaussian with (FWHM) z=0 = 1◦, 5◦ and 10◦, for d = 1 µm, 1.5 µm 
and 2 µm. 

Fig. 5. Length zs as a function of the launch beam’s angular distribution that is Gaussian with (FWHM) z=0 = 1◦, 5◦ and 10◦, for d = 1 µm, 1.5 µm 
and 2 µm. 
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bandwidth of SI PPCF. Below coupling length Lc the pulse spreading is linear with length. However, beyond this equilibrium length, it 
has an L1/2 dependence. Thus, the shorter the length Lc, the faster bandwidth improvement (slower bandwidth decrease) [39–41]. 

5. Conclusion 

For a multimode step-index plastic photonic crystal fiber with a solid-core and triangular air-hole lattice in the cladding, spatial 
transients of the power distribution are presented in graph form. These transients are found to be highly dependent on the excitation 
conditions as well as the size of the air holes in the cladding (NA of the fiber). We obtained that the larger the air holes in the cladding 
(higher NA), the longer length of the fiber it takes for the modal distribution-transients to reach their equilibrium and steady state. In 
the case of a wide launch that excites more guiding modes, these lengths shorten. The photonic crystal fibers can be designed with more 
versatility thanks to these adjustable parameters. Such design flexibility of adjusting structural parameters of the fiber enables 
dispersion management by affecting the interplay between the material and geometrical dispersions. Dispersion and the resulting 
mode coupling affect the majority of fiber-based applications. 
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S. Savović et al.                                                                                                                                                                                                        

http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref1
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref2
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref3
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref4
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref5
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref6
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref7
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref8
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref8
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref9
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref9
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref10
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref10
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref11
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref12
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref12
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref13
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref13
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref14
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref15
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref15
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref16
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref16
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref17
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref17
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref18
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref18
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref19
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref19
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref20
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref20
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref21
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref21
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref22
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref22
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref23
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref23
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref24
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref24
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref25
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref25
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref26
http://refhub.elsevier.com/S0030-4026(21)01448-0/sbref26


Optik 247 (2021) 167868

8

[28] R. Stepien, B. Siwicki, D. Pysz, G. Stepniewski, Characterization of a large core photonic crystal fiber made of lead–bismuth–gallium oxide glass for broadband 
infrared transmission, Opt. Quant. Electron. 46 (2014) 553–561. 

[29] M.M. Tefelska, S. Ertman, T.R. Wolinski, P. Mergo, R. Dabrowski, Large area multimode photonic band-gap propagation in photonic liquid-crystal fiber, IEEE 
Photon. Technol. Lett. 24 (2012) 631–633. 

[30] L.V. Amitonova, A. Descloux, J. Petschulat, M.H. Frosz, G. Ahmed, F. Babic, X. Jiang, A.P. Mosk, P. St.J. Russell, P.W.H. Pinkse1, High-resolution wavefront 
shaping with a photonic crystal fiber for multimode fiber imaging, Opt. Lett. 41 (2016) 497–500. 

[31] D. Gloge, Optical power flow in multimode fibers, Bell Syst. Tech. J. 51 (1972) 1767–1783. 
[32] M. Rousseau, L. Jeunhomme, Numerical solution of the coupled-power equation in step index optical fibers, IEEE Trans. Microw. Theory Tech. 25 (1977) 

577–585. 
[33] J. Mateo, M.A. Losada, I. Garcés, J. Zubia, Global characterization of optical power propagation in step-index plastic optical fibers, Opt. Express 14 (2006) 

928–935. 
[34] K. Saitoh, M. Koshiba, Empirical relations for simple design of photonic crystal fibers, Opt. Express 13 (2005) 267–274. 
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A B S T R A C T   

This paper investigates the wavelength dependence of the equilibrium mode distribution (EMD) 
and steady state distribution (SSD) in W-type plastic optical fibers (POFs) with graded index (GI) 
core distribution for parametrically varied width of the fiber’s intermediate optical layer and 
refractive index of the outer cladding. The numerical solution of the time-independent power flow 
equation is used to determine the transmission characteristics of the W-type GI POF. We 
demonstrated that the coupling length Lc required to achieve an EMD in W-type GI POF is shorter 
than the length determined experimentally for the original SC GI POF at 633 nm. We also 
demonstrated that as the wavelength increases, the EMD and steady-state distribution (SSD) are 
achieved at shorter W-type GI POF lengths. This is explained by the increase in leaky mode losses 
as wavelength increases. This makes it easier to tailor W-type GI POFs to a specific application at 
different wavelengths.   

1. Introduction 

In the last three decades the need for data traffic in access and backbone networks has increased dramatically. The increase has 
been hastened by streaming broadcast and cloud computing. Local networks and automotive systems normally work with multimode 
POFs because of their high numerical aperture, big core diameter and simplicity of usage of various light sources (LED, laser and 
VCSEL) [1]. Mode coupling affects the transmission qualities of POF. Mode couples is a consequence of random aberrations in 
multimode optical cables due to light scattering (various irregularities such as microscopic bends and refractive index fluctuations). 
They cause the power distribution to shift until an "equilibrium mode distribution" (EMD) is reached at a distance known as the 
"coupling length" Lc down the fiber. The Lc is the length at which the highest guiding mode’s distribution has been shifted to an angle of 
zero. All alternative launch modal distributions take the same light-distribution across the fiber-section at distance zs (zs>Lc) from the 
input fiber end, and the steady state distribution (SSD) is attained. SSD denotes the end of the mode coupling process and the output 
light distribution’s independence from launch conditions (e.g. width of the launch beam). 

In terms of the number of functional cladding layers, multimode optical fibers are commonly classified as single cladding (SC). 
Special detection [1], modulation [2], equalization [3], and modal-dispersion correction [4] can improve the bandwidth and atten-
uation qualities of SC fibers. A variety of step-index (SI), graded index (GI), and W-type POFs (doubly clad fibers) have been developed 
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[5–7] since the architecture of a fiber can considerably influence its transmission characteristics. Because the refractive index of the 
core decreases with radial distance from the fiber axis, GI POFs have significantly less modal dispersion than SI POFs [8]. When 
compared to an equivalent SC GI fiber, a W-type fiber with GI core distribution (Fig. 1) has a greater bandwidth [9]. This is due to the 
intermediate layer (inner cladding) of the W-type fiber, which minimizes the number of higher directed modes (due to existence of 
leaky modes), which are consequently held closer to the core, and therefore minimizes modal dispersion [10–15]. Thus, combining GI 
core with W-type cladding enables the most promising POF’s bandwidth enhancement. The main purpose of this research for W-type 
GI POF is to look at the effect of wavelength on the length of fiber at which EMD is accomplished and the length of fiber zs at which the 
SSD begins. The width of the intermediate layer of the fiber and the refractive index of the outer cladding were parametrically changed 
in this procedure to make it easier to find the best values for a given wavelength. The practical impact of the results presented in this 
work lies in the POF’s feature that the shorter the POF’s length at which EMD is achieved, the earlier the bandwidth would switch from 
the functional dependence of 1/z to 1/z1/2 (slower bandwidth decrease) [15]. 

2. Time-independent power flow equation 

The time-independent power flow for multimode GI fibers (Fig. 1a) is described by the following coupled-power equation [16]: 

Fig. 1. Refractive index profile of (a) SC GI POF and (b) W-type GI POF.  
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where P(m,λ,z) is power in the m-th principal mode (modal group), z is the coordinate along the fiber axis from the input fiber end, 
d(m, λ) mode coupling coefficient which can be assumed constant D [17], α(m, λ) = α0(λ)+αd(m, λ) is the modal attenuation, where α0 
represents conventional losses (absorption and scattering). The term α0 leads only to a multiplier exp(− α0z) in the solution and can be 
ignored. 

Consider a W-type GI fiber with index profile shown in Fig. 1b. The index profile of W-type optical fibers with GI distribution of the 
core may be expressed as: 
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where g is the core index exponent, a is the core radius, δa is the intermediate layer width, b is the fiber diameter, n0(λ) is the maximum 
index of the core (measured at the fiber axis), nq and np are refractive indices of the intermediate layer and outer cladding, respectively, 
Δq = (n0 − nq)/n0 is the relative index difference between core and intermediate layer. The maximum principal mode number M(λ) can 
be obtained as [18]: 

M(λ) =
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where k = 2π/λ is the free-space wave number. Gaussian launch-beam distribution P0(θ,λ,z = 0) can be transformed into P0(m,λ,z = 0) 
(one needs P0(m,λ,z = 0) to numerically solve the power flow Eq. (1)), using the following relationship [19]: 

m
M(λ)

=

[(r0

a

)g
+

θ2

2Δq(λ)

](g+2)/2g

(4)  

where r0 is radial distance (radial offset) between the launch beam position and the core center and θ is the propagation angle with 
respect to the core axis. 

The relative refractive index difference Δq = (n0 − nq)/n0 between the core and intermediate layer is larger than the difference Δp 

= (n0 − np)/n0 between core and outer cladding. In this structure, the modes m between mp and mq–––M are leaky modes [10]. 
Attenuation constants of leaky modes are given as: 
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Experiments in a SC GI fiber demonstrate that attenuation remains constant in the guided-mode area (m≤mp) but rises dramatically 
in the radiation-mode area [20]. Consequently, the modal attenuation in a W-type GI POF can be expressed as 

αd
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αL(m, λ) mp < m < mq
∞ m ≥ mq

(6) 

A W-type fiber can be regarded as a system consisting of SCq fiber and cladding. In the SCq fiber, modes m< mq can be guided. When 
the SCq fiber is coupled with surrounding medium of index np, the lower order modes m<mp remain guided, while the higher order 
modes m (mp < m < mq) are transformed into leaky modes. Because of the strong dependence of αL(m) on the intermediate layer width 
δa (Eq. (5)), it is expected that characteristics of a W-type GI fiber also depend on δa and coincide with those of SCp and SCq GI fibers in 
the limits of δ→0 and δ→∞, respectively [10,21,22]. 

Using the explicit finite difference method, discretization of Eq. (1) leads to: 
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where i and j refer to the discretization step lengths Δm and Δz for the mode m and length z, respectively. 

3. Numerical results and discussion 

The effects of wavelength on transmission properties of W-type GI POF [23] designed from the SC GI POF (Fig. 1), which we 
experimentally studied in our recently published work [17], is explored in this research. The core diameter of the fiber was 
2a= 0.9 mm (fiber diameter was 1 mm), the refractive index of the core measured at the fiber axis was n0 = 1.522, and the refractive 
index of the intermediate layer (inner cladding) cladding was nq = 1.492, the maximum principal mode number was M = 656 (for 
λ = 633 nm), g= 1.8, and ∆q = (n0 − nq)/n0= 0.019711 were the characteristics of SC GI POF [17]. W-type GI POF’s inner cladding 
maintains the distribution of the SC GI POF’s cladding (nq=1.492). The outer cladding np refractive indices used in the modeling were 
as follows: np= 1.51366 (mp=346), np= 1.51065 (mp=404) and np= 1.50718 (mp=461). The normalized intermediate layer widths 
δ = 0.001, δ = 0.002 and δ = 0.003 were employed (actual width is δ⋅a mm). The constant coupling coefficient d(m, λ)––– D = 1482 1/
m was used in the calculations [17]. The length Lc required to reach EMD is defined as the length at which the highest guiding modes’ 
modal power distributions shifted their maxima to m= 0. The length zs for SSD is defined as the length at which the modal light 
distribution stops changing while the fiber length is increased (becomes steady). 

We determined the length Lc at which the EMD is attained and the length zs at which SSD is established in W-type GI POF at different 
wavelengths using the time-independent power flow equation. Fig. 2 illustrates the output angular power distribution in W-type GI 
POF with the width of the intermediate layer δ = 0.003, np = 1.50718, and λ = 633 nm obtained by numerical solving the time- 
independent power flow Eq. (1). In the numerical calculations, a Gaussian beam P(θ,z) is assumed to be launched with 〈θ〉= 0◦ and 
standard deviation σθ= 1.3◦ (FWHM=3.06◦) (measured in our previous experiment [17]). Results are displayed for five different radial 
offsets ∆r= 0, 100, 200, 300 and 400 µm. Fig. 3 illustrates the normalized experimental output modal power distributions P(m,λ,z) 
obtained in SC GI POF at λ = 633 nm [17]. It can be observed from Figs. 2 and 3 that when the launch distribution at the input end of 
the fiber is centered at ∆r = 0 µm, as the distance from the input fiber end grows, the modal power distribution remains in the same 
place, but its width grows owing to mode coupling. Radiation patterns in Figs. 2 and 3 of launched beams with ∆r> 0 µm shift their 
distributions towards m= 0. At the fiber’s coupling length Lc all the mode-distributions shift their mid-points to m= 0, producing the 
EMD in Fig. 2(d) of Lc = 19.9 m. Finally, the SSD is reached at length zs= 45 m in Fig. 2(e). The coupling length Lc= 19.9 m of the 
W-type GI POF (Fig. 2d) is shorter than Lc = 31 m which we have experimentally determined for the original SC GI POF at wavelength 
of 633 nm (Fig. 3d) [17]. The number of higher directed modes is reduced as a result of leaky mode losses, resulting in a shorter Lc. 

It can be observed in Figs. 4 and 5 that widening the intermediate layer width results in a wavelength-dependent decrease of lengths 
Lc and zs. This is a direct consequence of wavelength-dependence of leaky mode losses in Eq. (5) (no other wavelength dependent 
effects have been considered), where this decrease is more pronounced at short wavelengths as leaky mode losses are then reduced, i.e. 
a smaller number of leaky modes remain guided at larger wavelengths at longer fiber lengths, resulting in decrease of fiber lengths Lc 
and zs. The lengths Lc and zs are larger in the case of wider intermediate layer widths. Because leaky modes are minimized at small 
transmission lengths in the case of a thinner intermediate layer, the beginning of SSD takes a shorter fiber length zs than in the case of a 
broader intermediate layer. EMD and SSD occur at longer fiber lengths when the outer cladding refractive index np drops, which is 
attributable to the correspondingly growing number of guiding modes. The smaller the parameter np, the longer the fiber length is 
required for completion of the coupling process. Because leaky mode losses increase with increasing wavelength, the EMD and SSD are 
established at shorter fiber lengths - the shorter the length at which EMD is achieved, the earlier the bandwidth would switch from the 
functional dependence of 1/z to 1/z1/2 (slower bandwidth decrease) [15]. 

4. Conclusion 

For a variable W-type GI POF’s intermediate layer width and refractive index of the outer cladding, the EMD and SSD of power are 
explored. The coupling length of the W-type GI POF is shorter than that of the original SC GI POF, which we have measured exper-
imentally at 633 nm. The length Lc is reduced as a result of leaky mode losses, which reduce the amount of higher directed modes 
involved in the coupling process. The length Lc at which EMD is achieved and length zs marking the onset of the SSD decrease with 
increasing the wavelength. This is due to the fact that leaky mode losses increase with increasing wavelength, resulting in a smaller 
number of leaky modes being guided in longer fibers at longer wavelengths. When the intermediate layer widths are greater (bigger), 

Fig. 2. Calculated output modal power distribution P(m) in W-type GI POF with δ = 0.003, np= 1.50718, and λ = 633 nm over a range of radial 
offsets ∆r, at fiber lengths a) z = 0.1 m, b) z = 5 m, c) z = 15 m d) z = 19.9 m and e) z = 45 m for Gaussian launch beam distribution with 
〈θ〉= 0◦ and FWHM= 3.06◦. 
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Fig. 3. Normalized output modal power distribution P(m) in SC GI POF over a range of radial offsets ∆r, obtained from the measured angular power 
distributions P(θ) at λ = 633 nm, at different fiber lengths (a) z = 1 m, (b) z = 5 m, (c) z = 10 m, (d) z = 20 m and (e) z = 31 m [17]. 
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the lengths Lc and zs are longer. Because leaky modes are minimized at small transmission lengths in the case of a narrower inter-
mediate layer, the beginning of SSD takes a shorter fiber length zs than in the case of a broader intermediate layer. The number of 
guiding modes rises as the outer cladding’s refractive index np drops, and EMD and SSD are established at longer fiber lengths. The 
longer the fiber length is required to complete the coupling process, the smaller the parameter np is. 

In summary, the narrower intermediate layer width, the larger outer cladding refractive index and the larger wavelength result in 
shorter length Lc and zs. The presented results make easier to tailor W-type GI POFs to a specific application at different wavelengths, 
particularly for achieving a slower (at shorter lengths) bandwidth decrease. Finally, one should note that a similar behavior of the 
transmission in W-type plastic clad silica fiber (with SI distribution of the core) has been observed at different wavelengths which are 
employed for silica core fibers [24]. 
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Fig. 4. Wavelength dependence of length Lc for Gaussian launch excitation with 〈θ〉= 0◦ and FWHM= 3.06◦, δ = 0.001, 0.002 and 0.003, and (a) 
np= 1.51366 (mp=346), (b) np= 1.51065 (mp=404) (c) np= 1.50718 (mp=461). 
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A B S T R A C T

Wavelength dependence of equilibrium mode distribution (EMD) and steady state distribution (SSD) in W-type
plastic-clad silica fibers (PCSFs) is investigated in this paper for parametrically varied width of the fiber’s in-
termediate optical layer and refractive index of the outer cladding. We have shown that the W-type PCSF has
better transmission characteristics at longer infrared wavelengths. This is explained by the rise of the leaky mode
losses with increasing wavelength. This facilitates tailoring W-fibers to a specific application at hand in the
infrared wavelength region.

1. Introduction

Singly-clad (SC) optical fibers made of glass dominate in long-dis-
tance communication networks. Plastic optical fibers (POFs), with their
higher attenuation and lower transmission bandwidth, are restricted to
local area networks with short data links [1]. PCSFs have many appli-
cations in optical measurements, short-to-long distance communica-
tions, and sensors [2–4]. The ease of cladding removal makes PCSFs
particularly useful for sensors when access to evanescent wave is de-
sired.

The analysis and design of refractive index profile of multimode
fiber with a view of advancing fiber transmission characteristics have
attracted a much attention in the last few decades [5–8]. A variety of
designs of step-index, graded index and W-type fibers (fiber with core
and two claddings) has been proposed either for a long-distance com-
munication links or high capacity local area networks [6–8]. It has been
shown that waveguide dispersion is smaller in the W-type fiber than it is
in the single-clad (SC) fiber [9]. W-type fiber with intermediate layer
binds the guided modes firmer to the core and reduces the effective
numerical aperture of the fiber. Consequently, W-type fiber has a wider
transmission bandwidth and lower bending losses compared to a cor-
responding SC fiber.

Optical fibers inevitably incorporate irregularities in the form of a
shape-variation or material inhomogeneity including voids and cracks.
Such random irregularities in multimode optical fibers cause light

diffraction that couples power between the propagating modes. This
mode coupling is an effect in addition to the reduction of the trans-
mitted power by differential mode attenuation. Both influence fiber
transmission characteristics strongly.

On the positive side, coupled modes may be less dispersed for
multimodal launch. This translates into higher bandwidth. However,
mode coupling also leads to higher losses, particularly in curved seg-
ments. Moreover, the output-field is altered and generally degraded as
it contains modes of high order even if the launch was restricted to
modes of only low order. W-fibers are more resilient to these effects.
Their intermediate layer between the core and cladding retains some
lossy leaky modes [9–14]. Yet, the more complex profile of the re-
fractive index of the fiber opens the question of optimization of such
profile.

Angular input optical power distribution that results from a specific
launch gets modified gradually with distance from the input fiber-end
by the effect of mode coupling [15]. The expected beam properties,
including the far-field radiation pattern, are altered as a consequence.
The far-field pattern of an optical fiber is determined by the optical
power distribution that depends on the launch conditions, fiber prop-
erties and fiber length. Light launched at a specific angle θ0 > 0 with
respect to the fiber axis will form a sharply defined ring radiation
pattern at the output end of only short fibers. Because of mode cou-
pling, the boundary (edges) of such a ring become fuzzy at the end of
longer fibers. Up to a “coupling length” Lc from the input fiber end, the
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extent of this fussiness increases further with fiber length and the ring-
pattern evolves gradually into a disk extending across the entire fiber
cross-section. An equilibrium mode distribution (EMD) exists beyond
the coupling length Lc of the fiber. It is characterized by the absence of
rings regardless of launch conditions, even though the resulting light
distribution of the disk-pattern may vary with launch conditions. EMD
indicates a substantially complete mode coupling. It is of critical im-
portance when measuring characteristics of multimode optical fibers
(linear attenuation, bandwidth, etc). At distance zs (zs > Lc) from the
input fiber end, all individual disk patterns corresponding to different
launch angles take the same light-distribution across the fiber-section
and the SSD is achieved. SSD indicates the completion of the mode
coupling process and the independence of the output light distribution
from launch conditions.

“Coupling coefficient” D has been used widely [16–19] to describe
how power is transferred between modes. This allowed modeling by the
power flow equation of the angular power distributions in the far field
fiber output as a function of the fiber length and conditions of launch.
For W-type PCSF, the main goal of this work is to investigate the in-
fluence of infrared wavelength on the length of fiber at which EMD is
achieved and on the length of fiber zs that marks the onset of the SSD. In
this process, the width of the fiber’s intermediate layer and refractive
index of the outer cladding were varied parametrically to facilitate the
selection of their optimal values for a particular infrared wavelength.

2. Power flow equation

The Gloge’s time-independent power flow equation is [16]:

= + +P z
z

P z D P z D P z( , ) ( ) ( , ) ( , ) ( , )2

2 (1)

where θ is mode angle, P(θ,z) is power distribution over angle θ, α(θ) is
the modal attenuation and D is a constant “coupling coefficient”. It is
assumed that mode coupling mainly occurs between neighboring modes
due to the fact that coupling strength decreases sufficiently fast with the
mode spacing [16]. This assumption is commonly used in modeling a
mode coupling process both in SC and W-type fibers [16–20]. De-
scribing the evolution of the modal power distribution along the fiber,
(1) is the time-independent power flow equation with the mode angle θ
taken as a continuous variable, where the next-neighbor mode coupling
is assumed as a diffusion process in a continuum. Modal attenuation
α(θ) ( )can be expanded into α(θ)= α0+ αd(θ).

= +( ) ( )d0 The term α0 represents conventional losses by ab-
sorption and scattering. It can be neglected in the solution because it
would feature as just a fixed multiplier exp (−α0z) zexp( )0 . The term

( )d αd(θ) in the expansion of α(θ) ( ) is dominant for higher order
modes. Boundary conditions for (1) are P(θm, z)= 0° and D∙(∂P/∂θ)= 0
at θ=0°, with θm denoting the largest propagation angle. The condi-
tion P(θm, z)= 0 implies that modes with infinitely high loss do not
carry power. Condition (∂P/∂θ)= 0 at θ=0 indicates that the coupling
is limited to modes propagating with θ > 0.

Fig. 1 represents the index profile of a W-fiber with n0, np and
nq(n0 > np > nq) being indices of refraction of the core, cladding, and
intermediate layer, respectively. Modes propagating at angles that are
between (2 )p p

1/2 and (2 )q q
1/2 have been shown to be leaky

modes [9,20]; here, = (n n )/np 0 p 0 or = n n n( )/q q0 0 is the re-
lative difference of the refraction index of the cladding, or (respec-
tively) intermediate layer, to that of the core.

Denoting the free-space wave number as =k 2 /0 and expressing
the thickness of the intermediate layer as a· where a is the core-radius,
constants of attenuation of leaky modes are given as [9]:
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All guided-modes in SC fibers regardless of their propagation angle
θ are attenuated equally; the attenuation rises steeply for radiated-
modes. For W-type fibers, this can be generalised in terms of αd(θ) in
the already introduced expansion for attenuation α(θ)= α0+ αd(θ), in
which α0= const, and where:

= < <( )
0

( )d

p

L p q

q (3)

Equation (3) can also be explained if one would think of a W-fiber as
having a vanishing, and then infinite, thickness of its intermediate layer

a· (a is the core radius). With δ→0, and then δ→∞, two distinct SC
(SCp and SCq) fibers result with respective critical angles of θp and then
θq, respectively. This results in three subdomains for the propagation
angle evident in (3): less than one critical angle, greater than the other,
and between the two of them. Modes propagating at angles between the
two critical angles θp and θq are termed leaky modes. For that range,
strong influence of the intermediate layers’ thickness a· on ( )L in (3)
has been noted [9].

W-fiber’s characteristics were reported to vary strongly with the
intermediate layer’s width a· . As mentioned, they approach those of
corresponding SCp or SCq fibers when, respectively, the thickness either
vanishes or approaches infinity [9], under SSD conditions. Also of in-
fluence is the index of refraction np of the outer cladding (Fig. 1). The
influence is investigated in this paper of the width of intermediate layer
and index of refraction np on the length Lc for achieving the EMD and
length zs for reaching the SSD – across an infrared wavelength spec-
trum. This facilitates tailoring W-fibers to a specific application at hand.

3. Numerical results

The length at which EMD is achieved and the length zs for estab-
lishing the SSD are analysed in this work at different wavelengths for
the W-type PCSF. The fiber structural characteristics were: core re-
fractive index n0= 1.4535, cladding refractive index nq=1.405385,
critical angle (measured inside the fiber) θm=14.75°, core diameter
d=0.2mm, and fiber diameter b=0.23mm [21]. The W-type PCSF is
designed from this singly-clad PCSF in such a way that the W-type
PCSF’s inner cladding retains the refractive index nq of the SC PCSF’s
cladding, while an outer cladding of the W-type PCSF has a refractive
index np, which is higher than the refractive index nq of the inner
cladding (Fig. 1). The three values of the refractive index of the outer
cladding np were used in the modeling: np=1.4455385, 1.4393461,
1.4313855, corresponding to the critical angles θp=6°, 8°, 10°, re-
spectively. The normalized intermediate layer widths δ=0.01,
δ=0.02, δ=0.03 and δ=0.05 were employed (actual width is δ a
mm). We solved the time-dependent power flow equation (1) using
explicit finite difference method for the coupling coefficient
D=6.4× 10−6 rad2m−1 [4]. In the calculations, the launch beam

Fig. 1. Refractive index profile of a W-fiber.
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distribution was in the Gaussian form with an FWHM=2°. One should
mention here that the change of depth of the intermediate layer has a
negligible influence on the lengths Lc and zs of the W-type PCSFs, and
therefore is not analyzed in this work. Length Lc for reaching EMD is
determined as a length at which the angular power distribution of the
highest guiding modes shifted their maxima to θ=0°. Length zs for
achieving SSD is determined as a length at which the angular light
distribution stops evolving with further increase of the fiber length
(becomes steady).

In Fig. 2 our numerical solution of the power flow equation is
presented by showing the evolution of the normalized output power
distribution with fiber length for W-type PCSF with characteristics
np=1.4455385 (θp=6°), δ=0.03 and D=6.4× 10−6 rad2m−1 at
λ=1550 nm, for Gaussian launch distribution with FWHM=2°, for
three different input angles θ0= 0°, 2.5° and 5° (measured inside the
fiber). One can observe from Fig. 2 that when the launch distribution at
the input end of the fiber is centered at θ0= 0°, the power distribution
remains at the same angle as the distance from the input fiber end in-
creases, but its width increases due to mode coupling. Radiation pat-
terns in Fig. 2(a) of non-centrally launched beams in short fibers are
centered at values which are close to their initial values. With in-
creasing the fiber length one can observe from Fig. 2(b) that coupling is

stronger for the low-order modes: their distributions have shifted more
towards θ=0°. Coupling of higher-order modes can be observed only
after longer fiber lengths. It is not until the fiber’s coupling length Lc
that all the mode-distributions shift their mid-points to zero degrees
(from the initial value of θ0 at the input fiber end), producing the EMD
in Fig. 2(c) of Lc=220m. Steady state distribution is achieved at length
zs=450m in Fig. 2(d).

One can observe in Figs. 3 and 4 that for the smallest width of in-
termediate layer (δ=0.01), there is no influence of wavelength on
lengths Lc and zs. This is due to large leaky mode losses; as these modes
are practically not guided along the fiber. With increasing width of the
intermediate layer, there is a wavelength-dependent decrease of lengths
Lc and zs. This decrease is more pronounced at short wavelengths as
leaky mode losses are then reduced, i.e. a smaller number of leaky
modes remain guided at larger wavelengths at longer fiber lengths,
resulting in drop of fiber lengths Lc and zs. The lengths Lc and zs are
larger in the case of wider intermediate layer widths (larger δδ). Since
the leaky modes are reduced at short transmission length in the case of
thinner intermediate layer, consequently, it takes a shorter fiber length
zs for the onset of SSD – compared to the case with a wider intermediate
layer. As refractive index of the outer cladding np decreases (θp in-
creases), EMD and SSD occurs at longer fiber lengths – which is at-
tributed to the correspondingly increasing number of guiding modes.
The smaller the parameter np, the longer the fiber length is required for

Fig. 2. Normalized angular power distribution for FWHM=2°, λ=1550 nm,
np=1.4455385, δ=0.03 and D=6.4× 10−6 rad2m−1 for four launch angles
(θ0= 0°, 2.5°, and 5°) at lengths: a) 20m, b) 70m, c) 220m and d) 450m.

Fig. 2. (continued)

Fig. 2. (continued)

Fig. 2. (continued)
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completion of the coupling process.
Since it is found that with increasing the infrared wavelength the

leaky mode losses rise while EMD and SSD are established at shorter
fiber lengths, the W-type PCSF has better transmission characteristics at

longer infrared wavelengths. This is explained by the rise of the leaky
mode losses with increasing wavelength as fewer leaky modes remain
guided along the fiber; which decreases modal dispersion and increases
bandwidth. At longer wavelengths a higher rate of filtering of leaky
modes results in establishing the SSD (and therefore the equilibrium

Fig. 3. Wavelength dependence of length Lc for Gaussian launch excitation with
FWHM=2°, δ=0.01, 0.02, 0.03 and 0.05, and (a) np=1.4455385, (b)
np=1.4393461 and (c) np=1.4313855.

Fig. 3. (continued)

Fig. 3. (continued)

Fig. 4. Wavelength dependence of length zs for Gaussian launch excitation with
FWHM=2°, δ=0.01, 0.02, 0.03 and 0.05, and (a) np=1.4455385, (b)
np=1.4393461 and (c) np=1.4313855.

Fig. 4. (continued)

Fig. 4. (continued)
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mode distribution) at shorter fiber lengths - the shorter the length at
which equilibrium mode distribution is achieved, the earlier the
bandwidth would switch from the functional dependence of 1/z to 1/
z1/2 (faster bandwidth improvement) [15].

4. Conclusion

EMD (equilibrium mode distribution) and SSD (steady state dis-
tribution) of power are investigated for a varied W-type PCSF’s width of
intermediate layer and refractive index of the outer cladding. The
length Lc at which EMD is achieved and length zs marking the onset of
the SSD decrease with increasing wavelength. This is a result of the rise
of the leaky mode losses with rising wavelength, which is to say that a
smaller number of leaky modes continue to be guided in longer fibers at
larger wavelengths.

The lengths Lc and zs are larger in the case of wider intermediate
layer widths (larger δ). Since the leaky modes are reduced at short
transmission length in the case of thinner intermediate layer, conse-
quently, it takes a shorter fiber length zs for the onset of SSD – com-
pared to the case with a wider intermediate layer.

As refractive index of the outer cladding np decreases (θp increases),
number of guiding modes increases, EMD and SSD is established at
longer fiber lengths. The smaller the parameter np, the longer the fiber
length is required for completion of the coupling process.

Finally, the investigated W-type PCSF has better transmission
characteristics at longer infrared wavelengths. This is explained by the
rise of the leaky mode losses with increasing wavelength as fewer leaky
modes remain guided along the fiber; which decreases modal dispersion
and increases bandwidth.
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1. Introduction

Glass optical fibers are often used for high-speed long-distance 
communication due to their low attenuation and high band-
width [1]. Large core (~1 mm diameter) plastic optical fibers 
are most frequently employed for short-distance (<100 m)  
communication links [2]. Plastic-clad silica fibers (PCSFs) 
have many applications in optical measurements, short-to-
long distance communications, and sensors [3–5]. The ease 
of the cladding removal makes PCSFs particularly useful for 
sensors when access to evanescent waves is desired.

Multimode optical fibers are usually singly clad (SC) in 
terms of the number of functional cladding layers. The analy-
sis and design of the refractive index profile of a multimode 
fiber with a view to advancing the fiber transmission charac-
teristics have attracted much attention in the last few decades. 
A variety of designs for step-index (SI), graded index (GI) and 
W-type fibers (doubly clad fibers) have been proposed either 
for long-distance communication links or high capacity local 
area networks [6–8]. There are also many reports on the effect 
of GI on evanescent wave (EW) parameters and the sensitiv-
ity of EW fiber optic sensors [9–11]. A W-type fiber has an 

intermediate layer between its outer cladding and core. The 
reduced number of guided modes in W-type fibers and the 
lowered fiber’s effective numerical aperture result in guided 
modes that are held tighter to the core [12].

In general, due to mode coupling, optical power is trans-
ferred between modes. This reduces the modal dispersion and 
improves the fiber bandwidth [13, 14]. Methods are needed for 
calculating the modal attenuation, dispersion, and coupling to 
the lossy modes of a W-type fiber’s intermediate layer, and 
for optimizing the fiber’s refractive index profile in order to 
minimize the group delay difference between modes in the 
output field [12, 13].

The far-field pattern of an optical fiber is determined by 
the optical power distribution that depends on the launch con-
ditions, fiber properties and fiber length. If light-launched at 
a specific angle θ0  >  0 with respect to the fiber axis, it will 
form a sharply defined ring radiation pattern at the output 
end of only the short fibers. Because of mode coupling, the 
boundaries (edges) of such a ring become fuzzy at the end of 
the longer fibers. Up to a ‘coupling length’ Lc from the input 
fiber end, the extent of this fuzziness increases further with the 
fiber length and the ring-pattern evolves gradually into a disk 
extending across the entire fiber cross-section. An equilibrium 
mode distribution (EMD) exists beyond the coupling length 

Laser Physics Letters

A Simović et al

Printed in the UK

085106

LPLABC

© 2019 Astro Ltd

16

Laser Phys. Lett.

LPL

10.1088/1612-202X/ab26a8

8

Laser Physics Letters

Controlling the bandwidth of W-type  
plastic-clad silica optical fibers

A Simović1, S Savović1,2,4, B Drljača3 and A Djordjevich2

1 University of Kragujevac, Faculty of Science, R. Domanovića 12, 34000 Kragujevac, Serbia
2 City University of Hong Kong, 83 Tat Chee Avenue, Hong Kong, People’s Republic of China
3 Faculty of Sciences, University of Priština, Lole Ribara 29, Kosovska Mitrovica, Serbia

E-mail: savovic@kg.ac.rs

Received 17 March 2019
Accepted for publication 3 June 2019
Published 27 June 2019

Abstract
A new design of a multimode plastic-clad silica optical fiber that takes the characteristic 
W-shaped index profile is proposed. The bandwidth and steady-state loss are determined 
for such a W-type plastic-clad silica optical fiber for the different structural parameters of 
the fiber. We have shown that the bandwidth of a W-type plastic-clad silica optical fiber is 
significantly higher (up to 15 times at a fiber length of 2 km) than the bandwidth of the singly 
clad step index plastic-clad silica optical fiber.

Keywords: W-type plastic-clad silica optical fiber, bandwidth, steady-state loss

Astro Ltd

IOP

Letter

4 Author to whom any correspondence should be addressed.

2019

1612-202X

1612-202X/19/085106+7$33.00

https://doi.org/10.1088/1612-202X/ab26a8Laser Phys. Lett. 16 (2019) 085106 (7pp)

publisher-id
doi
mailto:savovic@kg.ac.rs
http://crossmark.crossref.org/dialog/?doi=10.1088/1612-202X/ab26a8&domain=pdf&date_stamp=2019-06-27
https://doi.org/10.1088/1612-202X/ab26a8


2

A Simović et al

Lc of the fiber. It is characterized by the absence of rings, 
regardless of launch conditions, even though the resulting 
light distribution of the disk-pattern may vary with the launch 
conditions. The EMD indicates a substantially complete mode 
coupling. It is of critical importance when measuring the 
characteristics of multimode optical fibers (linear attenuation, 
bandwidth, etc). At a distance zs (zs  >  Lc) from the input fiber 
end, all individual disk patterns corresponding to the different 
launch angles take the same light distribution across the fiber 
section, and the ‘steady state distribution’ (SSD) is achieved. 
The SSD indicates the full completion of the mode coupling 
process and the independence of the output light distribution 
from the launch conditions.

In this work, we investigated how the bandwidth can be 
enhanced for variously configured W-type PCSFs, in the 
terms of the width of the fiber’s intermediate layer, for dif-
ferent launch beams. One should mention that the change of 
depth of the intermediate layer has a negligible influence on 
the bandwidth of the W-type PCSFs.

2. Time-independent and time-dependent power 
flow equation

For mode coupling between the neighboring mode groups, 
the power flow in the multimode optical fiber can be rep-
resented by the Gloge’s time-independent coupled-power 
equation [15]:

∂P(θ, z)
∂z

= −α(θ)P(θ, z) +
1
θ

∂

∂θ

ï
θD(θ)

∂P(θ, z)
∂θ

ò
 (1)

where P(θ, z) is the angular power distribution at distance 
z from the input end of the fiber, θ is the propagation angle 
with respect to the core axis (0  ⩽  θ  ⩽  θm), θm is the criti-
cal angle of the fiber, D(θ) is the coupling coefficient, and 
α(θ) = α0 + αd (θ) is the modal attenuation—where α0 rep-
resents the conventional losses (absorption and scattering) and 
is neglected as it features only as a multiplier exp(−α0z) in 
the solution that is normalized. By solving equation (1) one 
can obtain an output angular power distribution at any fiber 
length and launch beam distribution. In practice, equation (1) 
is solved up to the fiber length zs at which an SSD is estab-
lished in the fiber. The SSD indicates the completion of the 
mode coupling process and the independence of the output 
light distribution from the launch conditions.

In order to calculate the bandwidth of the optical fiber, we 
solved the time-dependent power flow equation, which is in 
the form [13]:

∂p(θ, z, t)
∂z

+ τ(θ)
∂p(θ, z, t)

∂t
= −α(θ) p(θ, z, t)

+
1
θ

∂

∂θ

ï
D(θ)

∂p(θ, z, t)
∂θ

ò

 

(2)

where p(θ, z, t) is the angular power distribution at distance z 
and time t; τ(θ) is the modal delay per unit length. In order 
to obtain the frequency response in the frequency domain, the 
Fourier transformation of equation (2) becomes:

∂P(θ, z,ω)
∂z

+ jωτ(θ)P(θ, z,ω) = −α(θ)P(θ, z,ω)

+
1
θ

∂

∂θ

ï
D(θ)

∂P(θ, z,ω)
∂θ

ò

 

(3)

where ω = 2πf  is the angular frequency, and

P(θ, z,ω) =
ˆ +∞

−∞
p(θ, z, t)exp(−jωt)dt. (4)

It is worth noting that the simplifying assumption of the con-
stant coupling coefficient D, which is independent of the prop-
agation angle, has been commonly used by many authors [1, 
13, 16–18]. The method of solving equation (1) and a calcul-
ation of the bandwidth of the W-type optical fibers has been 
described in more detail in our previously reported work [19].

The doubly clad (W-type) fiber transforms into a sin-
gly clad one by allowing the thickness of the intermediate 
layer (δa in figure 1) to either vanish or expand to the fiber 
thickness. In the vanishing case, the core and the outer layer 
comprise the ‘SCp’ fiber. In the other case, the core and the 
intermediate layer as the only cladding form the ‘SCq’ fiber. 
A W-type fiber with the index profile shown in figure  1(b) 
can be viewed as the SCq fiber and an additional cladding. 
The modes propagating along the SCq fiber with subcritical 

angles θ  <  θq (θq ∼= (2∆q)
1/2), where ∆q = (n0 − nq) /n0, 

are guided. The same is true for those propagating through the 
complete W-fiber with angles θ below the critical value θp  for 
the SCp fiber, that has only the outer cladding of the W-type 

Figure 1. Refractive index profile of (a) SC PCSF and (b) W-type 
PCSF.

Laser Phys. Lett. 16 (2019) 085106
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fiber (and lacks the intermediate layer), θp ∼= (2∆p)
1/2, where 

∆p = (n0 − np) /n0. However, modes with angles between θp  
and θq are transformed into leaky modes. Hence [16],

αL(θ) =
4
(
θ2 − θ2

p

)1/2

a(1 − θ2)
1/2

θ2
(
θ2

q − θ2
)

θ2
q

(
θ2

q − θ2
p

)exp
[
−2δan0k0

(
θ2

q − θ2)1/2
]

 (5)
where k0 = 2π/λ is the free-space wave number, a is core 
radius and δa is the intermediate layer (inner cladding) width. 

In an SC fiber, the experimental results show that attenua-
tion remains constant throughout the guided-mode region 
and rises quite steeply in the radiation-mode region [1]. 
Consequently, the modal attenuation in a W-type fiber can be 
expressed as:

αd(θ) =






0 θ � θp

αL(θ) θp < θ < θq

∞ θ � θq

. (6)

(a) (b)

(e) (f)

(c) (d)

Figure 2. Calculated output angular power distribution in W-type PCSF with δ  =  0.01, δ  =  0.02, δ  =  0.03 and δ  =  0.05, np   =  1.445 5385 
(θp   =  6°), and SC PCSF at fiber lengths (a) 5 m, (b) 500 m (SSD for W-type PCSF with δ  =  0.01), (c) 800 m (SSD for W-type PCSF with 
δ  =  0. 02) (d) 1600 m (SSD for W-type PCSF with δ  =  0. 03), (e) 2400 m (SSD for W-type PCSF with δ  =  0. 05) and (f) (SSD for SC 
PCSF) for Gaussian launch beam distribution with FWHM  =  5.5°.
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3. Numerical results

In this paper we investigate the transmission characteristics of 
a W-type PCSF, which is designed from the SC PCSF (HPCF-
M0200T) investigated by Kagami et  al [20]. A W-shaped 
refractive index model is used for the structure shown in 
figure 1(b). The characteristics of the SC PCSF (figure 1(a)) 
were: core refractive index n0  =  1.4535, cladding refractive 
index nq  =  1.405 385, critical angle (measured inside the 
fiber) θm  =  14.75°, core diameter d  =  0.2 mm, and fiber diam-
eter b  =  0.23 mm. The W-type PCSF is designed from this SC 
PCSF in such a way that the W-type PCSF’s inner cladding 
retains the refractive index nq of the SC PCSF’s cladding, 
while an outer cladding of the W-type PCSF has a refractive 
index np , which is higher than the refractive index nq of the 
inner cladding (figure 1(b)). The three values of the refrac-
tive index of the outer cladding np  were used in the modeling: 
np   =  1.445 5385, 1.439 3461, 1.431 3855, corresponding to the 
critical angles θp  =  6°, 8°, 10°, respectively. The nor malized 
intermediate layer widths δ  =  0.01, δ  =  0.02, δ  =  0.03 and 
δ  =  0.05 were employed (actual width is δ · a mm). The cou-
pling coefficient D = 6.4 × 10−6 rad2 m−1 was used in the 
calculations [5]. In the calculations, the launch beam distri-
butions were in the Gaussian form with an FWHM  =  2° and 
FWHM  =  5.5°. One should mention here that the change of 
depth of the intermediate layer has a negligible influence on 
the bandwidth of the W-type PCSFs, and therefore is not ana-
lyzed in this work.

Using the time-independent power flow equation, we cal-
culated the lengths Lc and zs, at which the EMD and SSD were 
achieved in the W-type PCSF and SC PCSF. The SC type and 
W-type PCSF mainly differ due to the existence of leaky 
modes in the latter, which propagate between angles θp  and 
θq. Figure 2 shows the output angular power distribution in the 
SC PCSF and four different W-type PCSFs with the widths of 
the intermediate layer being δ  =  0.001, δ  =  0.002, δ  =  0.003 

and δ  =  0.005 in the case of the FWHM  =  5.5°. The output 
angular power distribution at a short fiber length is almost 
the same in the SC PCSF and W-type PCSFs. By increasing 
the fiber length, the SSD is first achieved in the W-type PCSF 

Table 1. Lengths Lc and zs at which the EMD and SSD are 
achieved in W-type PCSF with δ  =  0.01, δ  =  0.02, δ  =  0.02 and 
δ  =  0.05, critical angles of the outer cladding θp   =  6°, 8° and 10° 
and FWHM (a) 2° and (b) 5.5°.

(a) 
FWHM  =  2°

θp   =  6° θp   =  8° θp   =  10°

Lc 
(m) zs (m)

Lc 
(m) zs (m)

Lc 
(m) zs (m)

δ  =  0.01 220 550 370 850 580 1450

δ  =  0.02 360 850 450 1100 640 1500

δ  =  0.03 710 1750 730 1800 770 1900

δ  =  0.05 1060 2700 1060 2700 1600 2700

(b) 
FWHM  =  5.5°

θp   =  6° θp   =  8° θp   =  10°

Lc 
(m) zs (m)

Lc 
(m) zs (m)

Lc 
(m) zs (m)

δ  =  0.01 200 500 340 800 540 1400

δ  =  0.02 320 800 420 1050 570 1450

δ  =  0.03 650 1600 660 1650 700 1750

δ  =  0.05 970 2400 970 2400 970 2400

(a)

(b)

(c)

Figure 3. Numerical results for transmission length dependence 
of bandwidth for W-type PCSF with δ  =  0.01, δ  =  0.02, δ  =  0.03 
and δ  =  0.05, for (a) θp   =  6°, (b) 8° and (c) 10° and SC PCSF, for 
Gaussian launch beam distribution with FWHM  =  2°.
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with δ  =  0.01 at the fiber length zs  =  500 m, δ  =  0.02 at fiber 
length zs  =  800 m, δ  =  0.03 at fiber length zs  =  1600 m, then 
in the W-type PCSF with δ  =  0.05 at zs  =  2400 m, and finally 
in the SC PCSF at zs  =  2600 m. The number of higher modes 
involved in the coupling process in the W-type PCSF fibers is 

reduced due to leaky mode losses, thus reducing the lengths 
Lc and zs. Since leaky mode losses decrease with the increas-
ing δ, the longest lengths Lc and zs are obtained in the case 
of δ  =  0.05. By increasing the critical angle θp , the lengths 
Lc and zs increase for all analyzed widths δ and two different 
widths of the launch beam (table 1). By increasing the critical 
angle θp , number of guided modes increases while the number 
of leaky modes decreases; increasing the lengths Lc and zs. 
The lengths Lc and zs are more influenced by the value of the 
critical angle θp  in the case of smaller widths δ because of the 
higher leaky mode losses.

Figures 3 and 4 show the transmission length dependence 
of the bandwidth for the W-type PCSF for δ  =  0.01, 0.02, 
0.03 and 0.05, and np   =  1.445 5385, 1.439 3461, 1.431 3855, 
with corresponding critical angles θp   =  6°, 8° and 10°, respec-
tively, for two different Gaussian launch beams, with the 
FWHM  =  2° and 5.5°. One can see that the bandwidth of the 
W-type PCSF is higher than the bandwidth of the SC PCSF. 
Leaky mode losses in the W-type PCSF reduce the number 
of guided higher modes, decrease the modal dispersion and 
thus increase the bandwidth. The bandwidth is highest for 
the narrowest inner cladding (δ  =  0.01) because of the larg-
est leaky mode losses compared to the case of δ  =  0.02, 0.03 
and 0.05. By increasing the refractive index of the outer clad-
ding np , the leaky mode losses increase, which results in the 
highest values of the bandwidth in the case of δ  =  0.01. The 
influence of np  on the bandwidth is negligible in the case of 
δ  =  0.05 due to the low influence of the critical angle θp  on 
the leaky mode losses. It can be seen from figures 3 and 4 that 
the improvement of the bandwidth of the W-type PCSF, with 
δ change, is more pronounced at longer fiber lengths. Thus, at 
the achievable bandwidth in W-type PCSFs at a fiber length of 
2 km, it is about 15 times higher than the bandwidth of the SI 
PCSF. Since narrow launch beam distributions are assumed 
in the calculations, only the guided modes are excited at the 
input fiber length. Therefore, the role of leaky modes is of 
less significance at short fiber lengths. Due to mode coupling, 
more leaky modes are filtered out at longer fiber lengths, 
leading to significant improvements in the W-type PCSF’s 
bandwidth. The effect of the launch beam distributions on 
the bandwidth is more pronounced at a shorter fiber length. 
Using narrow launch beam distributions (FWHM  =  2°), the 
improvement in the bandwidth is very pronounced; while, in 
the case of FWHM  =  5.5°, the improvement in the bandwidth 
is negligible.

Figure 5 shows the trade-off relation between a bandwidth 
and a steady-state loss for the W-type PCSF and the SC PCSF. 
By increasing the leaky mode losses, the steady-state losses 
also increase. A trade-off relation between the bandwidth and 
steady-state loss would have to be considered in designing the 
optimum W-type PCSF by controlling the parameters of the 
intermediate layer thickness and the refractive index of the 
outer cladding.

To our best knowledge, for the first time, by solving the 
time-dependent power flow equation, we have shown that 
the bandwidth in W-type PCSFs is significantly higher (up to 
15 times at fiber length of 2 km) than the bandwidth of the 
SI PCSF. It is an important conclusion since the PCSFs are 

(a)

(b)

(c)

Figure 4. Numerical results for transmission length dependence 
of bandwidth for W-type PCSF with δ  =  0.01, δ  =  0.02, δ  =  0.03 
and δ  =  0.05, for (a) θp   =  6°, (b) 8° and (c) 10° and SC PCSF, for 
Gaussian launch beam distribution with FWHM  =  5.5°.

Laser Phys. Lett. 16 (2019) 085106



6

A Simović et al

often used in a long-distance communication. A significant 
enhancement of the bandwidth of such W-type PCSFs could 
be achieved with an appropriate choice of the parameters of 
the intermediate layer and launch beam width. Similarly, in 
our previous work [21] we have shown that the bandwidth of 
a W-type plastic optical fiber is also higher than the bandwidth 
of the original SC plastic optical fiber.

4. Conclusion

A new design of a PCSF with a characteristic W-shaped index 
profile is proposed. It has been shown that the bandwidth of 
the W-type PCSF is significantly higher than the bandwidth of 
the SC PCSF. This enhancement of the bandwidth is due to 
the leaky mode losses in the W-type PCSF, which reduces the 
number of guided modes along the fiber, decreasing the modal 
dispersion and increasing the bandwidth. The bandwidth of 
the W-type PCSF can be enhanced by reducing the width of 
its inner cladding, increasing the refractive index of the outer 
cladding and using a narrow launch beam distribution. Since, 
with increasing leaky mode losses, the steady-state losses 
also increase, a trade-off relation between the bandwidth and 
loss would have to be considered in designing the optimum 
W-type PCSF.
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A B S T R A C T

Transmission characteristics (bandwidth and steady state loss) of multimode W-type glass optical fibers are
investigated by solving the time-dependent power flow equation. Results show how the bandwidth in W-type
glass optical fibers can be enhanced by shifting from the red to infrared wavelength region for different depths
and widths of the intermediate layer as well as for different launch excitations. Such characterization of these
fibers is consistent with their manifested effectiveness in reducing modal dispersion and bending loss.

1. Introduction

The analysis and design of refractive index profile of multimode
fiber with a view of advancing fiber transmission characteristics have
attracted a much attention in the last few decades [1–3]. A variety of
designs of step-index, graded index and W-type fibers has been pro-
posed either for a long-distance communication links or high capacity
local area networks [1–7]. It has been shown that waveguide dispersion
is smaller in the W-type fiber than it is in the single-clad (SC) fiber [5].
W-type fiber has a wide transmission bandwidth and lower bending
losses compared to a corresponding SC fiber. For glass optical fibers, the
bandwidth-distance product is typically around 30MHz·km for the SC
variety and around 50MHz·km for the W-type. For plastic optical fibers,
these figures would typically be 15MHz·km for the SC and 200MHz·km
for the W-type fibers [3,7,8].

Differential mode-attenuation and mode coupling strongly affect the
transmission characteristics of multimode optical fibers. Differential
mode-attenuation is a consequence of absorption and scattering of light
within the fiber material, which reduces the transmitted power. Mode
coupling transfers power between individual modes which is caused by
fiber’s intrinsic random anomalies [9]. Mode coupling reduces modal
dispersion thus increasing fiber bandwidth. On the other side, mode
coupling increases fiber loss especially in a curved fiber [10] and de-
grades the beam quality. W-type fiber properties differ from the ones
pertaining to SC fibers [5,8,11]. This is because of the lossy leaky modes
that propagate within the W-type fiber’s intermediate layer. Higher
order modes which propagate along the W-type fiber reduce its

bandwidth and necessitate that the group delay difference between
modes be minimized by optimizing the fiber’s refractive index profile
[11]. As modal attenuation, coupling and dispersion affect transmission
characteristics of the W-type optical fiber, methods for calculating their
contributions are needed.

Light launched at a specific angle θ0 > 0 with respect to the fiber
axis can form a ring radiation pattern at the output end of only short
fibers. Because of mode coupling, such a ring evolves into a disk at the
end of longer fibers. “Coupling length” Lc marks a fiber length at which
a ring-pattern of the highest guiding modes evolves into a disk. An
equilibrium mode distribution (EMD) exists beyond the coupling length
Lc of the fiber. It is characterized by the absence of rings regardless of
launch conditions (launch angle and width of the launch distribution)
[9]. At fiber lengths z > Lc the bandwidth becomes proportional to 1/
z1/2 instead of 1/z (z is the fiber length). The shorter the length Lc, the
earlier the bandwidth switches from the functional dependence of 1/z
to 1/z1/2 (slower bandwidth decrease) [12]. Mode coupling leads to the
formation of a steady-state distribution (SSD) that is reached some
distance zs > Lc from the input fiber end. The steady-state is char-
acterized by the one and the same intensity distribution in the far field
independently on the launch mode that produced it [9,13].

In this work, we investigated how the bandwidth can be enhanced in
the infrared wavelength region for variously configured W-type optical
fibers in the terms of depth and width of the fiber’s intermediate layer. This
was done for two different launch excitation conditions. One should
mention that modal attenuation, coupling and dispersion are included in
our calculations (material dispersion has not been taken into account [20]).
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2. Power flow equation

The time-dependent power flow for multimode W-type fibers is
described by the following coupled-power equation [14]:
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where t is time; p θ z t( , , ) is power distribution over angle, space, and
time; τ θ( ) is mode delay per unit length; D θ( ) is the mode-dependent
coupling coefficient; and = +α θ α α θ( ) ( )d0 is the modal attenuation,
where α0 represents conventional losses due to absorption and scat-
tering. The term α0 leads only to a multiplier exp(−α0z) in the solution
and is thus neglected. The second term in the expansion of α(θ) is
dominant for higher order modes. The coupling coefficient is usually
assumed constant [12–20]. The method of solving Eq. (1) and calcu-
lation of the bandwidth of W-type optical fibers has been described in
more detail in our previously reported work [19].

For W-type fiber shown in Fig. 1, the modes whose propagation
angles are between ≅θ (2Δ )p p

1/2 and ≅θ (2Δ )q q
1/2, where

= −n n nΔ ( )/q 0 q 0 and = −n n nΔ ( )/p 0 p 0, are leaky modes. Attenuation
constants of leaky modes are given as [9,12,15]:
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where k0 is the free-space wave number, a is core radius and δa inter-
mediate layer (inner cladding) width. The modal attenuation in a W-
type fiber can be expressed as [9,12,15]:
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One can see that attenuation constants of leaky modes (2) are wave-
length dependent through the free-space wave number k0.

A W-type fiber can be regarded as a system consisting of SCq fiber
and cladding. In the SCq fiber, only modes with propagation angles
smaller than the critical angle θq can be guided. When the SCq fiber is
surrounded with a medium of index np, the lower order modes, whose
propagation angles are smaller than the critical angle of the SCp fiber θp,
remain guided. The higher order modes with angles between θp and θq
are transformed into leaky modes. It is shown that because of the strong
dependence of αL(θ) on the intermediate layer width δa, steady-state
characteristics of a W-type fiber depend on δa and coincide with those
of SCp and SCq fibers in the limits of δ→ 0 and δ→∞, respectively
[15]. Another parameter which influences the power distribution in W-
type optical fibers is depth of the intermediate layer (Fig. 1). One
should mention that bandwidth enhancement of W-type plastic optical

fibers in respect to the graded index plastic optical fibers at a
λ=650 nm wavelength has been reported by Ishigure et al. [21]. In
contrast to the W-type glass optical fibers investigated in this work,
which have a step-index distribution of the fiber core (Fig. 1), the W-
type plastic optical fiber with more complex graded index distribution
of the fiber core is investigated by Ishigure et al. [21].

In this work, in our best knowledge for the first time, we in-
vestigated how the bandwidth in W-type glass optical fibers can be
enhanced by shifting from the red to infrared wavelength region for
different depths and widths of the intermediate layer as well as for
different launch excitations. The results obtained could be applied
when designing W-type glass optical fibers.

3. Numerical results

In this paper, we analyze bandwidth as well as steady-state loss at
different wavelengths in a variously configured W-type glass optical
fiber. The fiber structural characteristics were: =Δ 0.2%p ( ≅ ∘θ 3. 62p ),

=Δ 0.7%q ( ≅ ∘θ 6. 76q ) and 2a=60 µm [13,15,17–20]. Further,
=n 1.460 was used in the calculations. In order to investigate the in-

fluence of wavelength on the transmission characteristics of this fiber
for different depths and widths of the intermediate layer as well as
launch excitation, we consider the case when the core index n0 and
outer cladding index np are fixed. The depth of the intermediate layer is
varied by changing the initial value of =Δ 0.7%q by±25% – we thus
analyzed the following three cases: =Δ 0.525%q ( ≅ ∘θ 5. 87q ), =Δ 0.7%q
( ≅ ∘θ 6. 76q ) and = ∘Δ 0. 875q ( ≅ ∘θ 7. 58q ). The change in θq for constant
θp changes the number of leaky modes as well as their attenuation (6).
We solved the time-dependent power flow equation (2) using explicit
finite difference method for the coupling coefficient D=2.3×10−7

rad2/m [8,13] for two different normalized intermediate layer widths δ
(δ=0.2 and δ=0.5; actual widths δ·a are 0.2·30 µm and 0.5·30 µm).
The number of modes for different θp and θq excitations are given in
Table 1.

Our numerical solution of the time-dependent power flow equation
is illustrated in Fig. 2. It shows, in three inserts corresponding to three
depths with respective =Δ 0.525q , 0.7 and 0.875%, and for the θq
launch excitation, the evolution of the W-fiber’s bandwidth at 1 km
with wavelength for different widths of intermediate layer δ. It is ap-
parent in Fig. 2 that the W-fiber bandwidth increases with increasing
wavelength for all widths and depths of the intermediate layer. This is
explained by the rise of the leaky mode losses with increasing wave-
length as fewer leaky modes remain guided along the fiber; which de-
creases modal dispersion and increases bandwidth [20]. Also with in-
creasing wavelength, SSD and EMD distributions develop at shorter
fiber lengths, resulting in faster bandwidth improvement [20]. One can
observe in Fig. 2(a) that, for the smallest width (δ=0.2) and depth of
intermediate layer ( =Δ 0.525%q ), the influence of wavelength on
bandwidth is negligible. This is due to large leaky mode losses; as these
modes are practically not guided along the fiber, modal dispersion
(bandwidth) changes little. With increasing depth of the intermediate

Fig. 1. Refractive index profile of a W-type fiber.

Table 1
Number of modes in W-type glass optical fiber for different θp and θq excitations
at different wavelengths λ.

Number of modes
Wavelength λ [nm]

650 840 1310 1550

θp excitation
θp=3.6° 338 214 88 62
θq=5.87° 924 562 231 165

θq excitation
θq=6.76° 1200 744 306 218
θq=7.58° 1512 934 384 274
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layer, there is a wavelength-dependent decrease of bandwidth. This
decrease is more pronounced at short wavelengths as leaky mode losses
are then reduced, resulting in the rise of modal dispersion and drop of
fiber bandwidth. For the wider layer (δ=0.5), the rise in bandwidth
with wavelength is most pronounced for the smallest depth of the in-
termediate layer ( =Δ 0.525%q ). The bandwidth drop with increasing
depth of the intermediate layer is more pronounced at longer wave-
lengths. For the wider and deeper layer (the case of δ=0.5 and

=Δ 0.875%q ), bandwidth remains constant over the relevant wave-
length range because the majority of leaky modes remain guided along
the fiber.

Similar considerations, but for the θp launch excitation, where only
guiding modes are excited at the input fiber length, are shown in Fig. 3.
For all depths of the intermediate layer, bandwidth at 1 km is generally
higher in this figure with θp launch excitation relative to that with the
launch excitation of both guiding and leaky modes (θq launch excita-
tion), particularly for deeper intermediate layers ( =Δ 0.7q and 0.875%)
and higher value of δ=0.5. Conversely for the thinner layer with
δ=0.2, leaky modes are practically not guided due to their high losses;
the θq launch excitation is then similar to θp launch excitation and so is
the bandwidth. It can be seen from Figs. 2 and 3 that for δ=0.2, there
is a maximum value of the bandwidth-distance product which is

Fig. 2. Bandwidth at 1 km as a function of wavelength for θq launch excitation,
=δ 0.2 and 0.5, and (a) =Δ 0.525%q , (b) =Δ 0.7%q and (c) =Δ 0.875%q .

Fig. 3. Bandwidth at 1 km as a function of wavelength for θp launch excitation,
=δ 0.2 and 0.5, and (a) =Δ 0.525%q , (b) =Δ 0.7%q and (c) =Δ 0.875%q .
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reached at wavelength 1.31 μm or 1.55 μm. In the case of δ=0.5, the
bandwidth-distance product monotonically increases with increasing
the wavelength.

Figs. 4 and 5 show steady-state loss as a function of wavelength for
θq and θp launch excitations, respectively. One can observe that the
influence of wavelength on steady-state loss is negligible for longer
wavelengths in the case of narrow layer with δ=0.2, and for shorter
wavelengths in the case of the wider layer with δ=0.5. It is also ap-
parent from Fig. 4a for δ=0.2 that steady-state losses increase at
longer wavelengths with the increasing depth of the intermediate layer
– because a greater number of leaky modes can be excited at the input
end of the fiber. At longer wavelengths and for δ=0.2, leaky mode
losses become significant already over short fiber lengths and these
modes are mostly not guided further. Losses of leaky modes rise with
deeper intermediate layer, contributing to steady state losses. For the
width with δ=0.5, the power carried by leaky modes remains guided
over longer fiber lengths.

Although the W-type glass optical fibers investigated in this work
have a step-index distribution of the fiber core (Fig. 1), which is simpler
than the graded index distribution of a fiber core, a significant en-
hancement of the bandwidth of such W-type glass optical fibers could
be achieved by increasing the operating wavelength, with appropriate
choice of the excitation type and parameters of the intermediate layer
of the W-fiber.

Finally, one should mention here that a numerical modeling of the
bandwidth of W-type glass optical fibers presented in this work can be
employed in investigation of other W-type optical fibers, such as a W-

type plastic optical fibers and W-type plastic clad silica optical fibers,
which have a step-index distribution of the core.

4. Conclusions

Bandwidth and steady-state loss are calculated by the time-depen-
dent power flow equation over a range of light wavelengths and for two
types of input into a W-type glass optical fiber with a varied depth and
width of the intermediate layer. It is shown that bandwidth of W-fibers
broadens for longer wavelengths for all widths and depths of the in-
termediate layer and for both kinds of launch excitation. This broad-
ening of bandwidth results from higher leaky mode losses and from the
consequent drop in modal dispersion. Moreover, SSD and EMD occur at
shorter fiber lengths as wavelength is elongated; the bandwidth im-
provement therefore commences sooner along the fiber. However, this
influence of wavelength on bandwidth is negligible for narrow and
shallow intermediate layers. With deepening of the intermediate layer,
bandwidth drops as a function of wavelength; more notably so for short
wavelengths. For the width with δ=0.5, the wavelength-dependent
bandwidth broadening is most pronounced for the shallowest inter-
mediate layer ( =Δ 0.525%q ); conversely for the deepest and widest
intermediate layer ( =Δ 0.875%q and δ=0.5), leaky mode losses rise
only slightly with wavelength and, hence, modal dispersion and
bandwidth then vary little.

At longer wavelengths, excitation of only guiding modes (θp launch
excitation) leads to higher bandwidth relative to that with excitation of

Fig. 4. Steady-state loss at 1 km as a function of wavelength for θq launch ex-
citation, =Δ 0.525%q , 0.7% and 0.875%, in case of (a) =δ 0.2 and (b) =δ 0.5.

Fig. 5. Steady-state loss at 1 km as a function of wavelength for θp launch ex-
citation, =Δ 0.525%q , 0.7% and 0.875%, in case of (a) =δ 0.2 and (b) =δ 0.5.
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both guiding and leaky modes (θq launch excitation). The difference is
largely insignificant for a narrow (δ=0.2) and shallow intermediate
layer ( =Δ 0.525%q ). Because leaky mode losses are large for the θq
launch excitation of the fiber with a narrow intermediate layer
(δ=0.2), leaky modes are mostly not guided and the remaining modes
resemble the θp launch excitation. While more of the leaky modes can
be excited when the W-fiber’s intermediate layer is deeper, they en-
counter significant losses in fibers with a narrow layer, at longer wa-
velengths.

It has been shown that the influence of wavelength on steady-state
losses is negligible at longer wavelengths when the intermediate layer is
narrow (δ=0.2), and at shorter wavelengths when this layer is wider
(δ=0.5). Longer wavelengths boost bandwidth. The launch excitation
type, wavelength, and parameters of the intermediate layer of the W-
fiber all affect bandwidth and steady-state loss and have to be con-
sidered to match the application at hand.
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A B S T R A C T

A multimode photonic crystal fiber with a solid-core takes the characteristic W-shaped index profile upon forming
an inner cladding layer with its own value of the effective refractive index corresponding to the distinct size
and/or spacing of air holes in it. For various arrangements of air-holes, bandwidth is determined for such fiber
by the time-dependent power flow equation. Fiber bandwidth is thus not only a function of transmission length
but also of the spacing and size of air-holes as well of the number of bands with the distinct configuration of
holes. These additional adjustable geometric parameters offer greater design flexibility. We have shown that
bandwidth can be improved by reducing the number of rings of inner cladding air holes, decreasing the diameter
of inner cladding air holes or exciting only guiding modes.

1. Introduction

This variation of refractive-index across an optical fiber has usually
been achieved either by selective layering of materials or by chemical
doping. Another method is by a micro-structured pattern of very small
holes running the length of the ‘‘holey’’ or photonic crystal fibers (PCFs).
A PCF may have a solid core and a holy cladding as illustrated in Fig. 1.
The pattern of holes lowers the effective refractive index of the cladding,
enabling the fiber to guide light. The fiber’s refractive index profile can
thus be tailored during the design process by the choice of this pattern
of holes in the cladding. It can be seen from Fig. 1 that W-type PCF
has two distinct cladding regions which have two different refractive
indices. This is the reason for calling these two cladding regions as inner
and outer cladding.

As micro-structured patterning of the fiber offers an additional
flexibility to affect its sectional profile at the design stage, PCFs have
demonstrated performance not matched by conventional fibers [1–7].
For example, ‘‘endlessly single-mode’’ PCFs have been described that
operate in only the fundamental mode across a very wide spectrum
of wavelengths [2]. Similarly, a PCF can have a hollow core. The
photonic bandgap guidance [8–11] in such a hollow fiber permits the
fiber’s ‘‘air core’’ to have a lower refractive index than the material
of the cladding [12,13]. Among the many reported applications of

* Corresponding author.
E-mail addresses: savovic@kg.ac.rs (S. Savović), mealex@cityu.edu.hk (A. Djordjevich).

PCFs are those in connection to dispersion [14–16], birefringence [17],
supercontinuum generation [18–20], wavelength conversion [21,22],
optofluidics [23], and sensing [24].

Waveguide dispersion is smaller in the W-type fiber than it is in
the single-clad fiber. The W-type fiber is also easier to splice. It has
a wide transmission bandwidth and lower bending losses compared
to a corresponding single-clad fiber because the number of guided
modes in the W-type fiber is reduced. By analogy to W-type fibers that
have double cladding (for the total of three optical layers), the second
cladding in PCFs can be affected by altering the pattern of holes [25].
An intermediate layer is thus discernible in Fig. 1 as a ring-like band
with larger holes than in the rest of the cladding (diameter 𝑑𝑞 versus 𝑑𝑝).
Hence, the effective index profile for the resulting fiber has three distinct
values as illustrated at the bottom of Fig. 1 — which is characteristic of
the W-type fiber profile.

The width of the material between holes in the cladding determines
the PCF’s numerical aperture, NA. It tends to be limited to NA ≈
0.55−0.60 by the impracticality of cleaving fibers with even larger
NAs having large holes and little material remaining between [26,27].
Notable examples of PCFs to mention are a heavy metal-oxide glass
fiber [28] or a hollow core fiber that is filled with liquid [29]. With high
NA PCFs, lensless focusing with excellent resolution was reported [30].
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Fig. 1. (a) Cross section of double clad (W-type) multimode PCF with a solid-core and two rings of air holes in the inner cladding, where 𝛬 is the hole-to-hole spacing
(pitch), 𝑑𝑞 and 𝑑𝑝 are diameters of air holes in the inner and outer rings, respectively. Gray background indicates pure silica and white area indicates air holes, (b)
refractive-index profile of the referent W-type PCF.

Air-holes in the inner cladding of the first-reported W-type PCF [31]
were larger than in the outer cladding. For such multimode PCF with
solid core and W-shaped index profile, we determined spatial transients
of power distribution [32] for a variety of air-hole sizes, spacing between
them and width (sometimes referred to as ‘‘depth’’) of the intermediate
layer containing holes. Such wealth of adjustable geometric parameters
(𝑑𝑞 , 𝑑𝑝 and 𝛬 in Fig. 1) translates into a greater design flexibility over
conventional W-type designs, leading to improved dispersion manage-
ment.

Propagation characteristics of PCFs such as dispersion, loss, and
particularly bandwidth have attracted much attention. The unit of
measure of bandwidth is MHz km. It reveals the maximum rate of
transmission by a 1 km long fiber. Intermodal dispersion is its principal
limiting factor because core modes propagate at own – mutually un-
equal – group velocities, which leads to temporal pulse broadening with
distance from the input fiber end. While PCFs are attractive for high-
bandwidth communication, only designs with six holes [33] arranged
hexagonally [34] have been considered thus far. Measurements of high
bandwidth of graded-index PCFs are reported in [35]. It is evident
that PCFs achieve high multimode performance while not needing
complicated doping techniques typical of conventional fibers.

We investigate in this paper the bandwidth of a solid-core multimode
W-type PCFs of pure silica having holes in the cladding arranged trian-
gularly at constant pitch (𝛬 in Fig. 1). We solved the time-dependent
power flow equation (1) for such fiber by the explicit finite differences
method (EFDM) [36]. Results show the influence on bandwidth of the
parametric variation of the size of air-holes and the width of the band
containing them — for the excitation of only guided modes.

2. Design of a W-type PCF

Air-holes are normally of uniform size and form a regular triangular
lattice over the PCF cladding. As already mentioned, this is altered in the
W-type PCF by forming an intermediate layer in the cladding in which
the size (d) or pitch (spacing density 𝛬) are adjusted for desired effective
refractive index in that layer. Dispersion and other fiber properties are
thereby engineered by additional design parameters, namely spacing
and size of air-holes, as well as the width of the intermediate layer the
modified holes are in (which is indicative of the number of modified air-
holes such as one ring, two rings, etcetera). Since the holes in such inner
cladding are larger than in other cladding, a W-type PCF is a result with
the profile of its effective refractive index as in Fig. 1. Despite uniform
material properties across the fiber, the central part without holes has
the highest refractive index 𝑛0; holes in the outer cladding reduce the
effective value of such index; larger or more densely spaced holes in the
inner cladding reduce it even more. In our model, the three layers are
considered to be insulators and the outer cladding extends to infinity.
Respectively, 𝑎 and 𝛿𝑎 in Fig. 1 denote the core radius and width of the
intermediate layer (inner cladding).

3. Time-dependent power flow equation

It is widely accepted to represent the discrete mode spectrum in
multimode fibers by a continuous propagation angle 𝜃 relative to the
fiber axis [37]. For multimode W-type fibers, the power flow is described
by Gloge’s time-dependent coupled-power equation [37]:

𝜕𝑝(𝜃, 𝑧, 𝑡)
𝜕𝑧

+ 𝜏(𝜃)
𝜕𝑝(𝜃, 𝑧, 𝑡)

𝜕𝑡
= −𝛼(𝜃)𝑝(𝜃, 𝑧, 𝑡) + 1

𝜃
𝜕
𝜕𝜃

[

𝜃𝐷(𝜃)
𝜕𝑃 (𝜃, 𝑧, 𝑡)

𝜕𝜃

]

(1)

where 𝑝(𝜃, 𝑧, 𝑡) is power distribution per unit solid angle at distance 𝑧 and
time 𝑡; 𝜏(𝜃) is modal delay per unit length; 𝐷(𝜃) is the mode-dependent
coupling coefficient; and 𝛼(𝜃) = 𝛼0 + 𝛼𝑑 (𝜃) is the modal attenuation,
where 𝛼0 represents conventional losses (absorption and scattering).
The term 𝛼0 leads only to a multiplier exp(−𝛼0𝑧) in the solution and
is thus neglected. The boundary conditions are 𝑝(𝜃𝑚, 𝑧) = 0 where 𝜃𝑚
is the maximum propagation angle, and 𝐷(𝜃) (𝜕𝑝∕𝜕𝜃) = 0 at 𝜃 = 0. The
condition 𝑃 (𝜃𝑚, 𝑧) = 0 implies that modes with infinitely high loss do
not carry power. Condition 𝐷(𝜃) (𝜕𝑝∕𝜕𝜃) = 0 at 𝜃 = 0 indicates that the
coupling is limited to modes propagating with 𝜃 > 0.

It is convenient to discuss obtaining frequency response in the
frequency domain rather than in the time domain. The Fourier trans-
formation of Eq. (1) becomes:

𝜕𝑃 (𝜃, 𝑧, 𝜔)
𝜕𝑧

+ 𝑗𝜔𝜏(𝜃)𝑃 (𝜃, 𝑧, 𝜔)

= −𝛼(𝜃)𝑃 (𝜃, 𝑧, 𝜔) + 1
𝜃

𝜕
𝜕𝜃

[

𝜃𝐷(𝜃)
𝜕𝑃 (𝜃, 𝑧, 𝜔)

𝜕𝜃

]

(2)

where 𝜔 = 2𝜋𝑓 is the angular frequency, and

𝑃 (𝜃, 𝑧, 𝜔) = ∫

+∞

−∞
𝑝(𝜃, 𝑧, 𝑡) exp(−𝑗𝜔𝑡)𝑑𝑡 (3)

The boundary conditions are

𝑃 (𝜃𝑚, 𝑧, 𝜔) = 0, 𝐷(𝜃)
𝜕𝑃 (𝜃, 𝑧, 𝜔)

𝜕𝜃
|

|

|

|𝜃=0
= 0 (4)

Coupling was said to occur mainly between neighboring modes because
the coupling strength decreases fast with the mode spacing [37–41]. It is
apparent that 𝑃 (𝜃, 𝑧, 𝜔) is complex. By separating 𝑃 (𝜃, 𝑧, 𝜔) into the real
part 𝑃𝑟(𝜃, 𝑧, 𝜔) and imaginary part 𝑃𝑖(𝜃, 𝑧, 𝜔) and assuming a constant
coupling coefficient 𝐷 [40–42], Eq. (2) can be rewritten as the following
simultaneous partial differential equations:

𝜕𝑃𝑟(𝜃, 𝑧, 𝜔)
𝜕𝑧

= −𝛼(𝜃)𝑃𝑟(𝜃, 𝑧, 𝜔) +
𝐷
𝜃
𝜕𝑃𝑟(𝜃, 𝑧, 𝜔)

𝜕𝜃

+ 𝐷
𝜕2𝑃𝑟(𝜃, 𝑧, 𝜔)

𝜕𝜃2
+ 𝜔𝜏𝑃𝑖(𝜃, 𝑧, 𝜔) (5a)
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and
𝜕𝑃𝑖(𝜃, 𝑧, 𝜔)

𝜕𝑧
= −𝛼(𝜃)𝑃𝑖(𝜃, 𝑧, 𝜔) +

𝐷
𝜃
𝜕𝑃𝑖(𝜃, 𝑧, 𝜔)

𝜕𝜃

+ 𝐷
𝜕2𝑃𝑖(𝜃, 𝑧, 𝜔)

𝜕𝜃2
− 𝜔𝜏𝑃𝑟(𝜃, 𝑧, 𝜔) (5b)

where

𝑃 (𝜃, 𝑧, 𝜔) = 𝑃𝑟(𝜃, 𝑧, 𝜔) + 𝑗𝑃𝑖(𝜃, 𝑧, 𝜔) (6)

If 𝑃𝑟(𝜃, 𝑧, 𝜔) and 𝑃𝑖(𝜃, 𝑧, 𝜔) are obtained by solving Eq. (5), the trans-
mission characteristics can be calculated. Thus the frequency response
𝐻(𝑧, 𝜔) at distance 𝑧 from the input end of the fiber is:

𝐻(𝑧, 𝜔) =
2𝜋 ∫ 𝜃𝑚

0 𝜃
[

𝑃𝑟(𝜃, 𝑧, 𝜔) + 𝑗𝑃𝑖(𝜃, 𝑧, 𝜔)
]

𝑑𝜃

2𝜋 ∫ 𝜃𝑚
0 𝜃

[

𝑃𝑟(𝜃, 0, 𝜔) + 𝑗𝑃𝑖(𝜃, 0, 𝜔)
]

𝑑𝜃
(7)

The modal power distribution 𝑃𝐹 (𝜃, 𝑧, 𝜔) and the spatial transient of
power 𝑃𝐿(𝑧, 𝜔) can be obtained by:

𝑃𝐹 (𝜃, 𝑧, 𝜔) =
[

𝑃𝑟(𝜃, 𝑧, 𝜔)2 + 𝑃𝑖(𝜃, 𝑧, 𝜔)2
]1∕2 (8)

𝑃𝐿(𝑧, 𝜔) = 2𝜋 ∫

𝜃𝑚

0
𝜃𝑃𝐹 (𝜃, 𝑧, 𝜔)𝑑𝜃 (9)

A W-type fiber with index profile shown in Fig. 1b can be regarded
as a system of an SC𝑞 fiber and cladding [40]. In the SC𝑞 fiber, the
angle 𝜃𝑞 ≅

(

2𝛥𝑞
)1∕2 is the critical angle for the guided modes — where

𝛥𝑞 =
(

𝑛0 − 𝑛𝑞
)

∕𝑛0. Similarly, the angle 𝜃𝑝 ≅
(

2𝛥𝑝
)1∕2 is the critical angle

of a singly clad SC𝑝 fiber that has only the outer cladding of the W-type
fiber (and lacks the intermediate layer), where 𝛥𝑝 = (𝑛0 − 𝑛𝑝)∕𝑛0. For
the complete W-type fiber, the modes with propagation angles less than
the critical angle 𝜃𝑝 remain guided. Those with angles between 𝜃𝑝 and
𝜃𝑞 are lossy leaky modes. Hence,

𝛼𝐿(𝜃) =
4
(

𝜃2 − 𝜃2𝑝
)1∕2

𝑎
(

1 − 𝜃2
)1∕2

𝜃2
(

𝜃2𝑞 − 𝜃2
)

𝜃2𝑞
(

𝜃2𝑞 − 𝜃2𝑝
) exp

[

−2𝛿𝑎𝑛0𝑘0
(

𝜃2𝑞 − 𝜃2
)1∕2

]

(10)

where 𝑘0 = 2𝜋∕𝜆 is the free-space wave number, a is core radius and 𝛿𝑎
intermediate layer (inner cladding) width. In an SC fiber, experimental
results show that attenuation remains constant throughout the guided-
mode region and rises quite steeply in the radiation-mode region [43].
Consequently, the modal attenuation in a W-type fiber can be expressed
as:

𝛼𝑑 (𝜃) =

⎧

⎪

⎨

⎪

⎩

0 𝜃 ≤ 𝜃𝑝
𝛼𝐿(𝜃) 𝜃𝑝 < 𝜃 < 𝜃𝑞
∞ 𝜃 ≥ 𝜃𝑞

(11)

Modal delay is expressed in terms of 𝜃 by [41,44]:

𝜏(𝜃) =
𝑛0
𝑐

1
cos 𝜃

≅
𝑛0
𝑐

(

1 + 𝜃2

2

)

= 𝜏0 + 𝜏𝑑 (𝜃) (12)

where 𝑐 is the light velocity in free space. The first term 𝜏0 is common
to all modes. It is the difference in group delay that determines the
transmission bandwidth. Therefore, only 𝜏𝑑 (𝜃) is to be considered in the
calculations.

The bandwidth of a fiber determines the maximum transmission data
rate and it is determined by the frequency response 𝐻(𝑧, 𝜔):

𝑃𝐿(𝑜𝑢𝑡)(𝑧, 𝜔) = 𝐻(𝑧, 𝜔)𝑃𝐿(𝑖𝑛)(𝑧 = 0, 𝜔) (13)

The frequency response defines the bandwidth (−3 dB bandwidth) of
the optical fiber as the frequency at which H(𝑧, 𝜔) is reduced to half the
DC value, that is when it is reduced by 3 dB.

This method for determining bandwidth is the simplest, most effec-
tive and accurate if compared to other alternative approaches (such as
ray tracing and electromagnetic theory) in modeling the three major
effects which occur during the light transmission in multimode optical
fiber: modal attenuation, mode coupling and modal dispersion. The
other two mentioned approaches do not take into account all three

Table 1
Effective refractive index 𝑛𝑞 for varied air-hole diameter 𝑑𝑞 (μm), relative refrac-
tive index difference 𝛥𝑞 = (𝑛0−𝑛𝑞)∕𝑛0, and the critical angle 𝜃𝑞 (wavelength: 850
nm).

Inner cladding

𝑑𝑞 (μm) 2.0 2.1 2.2 2.3
𝑛𝑞 1.423679 1.418848 1.412813 1.405174
𝛥𝑞 = (𝑛0 − 𝑛𝑞 )∕𝑛0 0.018 0.021 0.026 0.045
𝜃𝑞 (deg) 10.87 11.74 13.07 17.19

effects and/or are less accurate due to the difficulties which arise in their
practical implementation. In our best knowledge for the first time, we
determined the bandwidth of such a novel PCF with W-shaped refractive
index distribution by numerical solving the time-dependent power flow
equation.

4. Numerical results

We investigated bandwidth in a multimode solid-core W-type glass
PCF. A W-shape refractive index model is used for the structure shown
in Fig. 1. For PCFs with air holes in a triangular lattice, the effective
refractive index of cladding 𝑛𝑓𝑠𝑚 was obtained using the effective
parameter 𝑉 [32,45]. For a range of air-hole diameters 𝑑𝑞 , summarized
in Table 1 are the effective refractive index 𝑛𝑞 , relative refractive index
difference 𝛥𝑞 = (𝑛0−𝑛𝑞)∕𝑛0, and the corresponding critical angle 𝜃𝑞 — all
for the inner cladding and at wavelength of 850 nm [32].

We solved the time-dependent power flow Eq. (1) using the explicit
finite difference method for the W-type PCF fiber with pure silica core
with 𝑛0 = 1.45, 2𝑎 = 50 μm, and coupling coefficient 𝐷 = 2.3 ×
10−6 rad2∕m (typical value of D for glass core fibers [40]), for two and
four rings of air holes in the inner cladding [36]; the two respective
widths of the inner cladding used in the calculations are 𝛿𝑎 = 6μm
(𝛿 = 0.24) and 𝛿𝑎 = 12 μm (𝛿 = 0.48). In order to investigate the
influence of diameter of air holes in the inner cladding on bandwidth and
steady-state losses, we analyzed cases with 𝑑𝑞 = 2.0, 2.1, 2.2, 2.3 μm, for a
fixed diameter of air holes in the outer cladding 𝑑𝑝 = 1.0, 1.1, 1.2, 1.3 μm.

Fig. 2 shows the dependence of bandwidth on transmission length
for different diameters of air holes 𝑑𝑞 = 2.0, 2.1, 2.2, 2.3 μm and fixed
𝑑𝑝 = 1 μm — for the case of a W-type PCF with two (𝛿 = 0.24) and
four rings (𝛿 = 0.48) of air holes in the inner cladding and for the 𝜃𝑝
excitation. One can observe that bandwidth increases with decreasing
diameter of the inner cladding air holes 𝑑𝑞 at longer fiber lengths. This
is a result of a drop in leaky mode losses with increasing diameter of the
inner cladding air holes 𝑑𝑞 [32] as power remains in higher leaky modes
over longer transmission length, boosting thus modal dispersion and
reducing bandwidth. At shorter fiber lengths for 𝜃𝑝 excitation (exciting
only the guided modes), leaky modes are almost not guided along the
fiber and the influence of 𝑑𝑞 on bandwidth is negligible. At longer fiber
lengths, the influence of 𝑑𝑞 on bandwidth is more pronounced because
leaky modes appear due to mode coupling. The bandwidth of W-type
PCF is larger for the fiber with two – rather than four – rings of air
holes in the inner cladding (Figs. 2 and 3). Since leaky mode losses are
smaller in the fiber with four inner rings [32], power remains in leaky
modes for a longer transmission length, increasing modal dispersion and
decreasing bandwidth.

For a number of air-hole diameters 𝑑𝑞 = 2.0, 2.1, 2.2, 2.3 μm and for
a fixed 𝑑𝑝 = 1 μm, Fig. 3 shows how transmission length influences
bandwidth when there are two (𝛿 = 0.24) or four rings (𝛿 = 0.48) of
inner-cladding air holes — with the 𝜃𝑞 excitation. The bandwidth is
larger in the case of a narrow launch that excites only the guided modes
(the 𝜃𝑝 excitation, Fig. 2), compared to a wide launch (𝜃𝑞 excitation,
that excites both guided and leaky modes). Modal dispersion increases
by exciting both guided and leaky modes, decreasing bandwidth. At
longer fiber lengths, after achieving SSD, influence of launch excitation
is negligible [32].
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Fig. 2. For the 𝜃𝑝 excitation, bandwidth as a function of transmission length over a range of sizes (diameter 𝑑𝑞) of air holes in the inner cladding (a) with two rings
(𝛿 = 0.24) and (b) with four rings (𝛿 = 0.48) of holes.

Fig. 3. For the 𝜃𝑞 excitation, bandwidth as a function of transmission length over a range of sizes (diameter 𝑑𝑞) of air holes in the inner cladding (a) with two rings
(𝛿 = 0.24) and (b) with four rings (𝛿 = 0.48) of such air holes.

Fig. 4. For the 𝜃𝑝 excitation, bandwidth as a function of transmission length for a varied size (diameter 𝑑𝑝) of air holes in the outer cladding, with (a) two rings
(𝛿 = 0.24) and (b) four rings (𝛿 = 0.48) of holes in the inner cladding.

Figs. 4 and 5 show how transmission length influences band-
width for different diameters of air holes in the outer cladding 𝑑𝑝 =
1.0, 1.1, 1.2, 1.3 μm; for fixed 𝑑𝑞 = 2.0 μm and with the W-type PCF fiber
having two (𝛿 = 0.24) or four rings (𝛿 = 0.48) of air holes in the
inner-cladding, and for the 𝜃𝑝 and 𝜃𝑞 excitations, respectively. With 𝜃𝑝
excitation and short fiber lengths, bandwidth decreases with increasing
air hole diameters in the outer cladding 𝑑𝑝 (i.e. with increasing the
critical angle 𝜃𝑝). This is because then the critical angle for guiding
modes 𝜃𝑝 increases, giving rise to the number of guided modes, thus
increasing modal dispersion and decreasing bandwidth. At longer fiber

lengths, this influence of air hole diameters in the outer cladding 𝑑𝑝
is negligible. The corresponding graphs for 𝜃𝑞 excitation are shown in
Fig. 5(a) and (b): the bandwidth is not affected by the air-hole diameter
in the outer cladding 𝑑𝑝. This is because leaky modes are in this case
excited at the input fiber end (𝑧 = 0) rather than generated by 𝑑𝑝-
dependent processes along the fiber.

Fig. 6 shows the trade-off relation between bandwidth and steady-
state loss for 𝛿 = 0.24 and 𝛿 = 0.48, for 𝜃𝑝 and 𝜃𝑞 excitations. One can
observe that steady-state losses increase for smaller diameter of inner air
holes 𝑑𝑞 — because of larger leaky mode losses (for both widths 𝛿 and
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Fig. 5. For the 𝜃𝑞 excitation, bandwidth as a function of transmission length for a varied size (diameter 𝑑𝑝) of air holes in the outer cladding, with (a) two rings
(𝛿 = 0.24) and (b) four rings (𝛿 = 0.48) of holes in the inner cladding.

Fig. 6. Bandwidth versus steady-state loss, trade-off relation for 𝛿 = 0.24 and
𝛿 = 0.48 in the case of 𝜃𝑝 (solid lines) and 𝜃𝑞 (dotted lines) excitations.

both excitations 𝜃). The influence of diameter 𝑑𝑞 and width 𝛿 on steady-
state losses is more pronounced for the 𝜃𝑞 than for 𝜃𝑝 excitation as larger
number of leaky modes remain guided along the fiber. It can be observed
that depending on the input excitation and structural fiber parameters,
a higher value of bandwidth can be achieved for the same steady-state
losses. An optimized value for transmission length can be estimated after
considering a trade-off relation between the bandwidth and steady state
loss for a particular fiber length (as it has been illustrated in Fig. 6 for
1 km fiber length).

We have shown that bandwidth can be improved by reducing the
number of rings of inner cladding air holes, decreasing the diameter
of inner air holes or exciting only guiding modes. In practice, a trade-
off relation between bandwidth and steady-state loss would have to be
considered in designing the optimum W-type PCF fiber. Finally, we have
obtained that number of rings of air holes in the outer cladding has no
influence on the bandwidth.

5. Conclusions

As a function of transmission length along a multimode W-type
photonic crystal fiber with solid core, bandwidth is determined for
a wide range of sizes and spacing of holes in the inner and outer
cladding of the fiber by solving the time-dependent power flow equation
numerically. At longer fiber lengths, results show higher bandwidth for
smaller holes of the inner cladding (meaning for a smaller diameter
of the holes, 𝑑𝑞). Conversely at shorter lengths, this influence of the
hole size 𝑑𝑞 on bandwidth is negligible with the 𝜃𝑝 excitation (that

launches only guided modes); bandwidth decreases as the holes in the
outer cladding are increased in size (larger 𝑑𝑝) and with the broader
𝜃𝑞 excitation. At longer fiber lengths, the influence of hole diameter in
the outer cladding 𝑑𝑝 is negligible. The bandwidth of W-type PCF is
larger for the fiber with two rings of holes in the inner cladding than
for the one with four rings. We obtained that bandwidth is larger in the
case of a narrow launch that excites only guided modes (𝜃𝑝 excitation),
compared to wider excitation where both guided and leaky modes are
excited (𝜃𝑞 excitation). Finally, we have obtained the trade-off relation
between bandwidth and steady-state loss for 𝛿 = 0.24 and 𝛿 = 0.48, in the
case of 𝜃𝑝 and 𝜃𝑞 excitations. The bandwidth improves as the number
of rings with holes in the inner cladding is reduced, or by decreasing
the size (diameter) of air holes in the inner cladding, or by exciting only
guided modes.
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A B S T R A C T

Infrared wavelength dependence of leaky mode losses and steady state distribution (SSD) in W-type glass optical
fibers (doubly clad fibers with three layers) is investigated in this paper for parametrically varied depths and
widths of the fiber’s intermediate optical layer. This enables a tailoring of configuration of the W-type fiber to
suit an application at hand. We have shown that the proposed W-type fiber has better transmission characteristics
at longer infrared wavelengths.

1. Introduction

Singly clad (SC) optical fibers made of glass dominate in long-
distance communication networks. Plastic optical fibers (POFs), with
their higher attenuation and lower transmission bandwidth, are re-
stricted to local area networks with short data links. Much research
has been devoted to overcoming these challenges such as by applying
equalization [1], or spatial modulation [2] and detection [3]. A less
investigated approach is how the transmission bandwidth could be im-
proved through redesign of the fiber profile. POFs with an addition of a
third optical layer have been shown experimentally to have bandwidths
higher than POFs with graded index profile [4]. When the intermediate
layer has a lower index of refraction than the neighboring layers, such
fibers are said to be of W-type (because a symmetrical plot of their
refractive index may resemble the letter W — as in Fig. 1). W-fibers are
generally characterized by lower waveguide dispersion in comparison
to similar SC fibers and are easier to splice.

In a W-fiber, its intermediate layer binds the guided modes firmer to
the core and reduces the effective numerical aperture of the fiber [5].
Consequently, transmission bandwidth widens and bending losses drop.
The bandwidth-distance product of such a fiber is around 50 MHz km,
which is significantly higher than the typical 30 MHz km for their SC
counterparts (also of glass). The relative improvement is even more
dramatic for POFs [4,6–8].

Optical fibers inevitably incorporate irregularities in the form of a
shape-variation or material inhomogeneity including voids and cracks.
Such random irregularities in multimode optical fibers cause light

* Correspondence to: Faculty of Science, R. Domanovića 12, 34000 Kragujevac, Serbia.
E-mail address: savovic@kg.ac.rs (S. Savović).

diffraction that couples power between the propagating modes. This
mode coupling is an effect in addition to the reduction of the transmitted
power by differential mode attenuation. Both influence fiber transmis-
sion characteristics strongly.

On the positive side, coupled modes may be less dispersed for
multimodal launch. This translates into higher bandwidth. However,
mode coupling also leads to higher losses, particularly in curved seg-
ments [9]. Moreover, the output-field is altered and generally degraded
as it contains modes of high order even if the launch was restricted to
modes of only low order. W-fibers are more resilient to these effects.
Their intermediate layer between the core and cladding retains some
lossy leaky modes [10–16]. Yet, the more complex profile of the
refractive index of the fiber opens the question of optimization of such
profile [17].

Angular input optical power distribution that results from a specific
launch gets modified gradually with distance from the input fiber-end
by the effect of mode coupling. The expected beam properties, including
the far-field radiation pattern, are altered as a consequence [18,19].
Thus for example, if we arrange a centrally symmetric launch (along a
cone) at a fixed angle 𝜃 = 𝜃0 to the fiber axis, a ring can be imaged
behind the output-end of a short fiber — the ring diameter is related
to that initial launch angle 𝜃0. As the fiber is ‘‘lengthened’’ (replaced
by longer and longer fibers), edges of this ring become blurred and
the ring morphs gradually into a disk. This is due to effects of mode
coupling accumulating with distance from the input-end and causing the
angular power distribution, initially narrowly centered around 𝜃 = 𝜃0,
to gradually widen and shift towards 𝜃 = 0◦. By lengthening the fiber to
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Fig. 1. Refractive index profile of a W-fiber.

beyond the value known as 𝑧𝑠, the angular light distribution becomes
fixed and centered (the disk is brightest in its center). This is a ‘‘steady-
state distribution’’ (SSD) that is independent of the launch conditions
except for the overall brightness: normalized to its peak value, SSD is
one and the same whatever the launch angle(s).

The above case is about narrow angular launch-beam distributions.
They widen (and center) with distance along the fiber from the input
end. The opposite is true as well: broad angular launch-beam distri-
butions will narrow to produce the same SSD because each narrow
component of a broad input distribution converges to the same SSD.

‘‘Coupling coefficient’’ D has been used widely [19–26] to describe
how power is transferred between modes. This allowed modeling by the
power flow equation [e.g. [19]] of the angular power distributions in
the far field fiber output as a function of the fiber length and conditions
of launch. For W-type optical fibers made of glass, the main goal of
this work is to investigate the influence of infrared wavelength on the
attenuation of leaky modes and on the length of fiber 𝑧𝑠 that marks
the onset of the SSD. In this process, the width and depth of the fiber’s
intermediate layer were varied parametrically to facilitate the selection
of their optimal values for a particular infrared wavelength.

2. Modeling

Gloge’s equation for power distribution inside a multimode SC fiber
is:

𝑚
𝜕𝑃𝑚(𝑧)
𝜕𝑧

= −𝑚𝛼𝑚𝑃𝑚(𝑧) + 𝑚𝑑𝑚[𝑃𝑚+1(𝑧) − 𝑃𝑚(𝑧)]

+ (𝑚 − 1)𝑑𝑚−1[𝑃𝑚−1(𝑧) − 𝑃𝑚(𝑧)] (1)

where m is the compound mode number (containing 2m modes due to
two different states of polarization and taking integral values beginning
at 𝑚 = 1), 𝑃𝑚 is the power of (each) mode m, 𝑧 is the axial position along
the fiber, 𝛼𝑚 is the dissipation and loss (scattering) coefficient of mode
m, and 𝑑𝑚 is the coupling coefficient between (each) mode m and 𝑚+1.
The compound mode number is defined as 𝑚 = 2𝑝+𝜈, where p is a radial
mode number and 𝜈 is an azimuthal mode number. In this formulation,
a mode propagates as a plane wave along the fiber (reflecting at the
core/clad interface) at an angle 𝜃𝑚(𝑚𝛥𝜃) with respect to the core axis,
where 𝛥𝜃 = 𝜆∕4𝑎𝑛, 𝑎 is a core radius and n is a core refractive index [19].
This equation is also often used in its continuous form in which it is
assumed that 𝜃𝑚 is a continuous parameter 𝜃:

𝜕𝑃 (𝜃, 𝑧)
𝜕𝑧

= −𝛼(𝜃)𝑃 (𝜃, 𝑧) + 𝐷
𝜃

𝜕
𝜕𝜃

(

𝜃
𝜕𝑃 (𝜃, 𝑧)

𝜕𝜃

)

(2)

where 𝛼(𝜃) is the modal attenuation and D is a constant ‘‘coupling
coefficient’’. It is assumed that mode coupling mainly occurs between
neighboring modes due to the fact that coupling strength decreases
sufficiently fast with the mode spacing [19]. This assumption is com-
monly used in modeling a mode coupling process both in SC and W-
type fibers [6,18–27]. Describing the evolution of the modal power
distribution along the fiber, (2) is the time-independent power flow
equation with the mode angle 𝜃 taken as a continuous variable. The
form of the last term in (2) identifies the next-neighbor mode coupling

as a diffusion process in a continuum. The time-independent power flow
Eq. (2) is further expressed as:

𝜕𝑃 (𝜃, 𝑧)
𝜕𝑧

= −𝛼(𝜃)𝑃 (𝜃, 𝑧) + 𝐷
𝜃
𝜕𝑃 (𝜃, 𝑧)

𝜕𝜃
+𝐷

𝜕2𝑃 (𝜃, 𝑧)
𝜕𝜃2

. (3)

Modal attenuation 𝛼 (𝜃) can be expanded into 𝛼(𝜃) = 𝛼0 + 𝛼𝑑 (𝜃). The
term 𝛼0 represents conventional losses by absorption and scattering. It
can be neglected in the solution because it would feature as just a fixed
multiplier exp (−𝛼0𝑧). The term 𝛼𝑑 (𝜃) in the expansion of 𝛼(𝜃) is dominant
for higher order modes.

Boundary conditions for (3) are 𝑃
(

𝜃𝑚, 𝑧
)

= 0 and 𝐷 ⋅ (𝜕𝑃∕𝜕𝜃) = 0
at 𝜃 = 0, with 𝜃𝑚 denoting the largest propagation angle. The condition
𝑃
(

𝜃𝑚, 𝑧
)

= 0 implies that modes with infinitely high loss do not carry
power. Condition (𝜕𝑃∕𝜕𝜃) = 0 at 𝜃 = 0 indicates that the coupling is
limited to modes propagating with 𝜃 > 0.

Fig. 1 represents the index profile of a W-fiber with 𝑛0, 𝑛𝑝 and
𝑛𝑞(𝑛0 > 𝑛𝑝 > 𝑛𝑞) being indices of refraction of the core, cladding,
and intermediate layer, respectively. Modes propagating at angles that
are between 𝜃𝑝 ≅

(

2𝛥𝑝
)1∕2 and 𝜃𝑞 ≅

(

2𝛥𝑞
)1∕2 have been shown to

be leaky modes [22]; here, 𝛥𝑝 = (𝑛0 − 𝑛𝑝)∕𝑛0 or 𝛥𝑞 =
(

𝑛0 − 𝑛𝑞
)

∕𝑛0
is the relative difference of the refraction index of the cladding, or
(respectively) intermediate layer, to that of the core.

Denoting the free-space wave number as 𝑘0 = 2𝜋∕𝜆 and expressing
the thickness of the intermediate layer as 𝛿 ⋅𝑎 where a is the core-radius,
constants of attenuation of leaky modes are given as [23]:

𝛼𝐿(𝜃) =
4
(

𝜃2 − 𝜃2𝑝
)1∕2

𝑎
(

1 − 𝜃2
)1∕2

𝜃2
(

𝜃2𝑞 − 𝜃2
)

𝜃2𝑞
(

𝜃2𝑞 − 𝜃2𝑝
) exp

[

−2𝛿𝑎𝑛0𝑘0
(

𝜃2𝑞 − 𝜃2
)1∕2

]

. (4)

It has been shown experimentally [24] that all guided-modes in SC
fibers regardless of their propagation angle 𝜃 are attenuated equally; the
attenuation rises steeply for radiated-modes. For W-type fibers, this can
be generalized in terms of 𝛼𝑑 (𝜃) in the already introduced expansion for
attenuation 𝛼(𝜃) = 𝛼0 + 𝛼𝑑 (𝜃), in which 𝛼0 = const, and where:

𝛼𝑑 (𝜃) =

⎧

⎪

⎨

⎪

⎩

0 𝜃 ≤ 𝜃𝑝
𝛼𝐿(𝜃) 𝜃𝑝 < 𝜃 < 𝜃𝑞
∞ 𝜃 ≥ 𝜃𝑞 .

(5)

Eq. (5) can also be explained if one would think of a W-fiber as having
a vanishing, and then infinite, thickness of its intermediate layer 𝛿 ⋅ 𝑎 (a
is the core radius). With 𝛿 → 0, and then 𝛿 → ∞, two distinct SC (SC𝑝
and SC𝑞) fibers result with respective critical angles of 𝜃𝑝 and then 𝜃𝑞 ,
respectively. This results in three subdomains for the propagation angle
evident in (5): less than one critical angle, greater than the other, and
between the two of them. Modes propagating at angles between the two
critical angles 𝜃𝑝 and 𝜃𝑞 are termed leaky modes. For that range, strong
influence of the intermediate layers’ thickness 𝛿 ⋅ 𝑎 on 𝛼𝐿(𝜃) in (5) has
been noted [23,26].

W-fiber’s characteristics were reported to vary strongly with the
intermediate layer’s width 𝛿 ⋅ 𝑎. As mentioned, they approach those of
corresponding SC𝑝 or SC𝑞 fibers when, respectively, the thickness either
vanishes or approaches infinity [23,26], under SSD conditions. Also of
influence is the index of refraction 𝑛𝑞 of the intermediate layer, referred
to as this layer’s ‘‘depth’’ (Fig. 1). The influence is investigated in this
paper of both intermediate layer’s parameters, namely width and depth,
on the length 𝑧𝑠 for reaching the SSD and on the attenuation of leaky
modes in glass W-fibers — across a infrared wavelength spectrum. This
facilitates tailoring W-fibers to a specific application at hand.

3. Numerical implementation

With constants of attenuation for leaky modes as given by Eq. (4), the
closed-form solution of Eq. (3) does not exist. Hence, the corresponding

2
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Fig. 2. Leaky mode losses 𝛼𝐿 as a function of the propagation angle 𝜃 and parametric wavelength 𝜆. Each plot is for a different value of the intermediate layer’s
depth 𝛥𝑞 : (a) 𝛥𝑞 = 0.525%, (b) 𝛥𝑞 = 0.595%, (c) 𝛥𝑞 = 0.7%, (d) 𝛥𝑞 = 0.805% and (e) 𝛥𝑞 = 0.875%. The width of the intermediate layer is 𝛿 = 0.2.

power flow equation for the W-fiber is solved by the explicit finite dif-
ference method (EFDM). To achieve this, the terms (𝜕2𝑃 (𝜃, 𝑧))∕𝜕𝜃2 and
(𝜕𝑃 (𝜃, 𝑧))∕𝜕𝜃 in (3) were modeled by the central difference scheme [28].
The derivative term (𝜕𝑃 (𝜃, 𝑧))∕𝜕𝑧 was modeled by the forward difference
scheme. This resulted in the following equation in which k and l denote
𝛥𝜃 and 𝛥𝑧 as discretization steps for the respective angle 𝜃 and length
𝑧:

𝑃𝑘,𝑙+1 =
(

𝛥𝑧𝐷
𝛥𝜃2

− 𝛥𝑧𝐷
2𝜃𝑘𝛥𝜃

)

𝑃𝑘−1,𝑙 +
(

1 − 2𝛥𝑧𝐷
𝛥𝜃2

− (𝛼𝑑 )𝑘𝛥𝑧
)

𝑃𝑘,𝑙

+
(

𝛥𝑧𝐷
2𝜃𝑘𝛥𝜃

+ 𝛥𝑧𝐷
𝛥𝜃2

)

𝑃𝑘+1,𝑙 (6)

where:

(𝛼𝑑 )𝑘 =

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

0 ; 𝜃𝑘 ≤ 𝜃𝑝
4
(

𝜃2𝑘 − 𝜃2𝑝
)1∕2

𝑎
(

1 − 𝜃2𝑘
)1∕2

𝜃2𝑘
(

𝜃2𝑞 − 𝜃2𝑘
)

𝜃2𝑞
(

𝜃2𝑞 − 𝜃2𝑝
)

exp
[

−2𝛿𝑎𝑛0𝑘0
(

𝜃2𝑞 − 𝜃2𝑘
)1∕2

]

; 𝜃𝑝 < 𝜃𝑘 < 𝜃𝑞

∞ ; 𝜃𝑘 ≥ 𝜃𝑞

(7)

with 𝑁 = 𝜃𝑞∕𝛥𝜃 denoting the grid dimension for the variable 𝜃,
boundary conditions can be expressed as:

3
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Fig. 3. Leaky mode losses 𝛼𝐿 as in Fig. 2 but with the width of the intermediate layer 𝛿 = 0.5.

𝑃𝑁,𝑙 = 0
𝑃0,𝑙 = 𝑃1,𝑙

lim
𝜃→0

1
𝜃

𝜕
𝜕𝜃

(

𝜃 𝜕𝑃
𝜕𝜃

)

= 2 𝜕2𝑃
𝜕𝜃2

|

|

|

|𝜃=0
.

(8)

The purpose of the last of expressions in (8) is to avoid singularity at
𝜃 = 0. To complete the numerical implementation, the input 𝑃 (𝜃, 0) =
1 for 0 ≤ 𝜃 ≤ 𝜃𝑞 and 𝑧 = 0 is written in the difference form 𝑃𝑘,0 = 0. This
input represents axial input of all modes including the leaky ones. With
this implementation, angular distribution of power can be determined
at different lengths of W-fibers.

4. Numerical results

Leaky mode losses and the length 𝑧𝑠 for achieving the SSD are
analyzed in this work at different wavelengths for the following W-
fiber: 𝑛0 = 1.46, 𝛥𝑝 = 0.2% (𝜃𝑝 ≅ 3.62◦), 𝛥𝑞 = 0.7% (𝜃𝑞 ≅ 6.76◦) and
2𝑎 = 60 μm [22,26]. This was done for fixed values of the refraction
index of the core (𝑛0 = 1.46) and that of the outer cladding (𝑛𝑝 is
expressed relative to 𝑛0 by specifying 𝛥𝑝 = 0.2%).

The intermediate layer’s depth 𝑛𝑞 was varied over five values cor-
responding to 𝛥𝑞 = (𝑛0 − 𝑛𝑞)∕𝑛0 = 0.525%, 0.595%, 0.7%, 0.805%, and
0.875% (these values are 0.7 and variations of 0.7 by±15% and±25% as
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Fig. 4. Spatial transient of power distributions for 𝛥𝑞 = 0.875%, 𝛿 = 0.2 and for the coupling coefficient 𝐷 = 2.3 × 10−7 rad2∕m (centrally launched input) when
guided and leaky modes are equally excited at the input fiber end (the 𝜃𝑞 excitation) for (a) 𝜆 = 650 nm, (b) 𝜆 = 840 nm, (c) 𝜆 = 1310 nm and (d) 𝜆 = 1550 nm.

in [27]). Respective values for the critical angle are 𝜃𝑞 ≅
√

2 ⋅ 𝛥𝑞 = 5.87◦,
6.25◦, 6.76◦, 7.27◦, and 7.58◦. In other words, five different values
for 𝑛𝑞 (and thereby for critical angle 𝜃𝑞) were applied. This varied the
number and attenuation of leaky modes. Two normalized intermediate
layer widths were considered, 𝛿 = 0.2 and 0.5 (which values must
be multiplied by the core radius for actual widths of 6 and 15 μm).
Respectively for these two widths, Figs. 2 and 3 show five sets of plots
each, corresponding to the said five values for 𝛥𝑞 . The wavelength was
varied parametrically over four values in each plot.

One can observe in Figs. 2 and 3 that leaky mode losses increase with
increasing wavelength. For the narrower intermediate layer (the smaller
𝛿 in Fig. 2), this increase is sharper. By moving from one plot to another,
it is also apparent that the deeper the intermediate layer, the lower the
leaky mode losses in all cases (in both, Figs. 2 or 3 and for any selected
infrared wavelength). Leaky mode losses also increase with increasing
the mode propagation angle 𝜃 (higher order leaky modes propagate with
larger angles 𝜃 and attenuate faster in comparison to lower order ones).

In order to determine the length 𝑧𝑠 for the onset of SSD, we solved
the power flow equation by selecting 𝜃𝑞 excitation [26]. Fig. 4 shows
angular power distributions in a W-type fiber for 𝛥𝑞 = 0.875%, 𝛿 = 0.2
and 𝐷 = 2.3 × 10−7 rad2/m, for centrally launched beam when guided
and leaky modes are equally excited at the input fiber-end (the 𝜃𝑞
excitation) for different wavelengths. Length 𝑧𝑠 for achieving SSD is
determined as a length at which the angular light distribution stops
evolving with further increase of the fiber length (becomes steady).

Respectively for 𝛿 = 0.2 and 0.5, Fig. 5a and b show how the length
𝑧𝑠 varies with wavelength for parametric 𝛥𝑞 = 0.525%, 0.595%, 0.7%,
0.805% and 0.875%. The value of 𝐷 = 2.3 ⋅ 10−7 rad2/m was used for
the coupling coefficient in the calculations [22,27]. One can observe

from Fig. 4 that the length 𝑧𝑠 marking the onset of SSD decreases with
increasing wavelength. This is a result of the increase of the leaky
mode losses (with increasing wavelength), i.e. a smaller number of
leaky modes remain guided at larger wavelengths at longer fiber lengths
(Figs. 2 and 3).

As can be seen from Fig. 5, the length 𝑧𝑠 is larger in the case of wider
intermediate layer widths (larger 𝛿). Since the leaky short transmission
length in the case of thinner intermediate layer; consequently, it takes
a shorter fiber length 𝑧𝑠 for the onset of SSD — compared to the
case with a wider intermediate layer. The reduction in length 𝑧𝑠 with
increasing wavelength is greater in the case of W-fiber with a narrower
intermediate layer (smaller 𝛿). This is a consequence of higher leaky
mode losses at larger wavelengths for smaller 𝛿 — in comparison to the
case of wider intermediate layer (larger 𝛿). As depth of the intermediate
layer (𝛥𝑞) decreases, SSD occurs at shorter fiber lengths — which is
attributed to the correspondingly decreasing number of leaky modes.
The smaller the parameter 𝛥𝑞 (consequently smaller 𝜃𝑞), the shorter
the fiber length is required for completion of the coupling process.
For narrow intermediate layer 𝛿 = 0.2, the influence of the depth
of the intermediate layer 𝛥𝑞 on the wavelength-dependence of length
𝑧𝑠 weakens due to large losses of leaky modes at larger wavelengths
(Fig. 5(a)). Thus, for the smallest depth analyzed (𝛥𝑞 = 0.525%), the
influence of the wavelength on the length 𝑧𝑠 becomes negligible. On the
contrary for wider intermediate layer 𝛿 = 0.5, the influence of the depth
of the intermediate layer 𝛥𝑞 on the wavelength-dependence of length 𝑧𝑠
is not negligible for the smallest depth (𝛥𝑞 = 0.525%) because of much
smaller leaky mode losses in the case of the intermediate layer width of
𝛿 = 0.5 (i.e. longer lengths at which leaky modes remained guided) in
comparison to the case with the intermediate layer width of 𝛿 = 0.2.
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Fig. 5. Length 𝑧𝑠 (marking the onset of SSD) as a function of wavelength, for
(a) 𝛿 = 0.2 and (b) 𝛿 = 0.5 and for parametric 𝛥𝑞 as in Figs. 2 and 3.

Since it is found that with increasing the infrared wavelength the
leaky mode losses rise while SSD is established at shorter fiber lengths,
the proposed W-type fiber has better transmission characteristics at
longer infrared wavelengths. This is explained by the rise of the leaky
mode losses with increasing wavelength as fewer leaky modes remain
guided along the fiber; which decreases modal dispersion and increases
bandwidth. At longer wavelengths a higher rate of filtering of leaky
modes results in establishing the SSD (and therefore the equilibrium
mode distribution) at shorter fiber lengths — the shorter the length
at which equilibrium mode distribution is achieved, the earlier the
bandwidth would switch from the functional dependence of 1∕𝑧 to
1∕𝑧1∕2 (faster bandwidth improvement) [20].

Needless to say, the strength of mode coupling also effects SSD [27].
SSD develops at shorter 𝑧𝑠 when mode coupling is stronger.

5. Conclusion

Leaky mode losses and SSD (steady state distribution of power) are
investigated for a varied glass W-fiber’s intermediate layer in terms
of its width and depth. It is found that leaky mode losses rise with
wavelength. The rise is sharper for narrower intermediate layer widths
(smaller 𝛿). In contrast, the length 𝑧𝑠 marking the onset of the SSD
decreases with increasing wavelength. This is a result of the rise of the

leaky mode losses with rising wavelength, which is to say that a smaller
number of leaky modes continue to be guided in longer fibers at larger
wavelengths. For shorter intermediate layer’s depths (𝛥𝑞), SSD onsets
at shorter fiber lengths due to fewer leaky modes. The smaller the 𝛥𝑞
(implying smaller critical angle 𝜃𝑞), the shorter the fiber length that is
needed for completion of the coupling process.

For narrow intermediate layer 𝛿 = 0.2, the wavelength dependence of
length 𝑧𝑠 is less affected by the intermediate layer’s depth 𝛥𝑞 due to large
losses of leaky modes at larger infrared wavelengths (Fig. 5(a)). Thus
for the smallest depth analyzed (𝛥𝑞 = 0.525%), the influence of infrared
wavelength on the length 𝑧𝑠 becomes negligible. In contrast, for wider
intermediate layer 𝛿 = 0.5, the depth of the intermediate layer 𝛥𝑞 does
affect the wavelength dependence of length 𝑧𝑠 for the smallest depth
(𝛥𝑞 = 0.525%) because of much smaller leaky mode losses. Because
a wider intermediate layer (𝛿 = 0.5) reduces losses for leaky modes,
these modes retain power over longer distances than in the case with the
narrower layer (𝛿 = 0.2). This reflects accordingly in the length 𝑧𝑠 that
marks the onset of SSD – 𝑧𝑠 is longer for (𝛿 = 0.5). It is similarly noted
that the deeper the intermediate layer, the longer the length 𝑧𝑠 — due
to the rise in the number of leaky modes.

Finally, the proposed W-type fiber has better transmission charac-
teristics at longer infrared wavelengths. This is explained by the rise of
the leaky mode losses with increasing wavelength as fewer leaky modes
remain guided along the fiber; which decreases modal dispersion and
increases bandwidth.
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a b s t r a c t

Bandwidth and steady-state loss of multimode glass W-type optical fibers (doubly clad fibers with three
functional layers) are evaluated for the varied fiber design and launch beam parameters. These
transmission characteristics are determined from the solution of the time-dependent power flow
equation by the explicit finite difference method. Results are presented in a graph form as functions
either of the fiber length or loss for the varied thickness and depth of the fiber's intermediate layer (inner
cladding), fiber's coupling strength, and input beam (mean angle and width). The trade-off relation
between the bandwidth and steady-state loss for designing multimode glass W-type optical fibers is
shown in graphs and highlighted the text. We found that bandwidth improves with thinner and
shallower intermediate layers, narrower and more central launch-beam, and stronger mode coupling.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Multimode optical fibers are usually singly clad (SC) in terms of
the number of functional cladding layers. Techniques have been
reported for improving bandwidth and attenuation properties of
these fibers through special detection [1], modulation [2], equal-
ization [3], and compensation of modal-dispersion [4]. For addi-
tional performance enhancement, fiber design is revisited in this
paper with the aim of refining the fiber profile.

Our focus here is on doubly clad, “W-type” optical fibers. They
have three distinct optical layers: core plus double cladding. In
other words, a W-type fiber has an intermediate layer between its
outer cladding and core. This layer is known to lower dispersion
and bending losses, widen transmission bandwidth, and reduce
the number of guided modes. It achieves this by lowering the
fiber's effective numerical aperture by reducing the number of
guided modes – guided modes are thus held tighter to the core [5].
As an illustration, while the bandwidth-distance product of an SC
plastic fiber may be 15 MHz km that of a W-type plastic fiber may
be 200 MHz km; these values are perhaps 30 MHz km and
50 MHz km for respective glass fibers [6–8]. Such improvement
is attributed to the coupling of guided to lossy leaky modes in the
W-type fiber's intermediate layer.

In general, mode coupling power is transferred between
modes; this reduces modal dispersion because fractions of power
do not keep to distinct propagation velocities of their launch
modes, but tend to average them out through intermodal coupling.
Bandwidth improves with less relative delay between modes.
However, if mode coupling results in leaky mode condition, it
increases fiber loss and changes beam properties. This is particu-
larly notable after junctions and fiber bends [9] that promote
coupling strongly.

The operational range of a multimode optical fiber as a data
link is limited by the fiber bandwidth and mode-dependent
attenuation. Much apparent performance improvement is offered
by the W-type variant. Methods are needed for calculating modal
attenuation, dispersion, and coupling to lossy modes of W-type
fiber's intermediate layer, and for optimizing the fiber's refractive
index profile including in order to minimize the group delay
difference between modes in the output field. Our calculations in
this work are based on the time-dependent power flow in glass
W-type fibers.

2. Power flow in multimode singly clad fibers

Power flow in multimode singly clad fibers can be described by
the following time-dependent equation [10]:

∂pðθ; z; tÞ
∂z

þτðθÞ∂pðθ; z; tÞ
∂t

¼ �αðθÞpðθ; z; tÞþ1
θ

∂
∂θ

θDðθÞ∂pðθ; z; tÞ
∂θ

� �
ð1Þ
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where pðθ; z; tÞ is power distribution over angle θ, position z, and
time t; τðθÞ is modal delay per unit length; DðθÞ is the mode-
dependent coupling coefficient; and αðθÞ ¼ α0þαdðθÞ is the modal
attenuation, with α0 representing conventional losses (absorption
and scattering) that feature in the solution only as a multiplier exp
(�α0z) that is therefore dropped. It should be noted here that the
angle θ is subtended by the direction of propagation of each plane
wave component of the guided mode and the fiber axis.

To obtain the frequency response, Fourier transformation is
applied to Eq. (1)

∂Pðθ; z;ωÞ
∂z

þ jωτðθÞPðθ; z;ωÞ ¼ �αðθÞpðθ; z;ωÞþ1
θ

∂
∂θ

θDðθÞ∂Pðθ; z;ωÞ
∂θ

� �
ð2Þ

where ω¼ 2πf is the angular frequency, and

Pðθ; z;ωÞ ¼
Z þ1

�1
pðθ; z; tÞexpð� jωtÞdt ð3Þ

Two boundary conditions are formulated. They express that power
is not transferred by modes with infinitely large loss, and that the
coupling of modes is restricted to those propagating at anglesθ40

Pðθm; z;ωÞ ¼ 0; DðθÞ∂Pðθ¼ 0; z;ωÞ
∂θ

¼ 0 ð4Þ

where θm is the critical angle. Gaussian distribution for the launch-
beam has been used

Pðθ; z¼ 0Þ ¼ exp �ðθ�θ0Þ2
2σ2

" #
ð5Þ

where θ0 is the mean of the incidence angle distribution, and
0rθrθm. The full width at half maximum was FWHM¼
2σ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
� 2:355σ (σ is standard deviation).

By separating the complex Pðθ; z;ωÞ into its real Prðθ; z;ωÞ and
imaginary Piðθ; z;ωÞ parts, Eq. (2) can for constant D (constant D is
commonly assumed both for W-type [11–13,15,16] and step-index
optical fibers [10,14]) be rewritten as the following simultaneous
partial differential equations:

∂Prðθ; z;ωÞ
∂z

¼ �αðθÞPrðθ; z;ωÞþ
D
θ

∂Prðθ; z;ωÞ
∂θ

þD
∂2Prðθ; z;ωÞ

∂θ2
þωτPiðθ; z;ωÞ

ð6aÞ

∂Piðθ; z;ωÞ
∂z

¼ �αðθÞPiðθ; z;ωÞþ
D
θ

∂Piðθ; z;ωÞ
∂θ

þD
∂2Piðθ; z;ωÞ

∂θ2
�ωτPrðθ; z;ωÞ

ð6bÞ
where

Pðθ; z;ωÞ ¼ Prðθ; z;ωÞþ jPiðθ; z;ωÞ ð7Þ
Frequency response H(z,ω) of the fiber of length z can be calculated
once (6) is solved for Prðθ; z;ωÞ and Piðθ; z;ωÞ

Hðz;ωÞ ¼ 2π
R θm
0 θ Prðθ; z;ωÞþ jPiðθ; z;ωÞ½ �dθ

2π
R θm
0 θ Prðθ;0;ωÞþ jPiðθ;0;ωÞ½ �dθ

ð8Þ

Modal power distribution PF ðθ; z;ωÞ and the spatial transient of
power PLðz;ωÞ can then also be calculated

PF ðθ; z;ωÞ ¼ Prðθ; z;ωÞ2þPiðθ; z;ωÞ2
h i1=2

ð9Þ

PLðz;ωÞ ¼ 2π
Z θm

0
θPF ðθ; z;ωÞdθ ð10Þ

3. Power flow in multimode W-type fibers

Fig. 1 illustrates a possible index profile of a W-type fiber
whereby n0, nq, and np are refractive indices of the core, intermediate

layer, and cladding, respectively. It is noted that the relative differ-
ence between refractive indexes of the core and intermediate layer
Δq ¼ ðn0�nqÞ=n0 is larger than that between the core and cladding
Δp ¼ ðn0�npÞ=n0. Leaky modes are those propagating in the range of
angles from θpffið2ΔpÞ1=2 to θqffið2ΔqÞ1=2 [12] and their attenuation
constants are [13]

αLðθÞ ¼
4 θ2�θ2p

� �1=2
a 1�θ2
� �1=2 θ2 θ2q�θ2

� �
θ2q θ2q�θ2p

� �exp �2δan0k0 θ2q�θ2
� �1=2� �

ð11Þ

where a and δa are the core radius and width of the intermediate
layer, respectively, and k0 is the wave number (free-space).

Similar to how the attenuation for SC fibers is constant for
guided-modes but rises steeply for radiation-modes [14], the
corresponding relationship for a W-type fiber can be expressed as

αdðθÞ ¼
0 θrθp

αLðθÞ θpoθoθq

1 θZθq

8><
>: ð12Þ

Modal delay is [12]

τðθÞ ¼ n0

c
1

cos θ
ffin0

c
1þθ2

2

 !
¼ τ0þτdðθÞ ð13Þ

where c is the velocity of light in free space. In (13), the term τ0 is
the same for all modes. It therefore does not affect the group delay
or transmission bandwidth and only τdðθÞ needs to be considered
further in this respect.

The doubly clad (W-type) fiber transforms into a singly clad
one by allowing the thickness of the intermediate layer (δa in
Fig. 1) to either vanish or expand to fiber thickness. In the
vanishing case, the core and the outer layer comprise the “SCp”

fiber. In the other case, the core and the intermediate layer as the
only cladding form the “SCq” fiber. A W-type fiber can be viewed as
the SCq fiber and an additional cladding.

Modes propagating along the SCq fiber with subcritical angles
θoθq (θqffið2ΔqÞ1=2) are guided. The same is true for those
propagating through the complete W-fiber with angles θ below
the critical value θp for the SCp fiber, θpffið2ΔpÞ1=2. However, modes
with angles between θp and θq are transformed into leaky modes.
Because αL(θ) depends strongly on the intermediate-layer's thick-
ness δa, so do steady-state characteristics of W-type fibers: they
approach those of SCp or SCq fibers at limits δ-0 or δ-1,
respectively [13,15]. Depth of the intermediate layer in the form
of the refraction index differences (Fig. 1) also influences the
power distribution in W-type optical fibers [15].

In an earlier work [16], bandwidth and steady-state loss of a
glass W-type fiber were determined for a beam launched along
the axis with distribution wider than that of the steady-state. With
such launch, both guided and leaky modes were excited at the
input end. In this work, the launch beam distribution is narrower
than in the steady-state. Only guided modes are thus excited.
Results show the influence that this width and mean input angle
have on bandwidth and steady-state loss of glass W-type fibers for

Fig. 1. Refractive index profile of a W-type fiber.
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Fig. 2. Base case. Bandwidth versus transmission length for (a) θ0¼0o, (b) θ0¼1.2o, (c) θ0¼2.4o and (d) θ0¼3.6o, where FWHMz¼0¼1o, δ¼0.2 and 0.5, Δq¼0.7% and
D¼2.3�10�7 rad2/m.

Fig. 3. Impact of larger FWHM. Bandwidth versus transmission length for (a) θ0¼0o, (b) θ0¼1.2o, (c) θ0¼2.4o and (d) θ0¼3.6o, where FWHMz¼0¼3o, δ¼0.2 and 0.5, Δq¼0.7%
and D¼2.3�10�7 rad2/m.
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different depths and widths of the intermediate layer and different
coupling strengths.

4. Numerical method

Analytical solution of the simultaneous partial differential
equations with the attenuation constants of leaky modes in the
form of (11) is not available. Our numerical solution is by the
explicit finite difference method (EFDM). With the central differ-
ence scheme applied to the terms ð∂Pðθ; z;ωÞÞ=∂θ and
ð∂2Pðθ; z;ωÞÞ=∂θ2, and the forward difference scheme applied to
the derivative term ð∂Pðθ; z;ωÞÞ=∂z [17], Eqs. (6a) and (6b) becomes

Pr
k;lþ1 ¼

ΔzD
Δθ2

� ΔzD
2θkΔθ

	 

Pr
k�1;lþ 1�2ΔzD

Δθ2
�ðαdÞkΔz

	 

Pr
k;l

þ ΔzD
2θkΔθ

þΔzD
Δθ2

	 

Pr
kþ1;lþ

ωn0Δz
2c

θ2kP
i
k;l ð14aÞ

Pi
k;lþ1 ¼

ΔzD
Δθ2

� ΔzD
2θkΔθ

	 

Pi
k�1;lþ 1�2ΔzD

Δθ2
�ðαdÞkΔz

	 

Pi
k;l

þ ΔzD
2θkΔθ

þΔzD
Δθ2

	 

Pi
kþ1;l�

ωn0Δz
2c

θ2kP
r
k;l ð14bÞ

where indexes k and l are the discretization step lengths Δθ and Δz
for the angle θ and length z, respectively, and Pr

k;l ¼ Prðθk; zl;ωÞ and
Pi
k;l ¼ Piðθk; zl;ωÞ. In its finite difference form, modal attenuation is

ðαdÞk ¼

0 θkrθp

4 θ2k �θ2pð Þ1=2
a 1�θ2kð Þ1=2

θ2k θ2q � θ2kð Þ
θ2q θ2q � θ2pð Þ exp �2δan0k0 θ2q�θ2k

� �1=2� �
θpoθkoθq

1 θkZθq

8>>><
>>>:

ð15Þ

In the difference form, boundary conditions become Pr
N;l ¼ Pi

N;l ¼ 0
and Pi

0;l ¼ Pi
1;l, P

r
0;l ¼ Pr

1;l, where N¼θq/Δθ is the grid dimension in θ
direction. To prevent the problem of singularity at grid points
θ¼ 0, we have used the following relationship [11]:

lim
θ-0

1
θ

∂
∂θ

θ
∂P
∂θ

	 

¼ 2

∂2P
∂θ2

����
θ ¼ 0

ð16Þ

The input condition (5) also has to be expressed in a finite
difference form

prk;l ¼ 0 ¼ exp �ðθk�θ0Þ2
2σ2

" #
; pik;l ¼ 0 ¼ exp �ðθk�θ0Þ2

2σ2

" #
; 0rθkoθq

ð17Þ
where k¼0,…, N�1.

5. Numerical results

For a launch that is a Dirac input-impulse in time with Gaussian
mode distribution, solutions of the time-dependent power flow
equation (2) by EFDM shown, in Figs. 2 and 3, the bandwidth
evolution with length of the reference fiber [11,12,15] for the mean
input angles of (a) θ0¼0, (b) 1.2, (c) 2.4 and (d) 3.61. Beam width
(full width at half maximum) is FWHMz¼0¼1o in Fig. 2 and
FWHMz¼0¼3o in Fig. 3. These solutions are given for two
thicknesses of the normalized intermediate layer δ¼0.2 and
δ¼0.5 (these should be multiplied by the fiber radius a¼30 mm
for actual thicknesses). Values for the coupling coefficient
D¼2.3�10�7 rad2/m and for the intermediate layer's depth
Δq¼0.7 percent (θqffi6.761) are varied in subsequent figures while
fiber parameter Δp¼0.2% (θpffi3.621) is kept constant [11,12,15].
Further, n0¼1.46 and λ¼840 nm.

Fig. 4. Impact of larger mode coupling. Bandwidth versus transmission length for (a) θ0¼0o, (b) θ0¼1.2o, (c) θ0¼2.4o and (d) θ0¼3.6o, where FWHMz¼0¼1o, δ¼0.2 and 0.5,
Δq¼0.7% and D¼2.3�10�6 rad2/m.
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Moving from (a) to (d) in Figs. 2 and 3, it can be observed for
short fiber lengths that the bandwidth decreases as the mean
input angle θ0 increases. This is attributed to higher dispersion of
higher order modes for short fibers. Due to mode coupling, the
effect diminishes with fiber length as the individual launch
distributions approach the steady-state distribution for this fiber.

Relative to Fig. 2, it can be observed for short fiber lengths that
bandwidth is lower in Fig. 3 where the launch-beam distribution is
wider. This is because the energy of a wider launch beam is more
uniformly distributed among guided modes at short fiber lengths,
which increases modal dispersion and decreases bandwidth (for
short fibers). Such influence of the width of the launch-beam
distribution on bandwidth diminishes with fiber length.

It is also apparent in Figs. 2–5 that bandwidth of the W-type
fiber is between those of the SCp and SCq fibers. Moreover, the
bandwidth decreases linearly for short lengths and switches later
to the 1/z1/2 functional dependence. This switch, and therefore
equilibrium-mode distribution, occurs at shorter fiber lengths for
the thinner intermediate-layer (δ¼0.2).

For a fiber with the intermediate layer's thickness δ¼ 0:2, a
launch distribution with FWHM¼ 3o at θ0 ¼ 3:61 (Figs. 3d and 5d)
generates input modes in the range wider than the steady-state
distribution. Hence, mode coupling does not widen the input
distribution further (which would otherwise be expected at short
lengths) and stronger coupling (Fig. 5d vs. 3d) starts improving
bandwidth from the beginning of the fiber.

With respect to the situation of Fig. 2, depth of the intermedi-
ate layer of Δq¼0.7 percent is scaled in Figs. 6 and 7 by a quarter of
its value: Δq¼0.525 percent in Fig. 6 and Δq¼0.875 percent in
Fig. 7 (this depth is a measure of refraction index differences).
Bandwidth improves as this depth is reduced because fewer leaky
modes then persist along the fiber and dispersion lessens. The

smaller the Δq and consequently θq, the shorter the fiber length for
complete coupling. This decrease is more pronounced for thinner
intermediate layers (smaller δ) due to their higher leaky mode loss
that shortens the coupling length further.

With a narrow launch-beam of only guided modes, the role of
leaky modes is insignificant at short fiber lengths. Hence, neither
thickness nor depth of the intermediate layer influences band-
width of short fibers (Figs. 6 and 7) until mode coupling gradually
changes this along the fiber. Only for wide beams launched at
steep mean input angles are leaky modes significant enough at
short fiber lengths for the thickness and depth of the intermediate
layer to influence the fiber bandwidth at both short and long fiber
lengths.

With stronger mode coupling, the influence of the intermediate
layer's thickness and depth on bandwidth intensifies for all fiber
lengths. This is because a stronger mode coupling shifts the onset
of leaky modes to shorter fiber lengths. Similarly for short fibers,
thinner intermediate layers affect bandwidth stronger as then the
leaky lossy modes appear earlier along the fiber. With the
increasing launch-beam width, incidence angle, or fiber coupling
strength, lossy leaky modes gain prominence at shorter lengths
and so does the influence of the cladding that commences at
shorter lengths for all depths.

Depth of the intermediate layer is given the value of Δq¼0.525
percent in Fig. 8, Δq¼0.7 percent in Fig. 9, and Δq¼0.875 percent
in Fig. 10. In all three figures, the trade-off relationship between
bandwidth and steady-state loss is shown for FWHMz¼0¼1 and
3o, δ¼0.2 and 0.5, D¼2.3�10�7 and 2.3�10�6 rad2/m, and for (a)
θ0¼0, (b) 1.2, (c) 2.4 and (d) 3.6o. It is evident from these figures
that both steady-state loss and bandwidth are larger with a
narrower launch-beam. Further, steady-state loss and, to a lesser
extent, bandwidth decrease as the mean input angle increases.

Fig. 5. Impact of larger FWHM and mode coupling. Bandwidth versus transmission length for (a) θ0¼0o, (b) θ0¼1.2o, (c) θ0¼2.4o (d) θ0¼3.6o, where FWHMz¼0¼3o, δ¼0.2
and 0.5, Δq¼0.7% and D¼2.3�10�6 rad2/m.
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Fig. 7. Impact of larger inner-cladding Δq . Bandwidth versus transmission length for (a) θ0¼0o, (b) θ0¼1.2o, (c) θ0¼2.4o (d) θ0¼3.6o, where FWHMz¼0¼1o, δ¼0.2 and 0.5,
Δq¼0.875% and D¼2.3�10�7 rad2/m.

Fig. 6. Impact of smaller inner-cladding Δq . Bandwidth versus transmission length for (a) θ0¼0o, (b) θ0¼1.2o, (c) θ0¼2.4o and (d) θ0¼3.6o, where FWHMz¼0¼1o, δ¼0.2 and
0.5, Δq¼0.525% and D¼2.3�10�7 rad2/m.
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Fig. 8. Trade-off relation between bandwidth and steady-state loss for (a) θ0¼0o, (b) θ0¼1.2o, (c) θ0¼2.4o and (d) θ0¼3.6o, where FWHMz¼0¼1o and 3o, δ¼0.2 and 0.5,
Δq¼0.525% and D¼2.3�10�7 rad2/m.

Fig. 9. Trade-off relation between bandwidth and steady-state loss for (a) θ0¼0o, (b) θ0¼1.2o, (c) θ0¼2.4o and (d) θ0¼3.6o, where FWHMz¼0¼1o and 3o, δ¼0.2 and 0.5,
Δq¼0.7% and D¼2.3�10�7 rad2/m.
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Bandwidth can therefore be improved by reducing the intermedi-
ate layer's thickness or depth, by narrowing the launch-beam
width, or opting for the central launch. Increasing the coupling
strength, while beneficial in this respect, would be impractical due
to its adverse effect on loss characteristics.

6. Conclusion

Bandwidth and steady-state loss of glass W-type optical fibers
are evaluated by numerically solving the time-dependent power-
flow equation under varied conditions of the launch beam and
fiber design parameters. These transmission characteristics are
calculated by the time-dependent power flow equation and
presented in a graph form as functions either of fiber length or
steady-state loss. Varied are the main input angle, width of the
launch-beam distribution, thickness and depth of the fiber's
intermediate layer, as well as the fiber length and its coupling
strength. The coupling coefficients D are chosen to match the
mode coupling strength seen in glass multimode optical fibers.

It is shown for the range of short glass W-type fiber lengths
that bandwidth decreases as the mean input angle or width of the
launch-beam distribution increase. This is attributed to larger
modal dispersion of higher order modes that are present in both
launches, whether steeper or wider. Due to mode coupling, the
effect diminishes with fiber length as the individual launch
distributions approach the steady-state distribution. Moreover
for short fibers, it was shown that the stronger the coupling, the
lower the bandwidth. The opposite is the case for longer fibers.
Mode coupling has positive effects for bandwidth at fiber lengths
beyond the coupling length Lc, which is when the bandwidth-drop
switches from its 1/z to 1/z1/2 functional dependence, thus slowing

down the further bandwidth drop with length. This switch to
decelerated drop occurs sooner with stronger coupling as the
coupling length Lc is then reduced.

With a narrow launch exciting only guided modes, there would
be few (if any) leaky modes in short fibers. Consequently, the
intermediate layer and its influence on bandwidth are insignificant
in short fibers (Figs. 6 and 7). Mode coupling changes this in longer
fibers and the role of the fiber's intermediate layer gains in
importance with the greater abundance of leaky modes. For wide
launch-beams and steep mean input angles, the leaky modes are
plentiful at both short and long fiber lengths and the design
parameters of the intermediate layer influence bandwidth at all
fiber lengths. Both steady-state loss and bandwidth are larger with
narrower launch-beam.

The bandwidth-distance product of modern W-type multi-
mode glass optical fibers is reported to be up to 50 MHz km
[7,8]. In this work it is shown that bandwidth-distance product
of about 250 MHz km could be achieved with thinner and shal-
lower intermediate layers, narrower and more central launch-
beam, and stronger mode coupling. Stronger mode coupling,
however, increases steady-state loss and a trade-off relation
between bandwidth and loss would have to be considered in
designing the optimum W-type index profile by controlling para-
meters of the intermediate layer (thickness and depth) and input
beam (width and angle).
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By experimental measurement and from a numerical solution to the time-dependent power flow
equation, the frequency response, bandwidth, mode coupling, and mode-dependent attenuation are
determined for a low-numerical-aperture (NA) plastic optical fiber. Frequency response and bandwidth
are specified as a function of fiber length. Numerical results are verified against experimental measure-
ments. Mode coupling andmodal attenuation are found to differ substantially between two fiber varieties
of the same type (both low-NA, step-index, and plastic), implying their preferential suitability that is
application-specific. © 2014 Optical Society of America
OCIS codes: (060.2310) Fiber optics; (060.2400) Fiber properties.
http://dx.doi.org/10.1364/AO.53.006999

1. Introduction

Large core (0.5–1 mm or greater) step-index plastic
optical fibers (SI-POFs) have some tempting fea-
tures, such as low cost and easy handling, making
them an attractive medium for high speed intercon-
nects [1–4]. However, their large attenuation and
modal dispersion influence severely the link length
and the rate, respectively.

Transmission properties of SI multimode optical
fibers, such as frequency response and bandwidth,
depend strongly upon mode-dependent attenuation,
modal dispersion, and the rate of mode coupling
(power transfer from lower to higher order modes)
caused by intrinsic perturbation effects (primarily
due to microscopic bends, irregularity of the core–

cladding boundary, and refractive index distribution
fluctuations). Different models have been used to
simulate these three important effects for SI optical
fibers. The ray tracing model can determine the out-
put angular power distribution while accounting for
the mode-dependent attenuation. The time delay
between individual rays can also be calculated in
the presence of modal dispersion. This model is
computationally intensive because a large number
of ray-trajectories must be simulated. In contrast,
the time-independent power flow equation [5] is
effective in modeling mode-dependent attenuation,
mode coupling, and how these influence the output
angular power distribution for different fiber lengths
and launch conditions. However, the frequency re-
sponse and bandwidth are not calculated by such
time-independent analysis.

The center launch technique (with the incident
spot in the center of the multimode optical fiber core)
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is commonly used in local area networks to achieve
bandwidth enhancement in support of multimedia
applications [6]. In contrast, the offset launch (with
the off-centered incident spot) allows for several ser-
vices (voice, telephony, Internet) to be multiplexed by
exploiting submodes or groups as independent com-
munication channels [7].

In our previous works, using the time-dependent
power flow equation, we have determined the POF
bandwidth in addition to mode coupling and mode-
dependent attenuation for the high numerical-index
(NA) (∼0.5) POFs [8–10]. In this work, using the
time-dependent power flow equation, we calculate
frequency response and bandwidth in addition to
mode coupling and mode-dependent attenuation in
low NA (0.3) SI-POFs. Frequency response and band-
width are specified in the paper as a function of fiber
length. Numerical results are compared with our
measurements. We showed how the variation of
bandwidth with fiber length is strongly affected by
mode coupling, modal attenuation, and NA.

2. Time-Dependent Power Flow Equation

We use Gloge’s time-dependent power flow equation
to describe the evolution of the modal power distri-
bution along a POF. Individual propagating modes
are characterized by the respective inner propaga-
tion angle with respect to fiber axis (θ), which can
be taken as a continuous variable [11]. Gloge’s
time-dependent power flow equation can be written
as [11]:

∂P�θ; z; t�
∂z

� ∂t
∂z

∂P�θ; z; t�
∂t

� −α�θ�P�θ; z; t� � 1
θ

∂
∂θ

�
θD�θ� ∂P�θ; z; t�

∂θ

�
; (1)

where t is time; P�θ; z; t� is power distribution over
angle, space, and time; α�θ� is mode-dependent at-
tenuation; ∂t∕∂z is mode delay per unit length; and
D�θ� is the mode-dependent coupling coefficient.
Mode-dependent attenuation can be written in the
form α�θ� � α0 � Aθ2 �…, where α0 is the loss
common to all modes. It can be accounted for by
multiplying the end solution by e−α0z [12,13]. There-
fore, when solving Eq. (1), one needs only to consider
the term Aθ2 as the most dominant of the higher or-
der modes [5]. Assuming that the coupling coefficient
D is mode-independent, Eq. (1) can be written as [11]:

∂P�θ; z; t�
∂z

� ∂t
∂z

∂P�θ; z; t�
∂t

� −Aθ2P�θ; z; t� �D
θ

∂
∂θ

�
θ
∂P�θ; z; t�

∂θ

�
: (2)

The derivative ∂t∕∂z can be obtained using the group
velocity of a mode with characteristic angle θ,
which is

dz
dt

� c

n�1� θ2∕2� : (3)

Neglecting the delay n∕c common to all modes, it fol-
lows that [11]:

∂P�θ; z; t�
∂z

� −Aθ2P�θ; z; t� − n
2c

θ2
∂P�θ; z; t�

∂t

�D
θ

∂
∂θ

�
θ
∂P�θ; z; t�

∂θ

�
: (4)

By applying the Fourier transform,

p�θ; z;ω� �
Z

∞

−∞
P�θ; z; t�e−jωtdt; (5)

the time-dependent Eq. (4) transforms into Eq. (6):

∂p�θ; z;ω�
∂z

� −

�
Aθ2 � jω

n
2c

θ2
�
p�θ; z;ω� �D

θ

∂p�θ; z;ω�
∂θ

�D
�
θ
∂2p�θ; z;ω�

∂θ2

�
; (6)

where ω � 2πf is the angular frequency.
The boundary conditions are

p�θc; z;ω� � 0; D
∂p�θ; z;ω�

∂θ

����
θ�0

� 0; (7)

where θc is the critical angle. The first condition
implies that modes with infinitely large loss do not
transfer any power; the second condition implies that
mode coupling is limited to modes travelling with the
angle θ > 0.

We used Gaussian launch-beam distribution of the
form

P�θ; z � 0� � exp
�
−

�θ − θ0�2
2σ2

�
; (8)

with 0 ≤ θ ≤ θc, where θ0 is the mean value of the
incidence angle distribution, and the full width at
half-maximum FWHM � 2σ

��������������
2 ln 2

p
� 2.355σ (σ is

standard deviation). This distribution is suitable
both for light-emitting diodes and laser beams.

It is apparent that p�θ; z;ω� is complex. We can
therefore separate p�θ; z;ω� into its real and imagi-
nary parts, p � pr � jpi. Equation (6) can now be
rewritten as the following simultaneous differential
equations:

∂pr

∂z
� −Aθ2pr �D

θ

∂pr

∂θ
�D

∂2pr

∂θ2
� ω

n
2c

θ2pi;

∂pi

∂z
� −Aθ2pi �D

θ

∂pi

∂θ
�D

∂2pi

∂θ2
− ω

n
2c

θ2pr: (9)

Once pr and pi are obtained by solving Eqs. (9), the
frequency response at z can be calculated as
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H�z;ω� � 2π
R θc
0 θ�pr�θ; z;ω� � jpi�θ; z;ω��dθ

2π
R θc
0 θ�pr�θ; 0;ω� � jpi�θ; 0;ω��dθ

: (10)

After separating the power flow Eq. (6) into two
simultaneous Eqs. (9), we solved the latter by the
explicit finite difference method [14].

3. Experimental Setup

We present in this section the experimental setup for
measuring the mode-dependent attenuation coeffi-
cient α�θ�, frequency response, and bandwidth of
the MH4001 ESKA Mitsubishi Rayon fiber (MH fi-
ber). This fiber has typical dimensions, core diameter
dcore � 980 μm and clad diameter dclad � 1000 μm,
NA � 0.3, core refractive index n � 1.49, and critical
angle θc � 11.7° (measured inside the fiber) or
θc � 17.6° (measured in air). The number of modes
in this SI multimode POF at λ � 660 nm is
N � 2π2a2�NA�2∕λ2 ≈ 1.02 × 106, where a is radius
of the fiber core. This large number of modes may
be represented by a continuum as required for appli-
cation of Eq. (2). The ends of the sample fibers have
been polished carefully for reduced imperfections
and associated light diffraction.

Figure 1 shows schematics of the experimental
setup for measuring the mode-dependent attenua-
tion coefficient α�θ�. The input fiber end wasmounted
on a rotation stage (MRSPRM1/M by Thorlabs, Inc.)
to permit angled launches from a 660 nm laser diode
(type HL6501MG). The output intensity from the
other fiber end was measured by a power meter
(PM300E by Thorlabs, Inc.).

The frequency responses have been measured
directly by transmitting sinusoids of different
frequencies and measuring their amplitudes. For
this purpose, a harmonic signal from a tracking gen-
erator (Rohde & Schwarz FSH6) was used to modu-
late the laser diode. The diode output was first
coupled to an OM1 patch cord of NA � 0.275, to
which the fiber samples of different lengths were con-
nected. Filtration in OM1 controlled the input power
and ensured the consistent launch NA for all spans of
POF. The receiver was a large-area photoreceiver
(Graviton SPA-2) with bandwidth of 1 GHz connected
to a spectrum analyzer and synchronized with the
generator. Bandwidth (electrical) of 500 MHz of

the generator, laser, and receiver, combined, was
measured on a short OM1 cable and accounted for
in the overall measurements.

4. Numerical and Experimental Results

The time-dependent power flow Eq. (1) is applied to
calculate the frequency response and bandwidth of
the MH fiber. In our recently published work [14],
coupling coefficient D for this fiber was calculated
as D � 1.62 × 10−3 rad2∕m. In order to obtain the
value for constant A for the MH fiber, we used the
graph for α�θ� in Fig. 2. Since mode-dependent at-
tenuation can be written in the form α�θ� ≈
α0 � Aθ2, one can determine A by fitting the experi-
mental graph of Fig. 2 using this α�θ� function. In
doing so, we have obtained α0 � 0.10793 1∕m and
A � 0.29166 �rad2 m�−1. The lengths of the MH
fiber span utilized in measuring mode-dependent
attenuation α�θ� were 1 and 25 m. The maximum
estimated relative error of determination of the
mode-dependent attenuation Δα�θ�∕α�θ� is approxi-
mately 10%.

A Dirac impulse in time and a laser mode distribu-
tion with the θ0 � 0° (central launch) and FWHM �
7.5° in the parallel plane were used for the input.
Equation (10) has been used to calculate the fre-
quency response at fiber lengths z � 3, 5, 10, 15,
25, 50, and 100 m. Numerical and experimental
results for the frequency response for different fiber
lengths of the MH fiber are shown in Fig. 3. Exper-
imental and numerical results match well. A pro-
nounced drop at low frequencies is apparent for
long fiber lengths. A certain amount of noise is visible
in the measured frequency responses. Furthermore,
which at first may seem unusual, the responses of
shorter fibers seem more affected by the noise. This
behavior has two reasons. The first one is that to
avoid the receiver saturation, the total received opti-
cal power was kept approximately the same for all
measured fibers and there was not any signal-to-
noise ratio gain for shorter fibers. The second reason

Fig. 1. Block diagram of the experimental setup for measuring
the mode-dependent attenuation α�θ� (MRS—manual rotation
stage).

Fig. 2. Mode-dependent attenuation α�θ� for the MH fiber:
measured (solid line) and fit by the function α�θ� ≈ α0 � Aθ2, with
α0 � 0.10793 1∕m and A � 0.29166 �rad2 m�−1 (dashed line).
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is the low-pass characteristics of the transmitter and
receiver. The 3 dB bandwidth of this setup was about
500 MHz, and the frequency response plummeted
below this value. Thus, despite the applied post-
compensation for this drop, the sensitivity of the
measurement decreased with frequency, and the fluc-
tuation visible in Fig. 3 is increased accordingly. The
latter effect is more affecting the responses of shorter
fibers as their bandwidth is higher. Furthermore, the
shown curves are in linear scale, and the relative
error of the measurement scales with the magnitude
response value.

Measured and calculated bandwidths for the MH
fiber are compared in Fig. 4. A good match is appar-
ent. In logarithmic coordinates, this graph can be
approximated by a straight line or segments of
straight lines. The line slope, known as the concat-
enation factor, is unity in the absence of mode cou-
pling and differential mode attenuation; a slope
other than unity is evidence of diffusive nonlinear
effects [7] whereas the point of switch to the slowed
drop is indicative of the equilibrium mode distribu-
tion. In Fig. 4, the line slope is steepest for short fiber

lengths. Bandwidth then decreases with its length
most rapidly. The switch to a less rapid drop occurs
at z ≈ 5 m. The further decrease in bandwidth with
fiber length slows due to stronger modal diffusion
that causes the weakly coupled regimes to become
strongly coupled.

It was similarly observed [14] that equilibrium
mode distribution inMH fibers occurs at the coupling
length of around z � Lc � 4 m. The coupling coeffi-
cient of the fiber used in this work (NA � 0.3) is
one order of magnitude greater than that for the pre-
viously investigated low-NA SI-POF (NA � 0.32;
D � 2.6 × 10−4 rad2∕m) [13,15] when the coupling
lengthLc wasmuch longer (Lc � 18 m) due to weaker
intrinsic perturbation effects. One should note that
the coupling length Lc increases with the NA because
a greater number of guided modes are permitted—
and they slow down the bandwidth decrease [8–10].
Furthermore, mode-dependent attenuation α�θ�≈
α0�Aθ2 �0.10793 �1∕m��0.29166 �rad2m�−1 θ2 of
theMH fiber is larger relative to the previously inves-
tigated SI-POFs (with NA � 0.47 and 0.5) [8–10],
where α0 �0.0154 1∕m and A�0.7539�rad2m�−1 for
the Agilent HFBR-RUS100 fiber, α0 � 0.0150 1∕m
and A � 0.9953 �rad2 m�−1 for the PGU-FB1000
fiber from Toray, and α0 � 0.0159 1∕m and A �
0.4025 �rad2 m�−1 for the Mitsubishi PREMIER
GH4001 fiber.

In short, mode coupling and modal attenuation are
larger in the MH fiber than in the previously inves-
tigated POFs [8–10,13,15]. As a consequence, mode-
dependent attenuation and modal dispersion are
more dominant effects upon bandwidth, shortening
the coupling length. With increasing fiber length,
mode coupling begins to influence strongly the band-
width, enhancing the overall fiber performance and
slowing the bandwidth drop; the switch to the slowed
drop occurs sooner than in the case of the previously
investigated low-NA (0.32) POF [13,15].

5. Conclusion

Frequency response, bandwidth, mode coupling, and
mode-dependent attenuation were determined for a
low-NA (NA � 0.3) SI-POF by experimental mea-
surement and from a numerical solution to the
time-dependent power flow equation. Frequency
response and bandwidth are given as a function of
fiber length. It was obtained that mode-dependent
attenuation and modal dispersion were the domi-
nant effects influencing the bandwidth of short
fibers. “Short” for the fibers used in this work is be-
low 5 m. Yet for a different fiber of the same basic
type and similar NA (0.32), the corresponding length
was reported earlier at up to 18 m, implying the
fibers’ application-specific suitability. Furthermore,
for longer fibers, mode coupling in the former fiber
influences bandwidth more strongly and enhances
the overall fiber performance more by slowing the
bandwidth drop sooner.

The work described in this paper was supported by
the Strategic Research Grant of City University of

Fig. 3. Frequency response of the MH fiber: numerical results
(dashed line) and measurements (solid line).

Fig. 4. Bandwidth of the MH fiber versus length of the fiber:
numerical results (dashed line) and measurements (solid line).
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Hong Kong (Project No. CityU 7004069) and by the
Serbian Ministry of Education, Science and Techno-
logical Development (Project Nos. 171011, 171021,
III43008, and III45003).
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a b s t r a c t

Transmission characteristics of multimode W-type optical fibers (doubly clad fibers with three layers) are
investigated by solving the time-dependent power flow equation. A numerical solution has been
obtained by the explicit finite difference method. Results show how the bandwidth in W-type optical
fibers varies with depth and width of the intermediate layer for different coupling strengths and
excitations. The trade-off between the bandwidth and steady-state loss is also specified. Such
characterization of these fibers is consistent with their manifested effectiveness in reducing modal
dispersion and bending loss.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Singly clad (SC) glass optical fibers are often used for signal
transmission in long-distance communication and high-capacity
networks. In contrast, plastic optical fibers (POFs) exhibit com-
paratively high attenuation and low bandwidth. This limits the
achievable transmission rate of POF systems and restricts their
application in the communications field to short data links and
local area networks. To mitigate these performance boundaries,
the application of spatial modulation [1] and detection techniques
[2], equalization [3], modal dispersion compensation [4], and
restricted modal launch have been reported. A potential for
additional bandwidth enhancement seems to be achievable
through improved design of the profile of the multimode fiber.

Doubly clad “W-type” optical fibers have three distinct optical
layers. They exhibit reduced dispersion compared to their singly
clad counterparts. They are also easier to splice, have a reduced
number of guided modes, wider transmission bandwidth and
lower bending losses. It is the W-type fiber's intermediate layer
that reduces the number of guided modes, which lowers the
fiber's effective numerical aperture by keeping the guided modes
tighter to the core [5]. For reference, the bandwidth-distance
product of SC and W-type glass fibers may be around 30 MHz km
and 50 MHz km, respectively, and 15 MHz km and 200 MHz km
for the corresponding POFs. [6–8].

Transmission of multimode optical fibers is affected strongly by
coupling and differential mode-attenuation. The latter reduces the
transmitted power by absorption and scattering within the fiber
material. Mode coupling, on the other hand, is a form of light
diffraction. It transfers power between propagating modes and is
caused by fiber-anomalies of random nature (such as voids, cracks,
microscopic bends, and variations in fiber density, diameter and
shape). The positive effect of mode coupling is that it reduces
modal dispersion because the transfer of energy between modes
with different propagation velocities tends to average out the total
propagation delays. This reduces the intermodal dispersion and
increases bandwidth. On the negative side, mode coupling
increases fiber loss, particularly in curved fibers [9], and alters
the output-field properties or beam quality.

It is the lossy leaky modes in the intermediate layer (between
the outer cladding and core) that distinguish properties of the
W-type fiber from those of the corresponding SC fibers. Therefore,
coupling of guided to lossy modes in the W-type fibers deserves a
closer examination. The unavoidable fiber bends and inevitable
junctions in the fiber network additionally couple low-order
modes to higher-order ones. Higher order modes will therefore
always be present in the fiber output even if only low-order modes
had initially been launched by some selective input conditions.
Because this affects fiber bandwidth, it is desirable to optimize the
fiber's refractive index profile [10] with the objective of minimiz-
ing the group delay difference between modes. In addition to
coupling, modal attenuation and dispersion also affect transmis-
sion of the W-type optical fiber; hence, methods for calculating
their contributions are needed.
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Launch conditions, fiber properties and fiber length determine the
output optical power distribution, and hence the far-field pattern, of
an optical fiber [11]. A ring-pattern launch at an angle of θ040 to the
axis can be reproduced in the output field pattern of only short fibers.
Such ring becomes fuzzy at the end of longer fibers due to more
extensive mode coupling. This fussiness of the output pattern
increases with fiber length up to some characteristic value referred
to as the “coupling length” Lc where the pattern appears like a disk.
The ensuing “equilibrium mode distribution” (EMD) for lengths in
excess of Lc preserve no ring patterns regardless of the launch,
although the resulting light distribution across the disk-pattern may
still vary with the launch indicating a substantially (but not fully)
complete mode coupling. Moreover, from length Lc onwards, the
bandwidth is proportional to 1/z1/2 instead of 1/z (z being the length
variable). In fibers with shorter lengths Lc, the bandwidth switches
earlier from the functional dependence 1/z to 1/z1/2 (faster bandwidth
improvement). Further mode coupling (beyond Lc) leads to the steady-
state power distribution at some fiber length zs. From there onwards,
the same intensity distribution results in the far field regardless of the
modes launched (the steady-state output light distribution becomes
independent of the launch conditions). We investigate in this work
how fiber bandwidth, steady-state loss, andmode coupling strength of
W-type optical fibers are affected by the depth and width of its
intermediate layer.

2. Power flow equation

The time-dependent power flow for multimode W-type fibers
is described by the following coupled-power equation [12]:

∂pðθ; z; tÞ
∂z

þτðθÞ ∂pðθ; z; tÞ
∂t

¼ �αðθÞpðθ; z; tÞþ 1
θ

∂
∂θ

θDðθÞ ∂pðθ; z; tÞ
∂θ

� �
ð1Þ

where t is time; pðθ; z; tÞ is power distribution over angle, space,
and time; τðθÞ is modal delay per unit length; DðθÞ is the mode-
dependent coupling coefficient; and αðθÞ ¼ α0þαdðθÞ is the modal
attenuation, where α0 represents conventional losses (absorption
and scattering). The term α0 leads only to a multiplier exp(�α0z) in
the solution and is thus neglected. The boundary conditions are p
(θm,z,t)¼0, where θm is the maximum propagation angle, and D(θ)
(∂p(θ,z,t)/∂θ)¼0 at θ¼0.

The frequency response is obtained more conveniently in the
frequency, rather than time, domain. Fourier transformation is
therefore applied to Eq. (1):

∂Pðθ; z;ωÞ
∂z

þ jωτðθÞPðθ; z;ωÞ ¼ �αðθÞpðθ; z;ωÞþ 1
θ

∂
∂θ

θDðθÞ ∂Pðθ; z;ωÞ
∂θ

� �
ð2Þ

where ω¼ 2πf is the angular frequency, and

Pðθ; z;ωÞ ¼
Z þ1

�1
pðθ; z; tÞexpð� jωtÞdt ð3Þ

The boundary conditions are

Pðθm; z;ωÞ ¼ 0; DðθÞ ∂Pðθ¼ 0; z;ωÞ
∂θ

¼ 0 ð4Þ

It is apparent that Pðθ; z;ωÞ is complex. By separating Pðθ; z;ωÞ into
the real Prðθ; z;ωÞ and imaginary part Piðθ; z;ωÞ, and assuming a
constant coupling coefficient D [13–15], Eq. (2) can be rewritten as
the following simultaneous partial differential equations:

∂Prðθ; z;ωÞ
∂z

¼ �αðθÞPrðθ; z;ωÞþ
D
θ

∂Prðθ; z;ωÞ
∂θ

þD
∂2Prðθ; z;ωÞ

∂θ2
þωτPiðθ; z;ωÞ ð5aÞ

∂Piðθ; z;ωÞ
∂z

¼ �αðθÞPiðθ; z;ωÞþ
D
θ

∂Piðθ; z;ωÞ
∂θ

þD
∂2Piðθ; z;ωÞ

∂θ2
�ωτPrðθ; z;ωÞ ð5bÞ

where

Pðθ; z;ωÞ ¼ Prðθ; z;ωÞþ jPiðθ; z;ωÞ ð6Þ
If Prðθ; z;ωÞ and Piðθ; z;ωÞ are obtained by solving Eq. (5), the
transmission characteristics can be calculated. Thus the frequency
response H(z,ω) at fiber length z is

Hðz;ωÞ ¼ 2π
R θm
0 θ Prðθ; z;ωÞþ jPiðθ; z;ωÞ½ �dθ

2π
R θm
0 θ Prðθ;0;ωÞþ jPiðθ;0;ωÞ½ �dθ

ð7Þ

The modal power distribution PF ðθ; z;ωÞ and the spatial transient
of power PLðz;ωÞ can be obtained by

PF ðθ; z;ωÞ ¼ ½Prðθ; z;ωÞ2þPiðθ; z;ωÞ2�1=2 ð8Þ

PLðz;ωÞ ¼ 2π
Z θm

0
θPF ðθ; z;ωÞdθ ð9Þ

Consider a W-type fiber with index profile shown in Fig. 1. The
relative refractive index difference Δq ¼ ðn0�nqÞ=n0 between the
core and intermediate layer is larger than the difference
Δp ¼ ðn0�npÞ=n0 between the core and cladding, where n0, nq
and np are refractive indices of the core, intermediate layer and
cladding, respectively. In this structure, the modes whose propa-
gation angles are between θpffið2ΔpÞ1=2 and θqffið2ΔqÞ1=2 are leaky
modes [14]. Attenuation constants of leaky modes are given as [15]

αLðθÞ ¼
4ðθ2�θ2pÞ1=2

að1�θ2Þ1=2
θ2ðθ2q�θ2Þ
θ2qðθ2q�θ2pÞ

exp½�2δan0k0ðθ2q�θ2Þ1=2� ð10Þ

where k0 is the free-space wave number, a is the core radius and δa
is the width of the intermediate layer (inner cladding). In an SC
fiber, experimental results show that attenuation remains constant
throughout the guided-mode region and rises steeply in the
radiation-mode region [16]. Consequently, the modal attenuation
in a W-type fiber can be expressed as

αdðθÞ ¼
0 θrθp

αLðθÞ θpoθoθq

1 θZθq

8><
>: ð11Þ

Modal delay is expressed in terms of θ by [14]

τðθÞ ¼ n0

c
1

cos θ
ffi n0

c
1þ θ2

2

 !
¼ τ0þτdðθÞ ð12Þ

where c is the velocity of light in free space. The first term τ0 is
common to all modes. It is the difference in group delay that
determines the transmission bandwidth. Therefore, only τdðθÞ is to
be considered in the calculations.

A W-type fiber can be regarded as a system consisting of SCq

fiber and cladding. In the SCq fiber, modes having propagation
angles smaller than the critical angle θq can be guided. When the
SCq fiber is coupled with surrounding medium of index np, the

Fig. 1. Refractive index profile of a W-type fiber.
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lower order modes, whose propagation angles are smaller than
the critical angle of the SCp fiber θp, remain guided. However, the
higher order modes with angles between θp and θq are trans-
formed into leaky modes. It is shown that because of the strong
dependence of αL(θ) on the intermediate layer width δa, steady-
state characteristics of a W-type fiber depend on δa and coincide
with those of SCp and SCq fibers at limits δ-0 and δ-1,
respectively [15,17]. Another parameter which influences the
power distribution in W-type optical fibers is depth of the
intermediate layer (Fig. 1). In this work, we investigate how depth
and width of the intermediate layer influence the bandwidth and
steady-state loss in W-type optical fibers for different strengths of
mode coupling. The results obtained could be applied when
designing W-type optical fibers.

3. Numerical method

Because analytical solution of the simultaneous partial differ-
ential Eq. (5) with the attenuation constants of leaky modes in the
form of (10) is not available, one has to solve it numerically. We
have done that using the explicit finite difference method (EFDM).
In the 1970s and 1980s, implicit finite difference methods (IFDMs)
were generally preferred over EFDMs [14]. This trend has been
changing with the advancement of computers, shifting the
emphasis to EFDMs. We now report, in our knowledge for the
first time, the solution of the simultaneous partial differential
Eq. (5) using EFDM. Being often unconditionally stable, IFDM
allows larger step lengths than EFDM. Nevertheless, this does
not translate into IFDM's higher computational efficiency because
extremely large matrices must be manipulated at each calcula-
tion step. We find that the EFDM algorithm is also simpler in
addition to being more efficient computationally. We used the
central difference scheme to represent the ð∂Pðθ; z;ωÞÞ=∂θ and
ð∂2Pðθ; z;ωÞÞ=∂θ2 terms, and the forward difference scheme for
the derivative term ð∂Pðθ; z;ωÞÞ=∂z [18]. Then, Eq. (5) reads

Pr
k;lþ1 ¼

ΔzD
Δθ2

� ΔzD
2θkΔθ

� �
Pr
k�1;lþ 1� 2ΔzD

Δθ2
�ðαdÞkΔz

� �
Pr
k;l

þ ΔzD
2θkΔθ

þ ΔzD
Δθ2

� �
Pr
kþ1;lþ

ωn0Δz
2c

θ2kP
i
k;l ð13aÞ

Pi
k;lþ1 ¼

ΔzD
Δθ2

� ΔzD
2θkΔθ

� �
Pi
k�1;lþ 1� 2ΔzD

Δθ2
�ðαdÞkΔz

� �
Pi
k;l

þ ΔzD
2θkΔθ

þ ΔzD
Δθ2

� �
Pi
kþ1;l�

ωn0Δz
2c

θ2kP
r
k;l ð13bÞ

where indexes k and l refer to the discretization step lengths Δθ
and Δz for angle θ and length z, respectively, and where Pr

k;l ¼ Prðθk;
zl;ωÞ and Pi

k;l ¼ Piðθk; zl;ωÞ. Modal attenuation expressed in the
finite difference form is

ðαdÞk ¼

0 θkrθp
4ðθ2k � θ2p Þ1=2
að1�θ2k Þ1=2

θ2k ðθ2q � θ2k Þ
θ2q ðθ2q � θ2pÞ

exp½�2δan0k0ðθ2q�θ2k Þ1=2� θpoθkoθq

1 θkZθq

8>><
>>:

ð14Þ

In the difference form, boundary conditions become Pr
N;l ¼ Pi

N;l ¼ 0
and Pi

0;l ¼ Pi
1;l, P

r
0;l ¼ Pr

1;l, where N¼θq/Δθ is the grid dimension in θ
direction. To prevent the problem of singularity at grid points θ¼0,
we have used the following relation [13]:

lim
θ-0

1
θ

∂
∂θ

θ
∂P
∂θ

� �
¼ 2

∂2P
∂θ2

����
θ ¼ 0

ð15Þ

4. Numerical results

In this paper, we calculate bandwidth and steady-state loss
in a W-type optical fiber. The fiber structural characteristics were:
Δp¼0.2% (θpffi3.621), Δq¼0.7% (θqffi6.761) and 2a¼60 mm
[13,14,17]. Further, n0¼1.46 and λ¼840 nm were used in the
calculations. In order to investigate the influence of depth and
width of the intermediate layer as well as coupling strength and
excitation on the power distribution in this fiber, we consider the
case when the core index n0 and outer cladding index np are fixed.
The depth of the intermediate layer is varied by changing the
initial value of Δq¼0.7% by 715% and 725%; thus we analyzed
cases with Δq¼0.525% (θqffi5.871), Δq¼0.595% (θqffi6.251),
Δq¼0.7% (θqffi6.761), Δq¼0.805% (θqffi7.271) and Δq¼0.875%
(θqffi7.581) [17]. The change in θq for constant θp changes the
number of leaky modes as well as their attenuation (10). We
solved the time-dependent power flow Eq. (2) using EFDM for the
coupling coefficient D¼2.3�10�7 and 2.3�10�6 rad2/m, for five
different normalized intermediate layer widths δ (δ¼0.15, 0.2, 0.3,
0.4 and 0.5; actual widths δa are 0.15 �30 mm, 0.2 �30 mm,
0.3 �30 mm, 0.4 �30 and 0.5 �30 mm). As an illustration our numer-
ical solution of the time-dependent power flow equation is
presented in Fig. 2(a), (b) and (c) by showing the evolution of
the bandwidth with fiber length with D¼2.3�10�7 rad2/m, for
different widths of intermediate layer δ, for Δq¼0.525%, 0.7% and
0,875%, respectively, for θq excitation. One can observe in Fig. 2
that bandwidth of the W-type fiber varies between those of the
reference SCp and SCq fibers. One can also observe in Fig. 2 that, for
short fiber lengths, bandwidth decreases proportionally with fiber
length. However, the bandwidth's decreasing tendency gradually
switches to the 1/z1/2 functional characteristic at shorter fiber
lengths for thinner intermediate layer widths (smaller δ). This is
explained by EMD occuring at shorter fiber length in the case of
thinner intermediate layer [17]. The shortest coupling lengths
characterize SCp fiber. This is because mode coupling occurs only
between guided modes that propagate along the fiber with the
propagating angles θ between 0 and 3.621. Longer coupling lengths
are associated with the SCq rather than SCp fiber because there is a
larger number of modes in the SCq fiber that propagate at angles θ
between 0 and 6.761.

Fiber bandwidth increases as depth of the intermediate layer
decreases. This is consistent with our earlier observation [13] that
as depth of the intermediate layer (Δq) decreases, EMD occurs at
shorter fiber lengths (faster bandwidth improvement) – which is
attributed to the correspondingly decreasing number of leaky
modes. The smaller the number Δq (smaller Δq and consequently
θq), the shorter fiber length it takes for the coupling process to
complete. This decrease is more pronounced in the case of
narrower intermediate layer widths (smaller δ). Since the leaky
mode loss increases by decreasing the width of the intermediate
layer, power remains in leaky modes for a rather short transmis-
sion length in the case of thicker intermediate layer; consequently,
it takes a shorter fiber length for achieving the EMD compared to
the case with thinner intermediate layer.

Fig. 3 shows the bandwidth change with fiber length for a
W-type fiber with larger coupling coefficient D¼2.3�10�6 rad2/
m and for the same fiber's structural parameters as shown in
Fig. 2. One can observe an increase of fiber bandwidth with the
increasing magnitude of mode coupling. Mode coupling improves
fiber bandwidth, both at short and long fiber lengths. Larger mode
coupling, associated with stronger intrinsic perturbation effects in
the fiber, forces energy redistribution among guided modes to
occur at shorter fiber lengths.

The evolution of bandwidth with fiber length for θp excitation is
shown in Figs. 4 and 5. One can observe from Figs. 2–5 that θp
excitation leads to the increase of fiber bandwidth compared to
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Fig. 2. Transmission length dependence of bandwidth for θq excitation, D¼2.3�10�7 rad2/m, and (a) Δq¼0.525%, (b) Δq¼0.7% and (c) Δq¼0.875%.

Fig. 3. Transmission length dependence of bandwidth for θq excitation, D¼2.3�10�6 rad2/m, and (a) Δq¼0.525%, (b) Δq¼0.7% and (c) Δq¼0.875%.
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Fig. 4. Transmission length dependence of bandwidth for θp excitation, D¼2.3�10�7 rad2/m, and (a) Δq¼0.525%, (b) Δq¼0.7% and (c) Δq¼0.875%.

Fig. 5. Transmission length dependence of bandwidth for θp excitation, D¼2.3�10�6 rad2/m, and (a) Δq¼0.525%, (b) Δq¼0.7% and (c) Δq¼0.875%.
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the θq excitation. Excitation of only guiding modes (θp excitation)
leads to higher bandwidth, both at small and intermediate fiber
lengths compared to the excitation of both, guiding and leaky
modes (θq excitation). Furthermore, the switch of the functional
dependence of bandwidth from 1/z to 1/z1/2 shifts to shorter
fiber lengths when only guiding modes are excited; improving
bandwidth.

For θp excitation, the influence of width and depth of the
intermediate layer is smaller at short fiber lengths. For this
excitation, only guiding modes are excited so that there is only a
small number of leaky modes at short fiber lengths. With increas-
ing fiber length, the number of leaky modes increases due to mode
coupling and, therefore, the influence of the width of the inter-
mediate layer starts to occur at longer fiber lengths. In the case of
θp excitation and stronger mode coupling (Fig. 5), the influence of
the width of the intermediate layer δ on fiber bandwidth is more
pronounced. This is because a stronger mode coupling shifts the
onset of leaky modes to shorter fiber lengths.

Figs. 6 and 7 show the trade-off relation between bandwidth
and steady-state loss for θq and θp excitations, respectively. We
have shown that bandwidth can be improved by reducing the
intermediate layer width, decreasing the intermediate layer depth,
strengthening the mode coupling process or exciting only guiding
modes. It is evident from Figs. 6 and 7 that the steady-state loss
changes from that of SCq to SCp fiber as the intermediate layer
width becomes thinner. Since stronger mode coupling results in an
increased steady-state loss, in practice a trade-off relation between
bandwidth and loss would have to be considered in designing the
optimum W-type index profile. Controlling the intermediate layer
width and depth entails a smaller sacrifice in loss than an increase
in coupling strength. Furthermore, a choice between θq and θp
excitation also influences trade-off relation between bandwidth
and steady-state loss.

5. Conclusion

Bandwidth and steady-state loss are calculated by the time-
dependent power flow equation for different intermediate layer
depths and widths of multimode W-type optical fibers for different
mode coupling strengths and excitations. It is shown for the first
time that the shallower the intermediate layer, the higher the fiber
bandwidth. With decreasing the depth of intermediate layer, EMD
occurs at shorter fiber lengths resulting in faster bandwidth improve-
ment. Bandwidth increases with decreasing the width of the inter-
mediate layer. Since the leaky mode loss decreases with increasing
the width of the intermediate layer, power remains in leaky modes
for a rather long transmission length in the case of large intermediate
layer width, necessitating longer fiber length for achieving the EMD
thanwould be needed with a smaller intermediate layer width. Thus,
the bandwidth can be improved by reducing the intermediate layer
width that attenuates leaky modes faster.

Similarly it is shown that the stronger the mode coupling, the
higher the fiber bandwidth. This is because stronger mode
coupling (larger intrinsic perturbation effects in the fiber) forces
energy redistribution among guided modes to occur within
shorter fiber lengths, resulting in shorter fiber length for achieving
EMD and resulting in faster bandwidth improvement.

Bandwidth can be improved by reducing the intermediate layer
width, decreasing the intermediate layer depth, strengthening the
mode coupling process or exciting only guiding modes. In practice,
a trade-off relation between bandwidth and loss would have to be
considered in designing the optimum W-type index profile. Con-
trolling the intermediate layer width and depth entails a smaller
sacrifice in loss than an increase in coupling strength. Excitation of
only guiding modes leads to a higher bandwidth both at small and
intermediate fiber lengths compared to the excitation of both
guiding and leaky modes. With the excitation of only guided

Fig. 6. Trade-off relation between bandwidth and steady-state loss for θq excitation, for different coupling strengths D and (a) Δq¼0.525%, (b) Δq¼0.7% and (c) Δq¼0.875%.
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modes, the switch of the functional relations for bandwidth
from 1/z to 1/z1/2 shifts to shorter fiber lengths, improving the
bandwidth.
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Abstract
We show strong effects of width of the launch beam’s angular distribution on bandwidth and
mode coupling in W-type plastic optical fibers (POFs). In general, the broader this width, the
stronger the coupling and the lower the bandwidth—but the bandwidth drop due to this effect
tapers off with distance from the input end and ceases at lengths over 25 m as the steady state
distribution is reached. With increasing the strength of mode coupling, the equilibrium mode
distribution is reached at shorter fiber lengths, which results in slower bandwidth decrease and
finally in higher bandwidth at longer fiber lengths for fibers with larger coupling coefficients D.
These results are aimed at aiding designers and application integrators of W-type POFs,
particularly in employing laser, LED or vertical cavity surface emitting laser (VCSEL)
light source.

Keywords: plastic optical fibers, mode coupling, equilibrium mode distribution, bandwidth

(Some figures may appear in color only in the online journal)

1. Introduction

High bandwidth of plastic optical fibers (POFs) makes them
attractive for optical communication in area networks for
offices, homes, and vehicles that are enabled with autonom-
ous driving and multimedia services. Such networks, while
short in range, require ease of reconnection and typically
feature tight bends to negotiate corners. This is where mul-
timode POFs, with their relatively large cores, high numerical

∗
Authors to whom any correspondence should be addressed.

apertures (NAs), and ease of connection, can provide the
expected robustness cost-effectively.

Most multimode optical fibers have only one optically
functional cladding—they are singly clad (SC). Methods for
improving attenuation properties and bandwidth of SC fibers
include modulation [1], spatial detection [2], equalization [3],
and compensation of modal-dispersion [4]. Much effort has
been devoted to designing a refractive index profile across
a multimode fiber that advances characteristics of the fiber
transmission. In addition to more conventional designs such
as with a step-index (SI) or graded index profile (abrupt versus
gradual index variation), doubly clad fibers with two optically
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functional cladding-layers have been proposed [5–7]. They are
called W-type fibers. Each has an intermediate layer between
its outer cladding and core.

W-type fibers exhibit lower waveguide dispersion, wider
bandwidth, and lower bending losses compared to corres-
ponding SC fibers [8]. For example, the bandwidth-distance
product for a glass optical fiber of W-type may extend to
50 MHz km whereas it is typically 30 MHz km for a cor-
responding SC fiber. The difference is even more dramatic
for POFs: 200 MHz km (W-type) versus 15 MHz km (SC)
[5, 7, 9]. The addition of the intermediate layer brings such
improvements by lowering the fiber’s effective NA as the num-
ber of guided modes is reduced and they are held tighter to the
core [10].

Optical fibers exhibit mode coupling. It alters the beam
gradually along the fiber by transferring the optical power
between modes [11]. In other words, the input beam’s angu-
lar optical power distribution evolves with propagation. In
the process, modal dispersion reduces, and fiber bandwidth
improves [12]. We show in this paper how the choice of the
width of the launch beam affects these outcomes.

The coupling-induced evolution of the launch beam for
a chosen fiber length can be observed in the far-field radi-
ation pattern emanating from the fiber’s output end [13, 14].
For short fibers, a setup can be arranged with an input beam
at a fixed angle θ = θ0 to the fiber axis (forming a cent-
rally symmetric input cone) that images into a ring behind
the fiber’s output end (the ring’s diameter would be a func-
tion of the angle θ0 of the launch). However, this image
gets more and more blurred for longer and longer fibers
until becoming a disk eventually. This is caused by mode
coupling whose gradual effects along the fiber keep widen-
ing the initially narrow power distribution (that was around
θ = θ0 at start). Even the launch approaching the highest
order takes the ‘coupling length’ Lc of the fiber for its mid-
point to shift to zero degrees. The ring is unrecognizable
as the disk-image is filled completely and equilibrium mode
distribution (EMD) is reached. Further coupling along the
fiber only changes light distribution across such a disk until
it takes the form of a steady state distribution (SSD) at a
characteristic length zs (zs > Lc). SSD (beyond zs) is fully
independent of the launch angles whereas EMD (beyond Lc)
is practically independent for most purposes. In this work,
we show by the power flow equation the influence of width
of the launch beam distribution on zs, Lc, and bandwidth in
W-type POF.

2. Theoretical background

Modes propagating with the same principal mode number can
be treated as one mode group in multimode fibers. Coupling
occurs primarily between neighboring groups as the coup-
ling strength drops with mode spacing [11]. Gloge’s time
independent coupled-power equation can be applied between
neighboring mode groups [11]:

Figure 1. Refractive index profile of a W-type POF.
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(1)

here,
P(θ,z) is the angular power distribution at distance z from

the input end of the fiber;
θ is the propagation angle with respect to the core axis;
D(θ) is the coupling coefficient (assumed constant

[13–16]); and
α(θ) = α0 +αd(θ) is the modal attenuation.
In the expression for modal attenuation, α0 accounts for

absorption and scattering. It can be omitted because it appears
in the solution as a multiplier exp(–α0z)—and the solution will
be normalized, thus eliminating it; αd(θ) is angle-dependent
term in modal attenuation (equation (3)). For a specific beam
distribution at launch, the solution of equation (1) provides the
angular distribution of the output power for a fiber of a chosen
length—that can be varied up to the length zs, beyond which
the same SSD would result.

For the fiber bandwidth, the time-dependent power flow
equation is needed [12]:
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+ τ(θ)
∂p(θ,z, t)
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=−α(θ)p(θ,z, t)

+
1
θ

∂
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∂p(θ,z, t)
∂θ

]
.

(2)

In equation (2), τ(θ) is the unit-length modal-delay and
p(θ,z, t) angular distribution of power at distance z from the
input fiber end.

Consider a W-type fiber with index profile shown in
figure 1. The relative refractive index difference ∆q = (n0 −
nq)/n0 between the core and intermediate layer is larger than
the difference ∆p = (n0 − np)/n0 between core and cladding,
where n0, nq and np are refractive indices of the core, inter-
mediate layer and cladding, respectively. In this structure, the
modes whose propagation angles are between θp ∼= (2∆p)

1/2

and θq ∼= (2∆q)
1/2 are leaky modes. For aW-type fiber, modal

attenuation is [13]:
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Figure 2. Normalized angular power distribution for FWHM = 20◦, λ = 650 nm, np = 1.4591, δ = 0.001 and D = 3.5 × 10−4 rad2 m−1,
for four launch angles θ0 = 0◦, 5◦, 10◦ and 15◦, at lengths: (a) 1 m, (b) 5 m, (c) 11 m and (d) 25 m.

αd(θ) =


0 θ ⩽ θp

αL(θ) θp < θ < θq

∞ θ ⩾ θq

(3)

Modes between θp and θq become leaky modes [9, 13, 17]:

αL(θ) =
4
(
θ2 − θ2p

)1/2
a(1− θ2)

1/2

θ2
(
θ2q − θ2

)
θ2q
(
θ2q − θ2p

)
× exp

[
−2δan0k0

(
θ2q − θ2

)1/2]
(4)

where,
k0 = 2π/λ is the free-space wave number;
a is core radius;
δa is width of the intermediate layer (inner cladding),

figure 1;
n0 is core refractive index;
nq is intermediate layer (inner cladding) refractive index;
np is cladding refractive index;

∆p = (n0 − np)/n0; ∆q = (n0 − nq)/n0; θp ∼= (2∆p)
1/2;

θq ∼= (2∆q)
1/2.

How to solve equations (1) and (2) and calculate frequency
response and bandwidth is detailed in our previous works
[13, 17].

3. Results and discussion

We investigate in this paper transmission characteristics of
the W-type POF (figure 1) designed from the experimentally
measured SC POF (PGU-CD1001-22E) by Mateo et al [18].
Its core and fiber diameters are d = 980 µm and b= 1000 µm,
respectively, with NA = 0.50. The fiber’s inner critical angle,
measured inside the fiber, is θc = 19.6◦; the core refract-
ive index is n0 = 1.492; λ = 650 nm [18]. The W-type
fiber’s refractive index of the inner cladding, nq, is the same
as that of the original cladding of its singly-clad counter-
part, while the following three higher values of the refract-
ive index were assumed in the modeling for the added outer

3
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Table 1. Coupling length Lc (for EMD) and length zs (for SSD) in W-type POF with δ = 0.001, δ = 0.002 and δ = 0.003, D = (3.5, 7.3,
9.8) × 10−4 rad2 m−1 for different FWHM of the incident beam.

FWHM = 1◦ FWHM = 7.5◦ FWHM = 14◦ FWHM = 20◦

Lc (m) zs (m) Lc (m) zs (m) Lc (m) zs (m) Lc (m) zs (m)

D = 3.5 × 10−4 rad2 m−1 δ = 0.001 θp = 8◦ 10 20 9 17 7 15 6 13
θp = 10◦ 13 26 12 23 10 21 8 18
θp = 12◦ 17 35 16 31 13 28 11 25

δ = 0.002 θp = 8◦ 20 40 18 35 14.5 32 12 27
θp = 10◦ 21 43 19 36 15.5 34 13 29
θp = 12◦ 23 48 21 40 17 38 15 33

δ = 0.003 θp = 8◦ 31 65 29 58 24 56 20.5 51
θp = 10◦ 31 65 29 58 24 56 20.5 51
θp = 12◦ 31.5 66 29 58 24 56 20.5 51

D = 7.3 × 10−4 rad2 m−1 δ = 0.001 θp = 8◦ 6.7 13.4 6.1 17 11.4 10.1 4.1 8.7
θp = 10◦ 8.7 17.4 8.1 15.3 6.7 16.8 5.4 12
θp = 12◦ 11.3 23.4 10.6 20.7 8.7 18.6 7.4 16.6

δ = 0.002 θp = 8◦ 13.4 26.7 12 23.3 9.7 21.3 8 18
θp = 10◦ 14 28.7 12.6 24.1 10.2 22.7 8.6 19.3
θp = 12◦ 15.3 32 14 26.8 11.3 25.3 10 22

δ = 0.003 θp = 8◦ 20.7 40.3 19.3 38.8 16 37.3 13.7 34
θp = 10◦ 20.7 40.3 19.3 38.8 16 37.3 13.7 34
θp = 12◦ 21 41.5 19.3 38.8 16 37.3 13.7 34

D = 9.8 × 10−4 rad2 m−1 δ = 0.001 θp = 8◦ 5 10 4.5 8.6 3.6 7.7 3.1 6.6
θp = 10◦ 6.6 13.1 6.1 11.6 5 10.5 4.1 9.1
θp = 12◦ 8.6 18 8.1 15.9 6.5 13.9 5.5 11.8

δ = 0.002 θp = 8◦ 10 20.1 9.1 17.7 7.3 16.1 6.1 13.7
θp = 10◦ 10.5 21.6 9.5 18 7.8 17.1 6.6 14.5
θp = 12◦ 11.6 24.1 10.6 20.1 8.6 19.1 7.6 16.6

δ = 0.003 θp = 8◦ 15.6 32.6 14.6 29.1 12.1 28 10.3 25.6
θp = 10◦ 15.6 32.6 14.6 29.1 12.1 28 10.3 25.6
θp = 12◦ 15.9 33.1 14.6 29.1 12.1 28 10.3 25.6

cladding: np = 1.4775, 1.4693, 1.4591—with the correspond-
ing critical angles θp = 8◦, 10◦, 12◦, respectively. Three
normalized widths of the intermediate layer were modeled:
δ = 0.001, δ = 0.002, and δ = 0.003, with the actual width
being δa.

The resulting power flow equation (1) is time independ-
ent. We solved it by the method of explicit finite differ-
ences for different coupling coefficients D = (3.5, 7.3,
9.8) × 10−4 rad2 m−1 [18, 19] and Gaussian launch beam
with full width of half maximum (FWHM) = 1◦, 7.5◦, 14◦

and 20◦ [13]. Because lengths Lc and zs are practically unaf-
fected by the intermediate layer’s depth, the variation of this
depth is not reported here. The onset of the EMD and the
corresponding fiber length Lc are noted wherefrom the center
points of the highest guided modes shift to θ = 0◦. Similarly,
the onset of the SSD and the corresponding fiber length zs are
noted wherefrom the angular distribution of power remains
unchanged. Results show the evolution of the angular distri-
bution of power in the normalized form and in the range of
fiber length z up to zs.

Figure 2 shows the outcomes for a Gaussian beam with
(FWHM)z = 0 = 20◦ that is launched into the fiber with

D = 3.5 × 10−4 rad2 m−1 at four angles (measured inside the
fiber): θ0 = 0◦, 5◦, 10◦, and 15◦. It is apparent in figure 2 that
the centered launch (θ0 = 0◦) remains centered while themode
coupling broadens its width. For angled launches, centers of
power distributions remain relatively unchanged only in short
fibers, figure 2(a). For longer fiber lengths, figure 2(b), low-
order modes experience stronger coupling effects as their dis-
tributions shift towards θ= 0◦ more prominently. It takesmore
fiber length to observe similar coupling effects for higher-
order modes. Eventually, all modes shift centers of their dis-
tributions from the initial θ0 (=5◦, 10◦, 15◦) to zero degrees
for the fiber length equal to the coupling length Lc = 11 m
(the onset of EMD), figure 2(c). At zs = 25 m, SSD is reached,
figure 2(d).

As shown in table 1, the broader the width of the launch
beam distribution, the shorter the coupling length Lc, figure 3,
and the shorter the length zs, figure 4. This is a consequence
of the wide launch beams being more uniformly distributed
across guided modes, promoting the onset of the EMD and
SSD at shorter lengths.

We also obtain that the stronger mode coupling, the shorter
the coupling length Lc, and length zs (table 1). Leaky mode

4
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(a)

(b)

(c)

Figure 3. Length Lc as a function of the launch
beam’s angular distribution that is Gaussian with FWHM = 1◦,
7.5◦, 14◦ and 20◦, for δ = 0.001, 0.002 and 0.003,
D = 3.5 × 10−4 rad2 m−1 and (a) np = 1.4775, (b) np = 1.4693
and (c) np = 1.4591.

(a)

(b)

(c)

Figure 4. Length zs as a function of the launch beam’s angular
distribution that is Gaussian with FWHM = 1◦, 7.5◦, 14◦ and 20◦,
for δ = 0.001, 0.002 and 0.003, D = 3.5 × 10−4 rad2 m−1 and (a)
np = 1.4775, (b) np = 1.4693 and (c) np = 1.4591.
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(a)

(b)

Figure 5. Bandwidth as a function of the launch beam’s angular
distribution that is Gaussian, centered (θ0 = 0◦), with FWHM = 1◦,
7.5◦, 14◦ and 20◦, for δ = 0.001, 0.002, 0.003, np = 1.4775, and
D = 3.5 × 10−4 rad2 m−1 at fiber length of (a) 10 m and
(b) 75 m.

losses drop as the intermediate layer widens, resulting in the
longest lengths Lc and zs for the case with δ = 0.003. The
length zs increases also with the critical angle θp for all three
widths of the inner cladding, table 1. However, such vari-
ability is less pronounced than for the width of the inner
cladding δ.

Apparent from figure 5(a) is that for short fiber lengths
the bandwidth drops as the launch beam widens (in terms of
its FWHM). This is due to more dispersion for the higher
order modes of the wider launch. Mode coupling reduces this
effect further along the fiber length as the launch distributions
approach that of the steady state. Eventually at length in

(a)

(b)

Figure 6. Bandwidth as a function of the launch beam’s angular
distribution that is Gaussian, centered (θ0 = 0◦), with FWHM = 1◦,
7.5◦, 14◦ and 20◦, for δ = 0.001, 0.002, 0.003, and np = 1.4775,
D = 7.3 × 10−4 rad2 m−1, at fiber length of (a) 10 m and
(b) 75 m.

excess of zs (SSD) in figure 5(b), bandwidth becomes inde-
pendent of the launch. The highest bandwidth is for the
case with the narrowest inner cladding with δ = 0.001.
This is to be expected as leaky mode losses are higher
for this case than with δ = 0.002 or 0.003 and with high
such losses fewer higher modes continue to be guided—
which decreases modal dispersion and boosts the band-
width. Since with increasing the strength of mode coupling
(D), the EMD is reached at shorter fiber lengths (table 1),
thus the slower bandwidth decrease occurs, which results in
higher bandwidth at 75 m for larger coupling coefficients D
(figures 6 and 7).
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(a)

(b)

Figure 7. Bandwidth as a function of the launch beam’s angular
distribution that is Gaussian, centered (θ0 = 0◦), with FWHM = 1◦,
7.5◦, 14◦ and 20◦, for δ = 0.001, 0.002, 0.003, and np = 1.4775,
D = 9.8 × 10−4 rad2 m−1, at fiber length of (a) 10 m and (b) 75 m.

4. Conclusion

Results show how the width of the launch beam’s angular
distribution affects bandwidth and the equilibrium and steady
state (EMD and SSD) angular power distributions of W-type
POFs. The broader this width, the shorter the lengths Lc and zs
for the development of the respective two distributions. Being
more uniformly distributed across guided modes, wide launch
beams promote the onset of the EMD and SSD at shorter fiber
lengths. In short fibers, the bandwidth drops as the angular
distribution of the launch beam widens (as expressed by its
FWHM). This is because of more dispersion for the higher
order modes in the wider launch distribution. Such bandwidth
drop tapers off with distance from the input end and ceases for
fibers longer than zs = 25 m when the bandwidth becomes
independent of the launch conditions. With increasing the

strength of mode coupling, the EMD is reached at shorter
fiber lengths, which results in slower bandwidth decrease and
finally in higher bandwidth at longer fiber lengths for fibers
with larger coupling coefficients D. These results are aimed
at aiding designers and application integrators of W-type
POFs, particularly in employing laser, LED or VCSEL light
source.
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Abstract

We investigate the bandwidth and steady-state losses of multimode W-type plastic optical fibers sol-
ving the time-dependent power flow equation and show how the bandwidth in W-type plastic optical
fibers can be enhanced by increasing the wavelength for different widths of the intermediate layer
and refractive indices of the outer cladding. Such characterization of the fibers is consistent with
their manifested efficiency in reducing modal dispersion and increasing bandwidth; this fact facilitates
tailoring W-fibers to a specific application at hand at different wavelengths.

Keywords: W-type plastic optical fiber, laser launch beam, power flow equation, bandwidth, steady-

state losses.

1. Introduction

Glass optical fibers are often used for high-speed long-distance communication due to their low at-

tenuation and high bandwidth [1]. Large-core (with a diameter of ∼1 mm) plastic optical fibers are most

frequently employed for short-distance (<100 m) communication links [2]. Plastic optical fibers (POFs)

possess important advantages over their glass counterparts. Specifically, POFs may be manufactured

with large-core diameters (0.5–1 mm or larger), allowing for interconnections with low-precision plastic

components and reducing the overall cost of the system. POFs have excellent flexibility and are more

easily handled than glass fibers. They impose less stringent constraints on the light source, and even

luminescent diodes are suitable sources for multimode fibers. Hence, a variety of POF applications has

been developed and commercialized, from simple light-transmission guides in displays to sensors and

short-haul communication links [2–5].

The analysis and design of refractive-index profile of a multimode fiber with a view of advancing fiber

transmission characteristics have attracted much attention in the last few decades [1, 6, 7]. A variety

of designs of step-index, graded index, and W-type fibers has been proposed either for a long-distance

communication links or high-capacity local area networks [1, 6–11]. It has been shown that waveguide

dispersion is smaller in the W-type fiber than it is in the single-clad (SC) fiber [9]. A W-type fiber has

a wide transmission bandwidth and lower bending losses compared to the corresponding SC fiber.
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Differential mode attenuation and mode coupling strongly affect the transmission characteristics of

multimode optical fibers. Differential mode attenuation is a consequence of absorption and scattering of

light within the fiber material, which reduces the transmitted power. Mode coupling transfers the power

between individual modes, which is caused by fiber intrinsic random anomalies. Mode coupling reduces

modal dispersion, thus increasing the fiber bandwidth. On the other side, mode coupling increases fiber

losses especially in a curved fiber and degrades the beam quality. The W-type fiber properties differ from

the ones pertaining to the SC fibers [9, 12, 13]. This is because of the lossy leaky modes that propagate

within the W-type fiber intermediate layer. Higher-order modes, which propagate along the W-type fiber,

reduce its bandwidth and necessitate that the group delay difference between the modes be minimized by

optimizing the fiber refractive index profile [13]. As modal attenuation, coupling, and dispersion affect

transmission characteristics of the W-type optical fiber, methods for calculating their contributions are

needed.

The main goal of this work is to investigate the influence of wavelength on the fiber bandwidth for

variously configured W-type POFs in terms of width of the fiber intermediate layer and refractive indices

of the outer cladding. One should mention that modal attenuation, coupling, and dispersion are included

in our calculations.

2. Power Flow Equation

The time-dependent power flow for multimode W-type fibers is described by the following coupled

power equation [14]:

∂p(θ, z, t)

∂z
+ τ(θ)

∂p(θ, z, t)

∂t
= −α(θ)p(θ, z, t) +

1

θ

∂

∂θ

[
D(θ)

∂p(θ, z, t)

∂θ

]
, (1)

Fig. 1. Refractive index profile of a W-type
fiber.

where t is time, p(θ, z, t) is the power distribution over angle,

space, and time, τ(θ) is mode delay per unit length, D(θ) is the

mode-dependent coupling coefficient, and α(θ) = α0 + αd(θ) is

the modal attenuation, with α0 representing conventional losses

due to absorption and scattering. The term α0 leads only to

a multiplier exp(−α0z) in the solution and thus is neglected.

The term αd in the expansion of α(θ) is dominant for higher-

order modes. The coupling coefficient is usually assumed con-

stant [12,15–17]. The method of solving Eq. (1) and calculation

of the bandwidth of W-type optical fibers has been described

in more detail in our previous work [18].

For W-type fiber shown in Fig. 1, the modes whose propaga-

tion angles are between θp ∼= (2Δp)
1/2 and θq ∼= (2Δq)

1/2, where Δq = (n0−nq)/n0 and Δp = (n0−np)/n0,

are leaky modes. Attenuation constants of leaky modes are given as [12, 15]

αL(θ) =
4(θ2 − θ2p)

1/2

a(1− θ2)1/2
θ2(θ2q − θ2)

θ2q(θ
2
q − θ2p)

exp
[
−2δan0k0(θ

2
q − θ2)1/2

]
, (2)

where k0 is the free-space wave number, a is the core radius, and δa is the intermediate layer (inner
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cladding) width. The modal attenuation in a W-type fiber can be expressed as [12, 15]

αd(θ) =

⎧⎪⎨
⎪⎩

0; θ ≤ θp,

αL(θ); θp < θ < θq,

∞; θ ≥ θq.

(3)

One can see that attenuation constants of leaky modes (2) depend on the wavelength through the free-

space wave number k0.

A W-type fiber can be regarded as a system consisting of SCq fiber and cladding. In the SCq fiber,

only modes with propagation angles smaller than the critical angle θq can be guided. When the SCq

fiber is surrounded with a medium of the refractive index np, the lower-order modes, whose propagation

angles are smaller than the critical angle θp of the SCp fiber, remain guided. The higher-order modes

with angles between θp and θq are transformed into leaky modes. It is shown in [12] that, because of

the strong dependence of αL(θ) on the intermediate layer width δa, the steady-state characteristics of

a W-type fiber depend on δa and coincide with those of SCp and SCq fibers in the limits of δ → 0 and

δ → ∞, respectively.

To the best of our knowledge, in this work, we investigated for the first time how the bandwidth in

W-type POFs can be enhanced by shifting from smaller to larger wavelengths for different widths of the

intermediate layer and refractive indices of the outer cladding. The results obtained could be applied

when designing W-type POFs.

3. Numerical Results and Discussion

We analyze the bandwidth as well as steady-state losses at different wavelengths in variously configured

W-type POFs. The fiber structure characteristics are as follows: the core refractive index n0 = 1.492,

the cladding refractive index nq = 1.4057, the critical angle θm = 19.6◦ (measured inside the fiber), the

core diameter d = 0.98 mm, and the fiber diameter b = 1 mm [19]. The W-type POF is designed from a

singly-clad POF in such a way that the W-type POF inner cladding retains the refractive index nq of the

SC POF’s cladding, while an outer cladding of the W-type POF has a refractive index np, which is higher

than the refractive index nq of the inner cladding; see Fig. 1. The three values of the refractive index of

the outer cladding np are used in the modeling, namely, np = 1.4775, 1.4693, and 1.4591 corresponding

to the critical angles θp = 8◦, 10◦, and 12◦, respectively. The normalized intermediate layer widths

δ = 0.01, 0.02, 0.03, and 0.05 were employed (actual width is δa in millimeters). We solved the time-

dependent power flow equation (1) using the explicit finite difference method for the coupling coefficient

D = 3.5 · 10−4 rad2 ·m−1 [4]. In the calculations, the laser launch beam distribution is taken in the

Gaussian form with an FWHM of 7.5◦. One should mention here that the change in the intermediate-

layer depth has a negligible influence on the bandwidth of the W-type POFs, and therefore is not analyzed

in this work.

Our numerical solution of the time-dependent power flow equation is illustrated in Fig. 2. In three

inserts corresponding to three refractive indices of the outer cladding, np = 1.4775, 1.4693, and 1.4591

and for the Gaussian launch excitation with FWHM = 7.5◦, one sees the evolution of the W-type POF

bandwidth at 75 m with the wavelength for different widths of the intermediate layer δ. One can observe

in Fig. 2 that the bandwidth dependence on the wavelength is stronger for the intermediate-layer thickness

δ = 0.02 and 0.03, and weaker for δ = 0.01 and 0.05. For the smallest width of the intermediate layer
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a) b) c)

Fig. 2. Numerical results for the bandwidth at 75 m as a function of the wavelength for a W-type POF and the
Gaussian launch excitation with FWHM = 7.5◦, δ = 0.01 (�), 0.02 (�), 0.03 (�), and 0.05 (�), and θp = 8◦,
np = 1.4775 (a), θp = 10◦, np = 1.4693 (b), and θp = 12◦, np = 1.4591 (c).

δ = 0.01, the wavelength influence on the bandwidth is negligible. This is due to large leaky mode losses;

as these modes are practically not guided along the fiber, the modal dispersion (bandwidth) changes

little. For δ = 0.05, the leakage of modes is suppressed, and almost all modes remain guided. With

increasing width of the intermediate layer, there is a wavelength-dependent decrease of the bandwidth.

This decrease is more pronounced at short wavelengths as leaky mode losses are then reduced, resulting

in the rise of modal dispersion and drop of the fiber bandwidth.

With increase in the refractive index of the outer cladding np (decrease of the critical angle θp), there is

an increase in leaky mode losses, which results in highest values of the bandwidth in the case of δ = 0.01.

One can see in Fig. 2 that the improvement of the bandwidth of W-type POFs is more pronounced at

longer fiber lengths. Since a narrow launch-beam distribution is assumed in the calculations, only guided

modes are excited at the input fiber length. Therefore, the role of leaky modes is of less significance at

short fiber lengths. Due to mode coupling, more leaky modes are filtered out at longer fiber lengths,

leading to the significant improving of the W-type POF bandwidth.

In Fig. 3, we show the trade-off relation between the bandwidth and steady-state losses for the W-type

POF. With increase in the leaky mode losses, the steady-state losses also increase. A trade-off relation

between the bandwidth and losses would have to be considered in designing the optimum W-type POF

by controlling the intermediate-layer thickness and refractive index of the outer cladding.

Finally, one should mention here that a numerical modeling of the bandwidth of W-type POFs

presented in this work can be employed in investigations of other W-type optical fibers, such as a W-type

plastic-clad silica optical fibers and W-type glass optical fibers, which have a step-index distribution of

the core.

4. Conclusions

We calculated the bandwidth and steady-state losses by the time-dependent power flow equation over

a range of light wavelengths for the W-type POF with a varied width of the intermediate layer and various

refractive indices of the outer cladding. We showed that the bandwidth of W-type fibers broadens for

longer wavelengths for all widths of the intermediate layer. This broadening of the bandwidth results

from higher leaky mode losses and from the consequent drop in the modal dispersion. However, this

influence of the wavelength on the bandwidth is negligible for narrow intermediate layers. With increase
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a) b)

c) d)

Fig. 3. Numerical results for the trade-off relation between the bandwidth at 75 m and the steady-state losses for the
W-type POF with the Gaussian launch excitation of FWHM = 7.5◦ for four different wavelengths: λ = 476 nm (a),
λ = 522 nm (b), λ = 568 nm (c), and λ = 650 nm (d). Here, np = 1.4775 is shown by �, np = 1.4775 is shown by
�, and np = 1.4591 is shown by �.

in the refractive index of the outer cladding, the bandwidth also increases due to increase of leaky mode

losses.

Since, with increasing leaky mode losses, the steady-state losses also increase, a trade-off relation

between the bandwidth and losses would have to be considered in designing the optimum W-type POF.

This can be done by controlling the intermediate-layer width and the refractive index of the outer cladding

at an appropriate infrared wavelength.
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Abstract
The influence of mode coupling on three-channel spatial division multiplexing capability in
multimode graded index plastic optical fibers is investigated by solving the power flow
equation. Our numerical results show that mode coupling significantly limits the fiber length at
which the spatial division multiplexing can be realized with a minimal crosstalk between three
neighbor spatial optical channels. Three spatial channels in the multimode graded index plastic
optical fiber can be employed with a minimal crosstalk up to the fiber length of 3.5 m, which is
about 12.5% of the coupling length (fiber length where equilibrium mode distribution is
achieved). Such characterization of multimode graded index plastic optical fibers should be
considered in designing an optical fiber transmission system for space division multiplexing,
particularly for small office networking.

Keywords: plastic optical fibers, graded index optical fibers, space division multiplexing,
mode coupling

(Some figures may appear in colour only in the online journal)

1. Introduction

The incessant demand of optical channels with increasing
data rates continues to inspire new developments, as it has
for many years. The increase capacity of optical fiber sys-
tems was caused by successive technology improvements: low
losses single-mode fibers, fiber amplifiers, multiplexing, and
high-efficiency spectral coding [1]. Multiplexing of optical
data can be realized not only in wavelength [2], but also in
polarization, in time, in phase and in space [1]. In spite of the
fact that data traffic demand is easily covered by wavelength-
division multiplexed (WDM) systems based on single-mode

*
Author to whom any correspondence should be addressed

fibers (SMFs), recent works show that the WDM systems are
rapidly approaching their Shannon capacity limit [3]. Aimed
to overcome the Shannon capacity limit of WDM networks
using SMFs, space division multiplexing (SDM) including
mode division multiplexing using multimode fibers or few-
mode fibers and/or core multiplexing using multicore fibers
[4], has attracted much attention in the last decade for the next
multiplicative capacity growth for optical communication [1,
5–8]. SDM may operate at the same wavelength or different
wavelengths [9]. In the case of SDM at the same wavelength,
radially distributed, dedicated spatial locations are assigned
to every SDM channel inside the carrier fiber as these chan-
nels traverse the length of the carrier [10]. The location of the
each channel inside the optical fiber is a function of the launch
angle and the strength of mode coupling. This technique

1555-6611/20/115102+5$33.00 1 © 2020 Astro Ltd Printed in the UK
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Figure 1. Minimalistic system design of three-channel SDM in GI POF.

requires a multicore and/or multimode fiber and utilizes the
transverse spatial extent of the fiber to create parallel data
channels.

Multimode plastic optical fibers (POFs) have been the pre-
ferred transmission medium in high-capacity communications
networks and short-distance (few tens of meters) commu-
nications systems. These fibers have large numerical aper-
ture which simplifies coupling of light. Compared to their
glass counterparts, POFs offer a low-cost installation altern-
ative with low-precision plastic components without precision
couplers. POFs also tend to cost less to produce and are easier
to handle. Their flexibility is especially useful when installing
them in tight spaces such as in homes, offices or vehicles.
Step-index (SI) POFs have large modal dispersion and low
bandwidth-length product. Graded index (GI) POFs exhibit
far less modal dispersion than SI POFs. This is due to their
gradual, usually parabolic, decreasing of the refractive index
of core with radial distance from the fiber axis.

Transmission characteristics of multimode POFs depend
upon the differential mode attenuation and rate of mode coup-
ling [9, 11]. The latter represents power transfer between
neighbor modes caused by fiber impurities and inhomogeneit-
ies introduced during the fiber manufacturing process [11].We
have recently shown that SDM with three, four and five chan-
nels in the multimode SI POFs can be successfully employed
with a minimal crosstalk only at very short fiber length, up to
≈2.4, 1.6 and 1.4 m, respectively [10].

In this work, using the power flow equation, we examine
the state of mode coupling in multimode GI POF investig-
ated earlier [12]. This enables one to obtain the limits of the
fiber lengths up to which a three-channel SDM can be realized
with minimal crosstalk between the co-propagating optical
channels.

Radially distributed, dedicated spatial locations are
assigned to three SDM channels as these channels traverse
the length of the carrier. The location of the each channel
inside the GI POF is a function of the launch angle and the
strength of mode coupling. In practice, the channel launched
with input angle θ0 = 0◦ along fiber axis appears as a far
field in the form of disk, while another channel launched with
θ0 > 0◦ appear in the far field as concentric ring (figure 1).
The center disk and two rings represent a three separated

SDM optical channels, thereby enhancing the bandwidth of
optical fiber system. By solving the time-independent power
flow equation, one can obtain the limits of the fiber lengths up
to which a three-channel SDM can be realized with minimal
crosstalk between the co-propagating optical channels in GI
POF.

2. Time-independent power flow equation for GI
optical fiber

The index profile of GI optical fibers may be expressed as:

n(r,λ) =

n1(λ)
[
1− 2∆(λ)

( r
a

)g]1/2
(0⩽ r⩽ a)

n1(λ)(1− 2∆(λ))
1/2

= n2 (λ) (r> a),

(1)

where g is the core index exponent, a is the core radius,
n1(λ) is the maximum index of the core (measured at the
fiber axis), n2(λ) is the index of the cladding and ∆=
[n1(λ)− n2(λ)]/n1(λ) is the relative index difference. The
optimum value of the core index exponent g to obtain max-
imum bandwidth depends on the wavelength λ (in free-space)
of the source [13].

Time-independent power flow equation for GI optical fiber
is [14–16]:

∂P(m,λ,z)
∂z

=
D
m
∂P(m,λ,z)

∂m
+D

∂P2(m,λ,z)
∂m2

, (2)

where P(m,λ,z) is power in the mth principal mode (modal
group), z is the coordinate along the fiber axis from the input
fiber end, D is a constant mode coupling coefficient [16]
(assumption of constant coupling coefficient is valid for all
values of m, except for m ≈ M [14, 16]). The maximum prin-
cipal mode number M(λ) can be obtained as [14, 15]:

M(λ) =

√
g∆(λ)

g+ 2
akn1(λ) , (3)

where k= 2π/λ. More details regarding the derivation of the
power flow equation (2) can be found in [15].
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Using the explicit finite difference method (EFDM), dis-
cretization of equation (2) leads to [17]:

Pi,j+1 =

(
D∆z

(∆m)2
− D∆z

2mi∆m

)
Pi−1,j+

(
1− 2D∆z

(∆m)2

)
Pi,j

+

(
D∆z

2mi∆m
+

D∆z

(∆m)2

)
Pi+1,j,

(4)

where i and j refer to the discretization step lengths ∆m and
∆z for the mode m and length z, respectively. This is a simple
formula for Pi,j+1 at the (i, j + 1)th mesh point in terms of
the known values along the jth distance row. The power flow
equation (2) for GI optical fiber is a parabolic partial differ-
ential equation, which is solved numerically (4) for Gaus-
sian launch (excitation) distribution as an initial condition and
the boundary conditions: P(m,λ,z) = 0, for m > M(λ) and

d(m) ∂P(m,λ,z)
∂m

∣∣∣
m=0

= 0 for m = 0. The first condition implies

that modes with infinitely high loss do not transmit power. The
second one indicates that the coupling is limited to the modes
m> 0. As first in the authors’ best knowledge, numerical solu-
tion (4) of the time-independent power flow equation (2) is
reported in this work for investigation of the state of mode
coupling for three spatially multiplexed channels in GI POF in
terms of mode variable (m). In our previous work [16] we pro-
posed a newmethod for determination of the constant coupling
coefficient D, using the following relation:

D=
σ2
z2 −σ2

z1

2(z2 − z1)
, (5)

where σ2
z1and σ

2
z2 are variances of the output modal power dis-

tributionP(m,λ,z1) andP(m, λ,z2) measured at the fiber lengths
z1 > 0 and z2 > 0, respectively (z2 > z1).

3. Results and discussion

In this paper we investigate the transmission characteristics of
the GI POF (OM Giga, Fiber FinTM), we have recently exper-
imentally investigated [12]. The characteristics of GI POF
were: the core diameter of the fiber was 0.9 mm (fiber dia-
meter was 1 mm), the refractive index of the core measured at
the fiber axis was n1 = 1.522 and the refractive index of the
cladding was n2 = 1.492. Using our recently proposed equa-
tion (5) [16], we have obtained the coupling coefficient for this
fiber D = 1482 1 m−1 [12], which is adopted in this work.

With increasing radial offset ∆r or launch angle θ, higher-
order mode groups can be excited. The relation between the
radial offset∆r, angle θ and the principal mode m is [18]:

m
M

=

[(
∆r
a

)g

+
θ2

2∆

](g+2)/2g

. (6)

Figure 2. Normalized output power distribution at different
locations along GI POF calculated for three Gaussian input angles
θ0 = 0◦ (solid line), 8◦ (dotted line) and 16◦ (dashed-dotted-dotted
line), with (FWHM)z =0 = 0.127◦ for: (a) z = 0.5 m; (b) z = 3.5 m
and (c) z = 28 m.
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For the GI POF under investigation, the maximum principal
mode number is M = 656 at λ = 633 nm, g = 1.80101 and
∆= (n1 − n2)/n1=0.019711.

Figure 2 shows the evolution of the normalized output
modal power distribution with fiber length for three SDM
channels launched at the input end of GI POF. The three co-
propagating optical channels are launched at different input
angles θ0 = 0◦, 8◦ and 16◦ thus maintaining a different
angular orientation. In the numerical calculations, for three
optical channels we selected Gaussian launch beam distribu-
tion P(θ, z) with (FWHM)0 = 0.127◦ by setting σ0 = 0.054◦.
A Gaussian beam is assumed to be launched with radial off-
set <∆r⩾ 0 µm and standard deviation σ∆r=1.5 µm in equa-
tion (6). Results are shown for three different input angles
θ0 = 0◦, 8◦ and 16◦. As a result of redistribution of the optical
power from lower to higher order modes during propagation,
the coupling of higher-order modes can be observed only after
longer fiber lengths (figure 2(b)). Power distributions of higher
modes have shifted their mid-points to zero at the coupling
length of Lc = 28 m (from their initial values at the input fiber
end), resulting in the equilibrium mode distribution (EMD),
figure 2(c).

Ring radiation pattern in very short fibers in figure 2 indic-
ate that the mode coupling is so low thus leading to a min-
imal crosstalk observed between three co-propagating optical
channels. With increasing a fiber length, a crosstalk between
three co-propagating optical channels continue to increase
and significantly influence the quality of light signals which
are transmitting through three channels along carrier fiber.
Finally, at fiber’s coupling length Lc the mode-distribution of
co-propagating optical channels which are in the ring form,
shift their mid-point to zero degrees, producing the EMD at
fiber length Lc (figure 2(c)). As a result, at fiber lengths z⩾ Lc
the modal distributions which corresponded to different co-
propagating optical channels are no more spatially separated
since they form a disk-type circular far field outputs. One can
see that mode coupling significantly limits the length of the GI
POF at which the SDM can be realized. The maximum length
for practical realization of three-channel SDM in this GI POF
is zSDM ≈ 3.5 m. It is worth noting that the lengths zSDM up
to which a minimal crosstalk is observed between three neigh-
bor co-propagating optical channels is much shorter than the
coupling length Lc = 28 m at which the EMD is achieved.
A three-channel SDM in the investigated multimode GI POF
can be realized with a minimal crosstalk up to the fiber length
which is about 12.5% of the coupling length. We have recently
shown that the larger number of co-propagating optical chan-
nels (four and five) in SI POFs, the sooner crosstalk between
the neighbor optical channels appeared [10]. One can con-
clude that in increasing capacity of optical fiber system,
a SDM with three-channels can be realized with the GI
POF at short fiber lengths up to ≈3.5 m. Such characteriz-
ation of optical fibers should be considered in designing an
optical fiber transmission system with multi-channel SDM
in GI POFs.

One should note that by calculating the normalized out-
put power distribution at different fiber lengths in the case of
multi-channel SDM, it is difficult to exactly predict the level of

the crosstalk which prohibits the system operation. In practice,
for more accurate estimation of the SDM capacity of the par-
ticular GI POF, the transmission matrix should be used, with
taking into account the noise terms which depend on the spe-
cific implementation of the receiver. But, our numerical results
can be used as a good approximation in the estimation of the
fiber length at which SDM could be realized in GI POFs. SDM
channels from different channels could be separated from each
other by setting the proper positions of the individual photo-
detectors [19].

4. Conclusion

The influence of mode coupling on three spatially multiplexed
optical channels in multimode GI POF is investigated by solv-
ing the power flow equation. We have shown that mode coup-
ling significantly limits the fiber length at which the SDM
can be realized with a minimal crosstalk between three optical
channels. Three optical channels with SDM in the GI POF can
be employed with a minimal crosstalk up to the fiber length
which is about 12.5% of the corresponding coupling length.
Such characterization of optical fibers should be considered in
designing an optical fiber transmission system for SDM, par-
ticularly for small office networking.
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[2] Montero D S, Garcilópez I P, García C V, Lallana P C,
Moraleda A T and Castillo P J P 2015 Recent advances in
wavelength-division-multiplexing plastic optical fiber
technologies Advances in Optical Fiber Technology:
Fundamental Optical Phenomena and Applications (Rijeka:
InTech)
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Influence of mode coupling on three, four and five spatially
multiplexed channels in multimode step-index plastic
optical fibers Opt. Laser Technol. 106 18–21

[11] Gloge D 1972 Optical power flow in multimode fibers Bell
Syst. Tech. J. 51 1767–83
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Abstract
We propose an angular division multiplexing in new designed multicore plastic optical fiber
with seven cores arranged in a hexagonal array. The influence of mode coupling on two-channel
angular division multiplexing capability in each of seven cores is investigated by solving the
power flow equation. Our numerical results show that mode coupling significantly limits the
fiber length at which the angular division multiplexing can be realized in each of seven cores
with a minimal crosstalk between two neighbor angular optical channels. Two angular channels
in the proposed seven-core plastic optical fiber can be employed with a minimal crosstalk up to
the fiber length which is about 20% of the coupling length (fiber length where equilibrium mode
distribution is achieved). Such characterization of multicore optical fibers should be considered
in designing a multicore optical fiber transmission system for space division multiplexing.

Keywords: multicore plastic optical fibers, angular division multiplexing, mode coupling

(Some figures may appear in colour only in the online journal)

1. Introduction

The increasing demand for digital data bandwidth in access
and backbone networks pushes the development of emer-
ging technologies to increase network capacity, especially for
optical fiber infrastructures. The increase capacity of optical
fiber systems was caused by successive technology improve-
ments: low losses single-mode fibers, fiber amplifiers, multi-
plexing, and high-efficiency spectral coding [1]. Multiplexing
of optical data can be realized not only in wavelength [2],
but also in polarization, in time, in phase and in space [1].
In spite of the fact that data traffic demand is easily covered
bywavelength-divisionmultiplexed (WDM) systems based on
single-mode single-core fibers (SM-SCFs), recent works show
that the WDM systems are rapidly approaching their Shannon
capacity limit [3]. Aimed to overcome the Shannon capacity
limit of WDM networks using SM-SCFs, space division mul-
tiplexing (SDM) including mode division multiplexing using

multimode fibers or few-mode fibers and/or core multiplex-
ing using multicore fibers [4], has attracted much attention in
the last decade for the next multiplicative capacity growth for
optical communication [1, 5–8]. SDMmay operate at the same
wavelength or different wavelengths [9]. In the case of SDM
at the same wavelength, radially distributed, dedicated spatial
locations are assigned to every SDM channel inside the carrier
single-core fiber as these channels traverse the length of the
carrier [10]. The location of the each channel inside the single-
core fiber is a function of the launch angle and the strength of
mode coupling.

Single-core plastic optical fibers (SC POFs) are a low-
cost solution for short-distance applications in digital car net-
works, industrial networks, and home networks and appli-
ances. Transmission characteristics of multimode step-index
(SI) POFs depend upon the differential mode attenuation and
rate of mode coupling [9, 11]. The latter represents power
transfer between neighbor modes caused by fiber impurities

1555-6611/20/065103+5$33.00 1 © 2020 Astro Ltd Printed in the UK
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and inhomogeneities introduced during the fiber manufactur-
ing process [11]. We have recently shown that angular division
multiplexing (ADM) with three, four and five channels in the
multimode single-core SI POFs can be successfully employed
with a minimal crosstalk only at very short fiber length, up
to ≈2.4, 1.6 and 1.4 m, respectively [10]. In order to over-
come the limited SC POF capability for SDM, we propose
in this work a SDM based on multicore multiplexing using
a novel multicore plastic optical fiber (MC POF) with seven
cores arranged in a hexagonal array, which exhibits negligible
inter-core crosstalk (figure 1). In addition, we explore a cap-
ability of the proposed seven-core MC POF for two-channel
ADM (figure 2(a)). The refractive index profile of all homo-
genous cores has a step between two constant values in the
core and cladding interface. By using the power flow equa-
tion, we examine the state of mode coupling in each seven car-
rier cores of the proposed multimode MC POF. Radially dis-
tributed, dedicated spatial locations are assigned to two ADM
channels inside the each carrier seven cores as these channels
traverse the length of the carrier. The location of the each chan-
nel inside the each core of MC POF is a function of the launch
angle and the strength of mode coupling. In practice the chan-
nel launched with input angle θ0 = 0◦ along axis of each car-
rier seven cores appears as a far field in the form of disk, while
another channel launched with θ0 > 0 appear in the far field
as concentric ring (figure 2(b)). The center disk and ring rep-
resent a two separated ADM optical channels, thereby enhan-
cing the bandwidth of optical fiber system. This enables one to
obtain the limits of the fiber lengths up to which a two-channel
ADM can be realized with minimal crosstalk between the co-
propagating optical channels in each carrier seven cores ofMC
POF.

2. Power flow equation

Assuming that mode coupling in multimode optical fibers
occurs predominantly between neighbor modes, Gloge’s
power flow equation for power distribution inside a multimode
step-index fiber is [11]:

∂P(θ,z)
∂z

=−α(θ)P(θ,z)+
D
θ

∂

∂θ

(
θ
∂P(θ,z)

∂θ

)
(1)

where P(θ,z) is the angular power distribution, z is distance
from the input end of the fiber, θ is the propagation angle with
respect to the core axis, D is the coupling coefficient assumed
constant [11, 12] and α(θ) is the modal attenuation. In our
previous work [13] we have shown that modeling mode coup-
ling in SI POFs assuming a constant coupling coefficient D
can be used instead of the more complicated approach with
angle-dependent coupling coefficient. Except near cutoff, the
attenuation remains uniform α(θ) = α0 throughout the region
of guided modes 0 ≤ θ ≤ θc [14] (it appears in the solution as
the multiplication factor exp(–α0 z) that also does not depend
on θ). Therefore, α(θ) need not be accounted for when solving
(1) for mode coupling and this equation reduces to [15]:

∂P(θ,z)
∂z

=
D
θ

∂P(θ,z)
∂θ

+D
∂2P(θ,z)

∂θ2
. (2)

Figure 1. Multicore plastic optical fiber with seven cores arranged
in a hexagonal array.

Numerical solution of the power flow equation (2) was
obtained using the explicit finite-difference method [15], for
Gaussian launch-beam distribution of the form:

P(θ,z= 0) =
1

σ
√
2π

exp

[
− (θ− θ0)

2

2σ2

]
(3)

with 0 ≤ θ ≤ θc, where θ0 is the mean value of the incid-
ence angle distribution, with the full width at half maximum
FWHM = 2σ

√
2ln2= 2.355σ (σ is standard deviation).

3. Results and discussion

In this paper we investigate the transmission characteristics
of the proposed MC POF with seven cores which is designed
from the SC POF (PGU-CD1001-22E) experimentally invest-
igated by Losada et al [16, 17]. The MC POF with seven cores
arranged in a hexagonal array is shown in figure 1. The MC
POF individual cores and cladding are assumed to be made of
the same material as the SC POF core and cladding, respect-
ively. The characteristics of SC POF were: core refractive
index n0 = 1.492, cladding refractive index n1 = 1.4057, crit-
ical angle (measured inside the fiber) θc = 19.6◦, core dia-
meter b = 0.98 mm, and fiber diameter d = 1 mm. In order to
avoid mode coupling between cores, the MC POF with fiber
diameter d = 1 mm is designed from this SC POF in such a
way that seven cores with radius r0 = 50 µm, arranged in a
hexagonal geometry, have inter-core distance d0 = 400 µm

2
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Figure 2. (a) Illustration of two angular channels launched with input angle θ0 = 0◦ along core axis and θ0 > 0◦ in respect to the core axis.
These two angular channels are launched into each carrier seven cores for ADM in MC POF. (b) Minimalistic system design of two-channel
ADM in MC POF.

(the cores are uncoupled for d0 ≥ 7r0) [3]. The coupling coef-
ficient D = 3.3 × 10–4 rad2 m−1 for the PGU fiber is used in
this work [10, 16, 17].

In this paper, we analyze the influence of mode coupling
on two-channel ADM employed in each carrier seven cores of
MC POF. In figure 3 our numerical solution of the power flow
equation is presented by showing the evolution of the normal-
ized output power distribution with fiber length for MC POF
for two ADM channels launched at the input end of each car-
rier seven cores of MC POF. The two co-propagating optical
channels are launched at different input angles θ0 = 0 and 18◦

thus maintaining a different angular orientation. For two angu-
lar optical channels we selected Gaussian launch beam distri-
bution with (FWHM)0 = 0.127◦ by setting σ0 = 0.054◦ in
equation (3). Ring radiation pattern in very short fibers in fig-
ure 3 indicate that the mode coupling is so low thus leading
to a minimal crosstalk observed between two co-propagating

optical channels. With increasing a fiber length, a crosstalk
between two co-propagating optical channels continue to
increase and significantly influence the quality of light signals
which are transmitting through two angular channels along
each carrier seven cores (figure 3(b)). Finally, at fiber’s coup-
ling length Lc the mode-distribution of co-propagating optical
channels which is in the ring form, shift its mid-point to zero
degrees, producing the equilibrium mode distribution (EMD)
in figure 3(d): Lc is 35 m. As a result, at fiber lengths z ⩾ Lc
the Gaussian distributions which corresponded to different
angular co-propagating optical channels are no more spatially
separated since they form a disk-type circular far field out-
puts. One can see that mode coupling significantly limits the
length of the MC POF with seven cores at which the ADM
can be realized. The maximum length for practical realiz-
ation of two-channel ADM in this seven-core MC POF is
zSDM ≈ 7 m. It is worth noting that the lengths zSDM up to

3



Laser Phys. 30 (2020) 065103 S Savovíc et al

Figure 3. Normalized output angular power distribution at different locations along each carrier seven cores of MC POF calculated for two
Gaussian input angles θ0 = 0◦ (solid line) and 18◦ (dashed line), with (FWHM)z =0 = 0.127◦ for: (a) z = 3 m; (b) z = 7 m; (c) z = 25 m
and (d) z = 35 m.

which a minimal crosstalk is observed between two neighbor
co-propagating optical channels is much shorter than the coup-
ling length Lc at which the EMD is achieved (figure 3(d)). A
two-channel ADM in the investigated multimode MC POFs
can be realized with a minimal crosstalk up to the fiber length
which is about 20% of the coupling length. We have recently
shown that the larger number of co-propagating optical chan-
nels (three, four and five), the sooner crosstalk between the
neighbor optical channels appeared [10]. One can conclude
that in increasing capacity of optical fiber system, a SDMwith
two-channel ADM and multicore multiplexing can be realized
with the proposed seven-core MC POF at short fiber lengths
up to ≈7 m (2 ADM channels × 7 cores). Such characteriz-
ation of optical fibers should be considered in designing an
optical fiber transmission system with multi-channel ADM
in MC POFs.

One should note that by calculating the normalized out-
put power distribution at different fiber lengths in the case of
multi-channel ADM, it is difficult to exactly predict the level
of the crosstalk which prohibits the system operation. In prac-
tice, for more accurate estimation of the ADM capacity of the
particular MC POF, the transmission matrix should be used,
with taking into account the noise terms which depend on the
specific implementation of the receiver. But, our numerical
results can be used as a good approximation in the estima-
tion of the fiber length at which ADM could be realized in
MC POFs. ADM channels from different cores could be sep-
arated from each other by setting the proper positions of the
individual photo-detectors [18].

When single-core fiber is bent, a mode coupling becomes
more intense, so mode coupling coefficient D increases. This
leads to shortening the length Lc at which the equilibrium

4
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mode distributions is achieved (faster shift from ring to disk
pattern in a bent fiber than in a straight fiber) [19]. Similarly,
a bent seven-core fiber should have a stronger mode coupling
along the each of the seven cores and therefore a shorter length
Lc at which the equilibriummode distributions achieved. Thus,
one can assume that ADM and multicore multiplexing in the
bent seven-core POF could be realized at shorter fiber length
than the length of straight seven-core POF. Since an inter-core
cross talk is already prevented in straight seven-core POF by
setting an appropriate inter-core distance, one can assume that
it will remain preserved in a bent seven-core fiber.

4. Conclusion

A new design of MC POF with seven cores arranged in a
hexagonal array, with negligible inter-core crosstalk, is pro-
posed. The influence of mode coupling on ADM capability in
each carrier seven cores is investigated by numerically solv-
ing the power flow equation. Our numerical results show that
mode coupling significantly limits the fiber length at which
the ADM can be realized with a minimal crosstalk between
two optical channels. Two channels with ADM in the proposed
seven-core plastic optical fiber can be employed with a min-
imal crosstalk up to the fiber length which is about 20% of
the corresponding coupling length. Such characterization of
multicore optical fibers should be considered in designing a
multicore optical fiber transmission system for SDM.
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Abstract
We propose a spatial division multiplexing in a new designed multimode multicore graded index
plastic optical fiber with nine cores arranged in an octagonal array. The influence of mode
coupling on two-channel spatial division multiplexing capability in each of nine cores is
investigated by solving the power flow equation. Our numerical results show that mode coupling
significantly limits the fiber length at which the spatial division multiplexing can be realized in
each of nine cores with a minimal crosstalk between two neighbor spatial optical channels. Two
spatial channels in the proposed nine-core graded index plastic optical fiber can be employed
with a minimal crosstalk up to the fiber length of 5 m, which is about 18% of the coupling
length (fiber length where equilibrium mode distribution is achieved). Such characterization of
multicore graded index plastic optical fibers should be considered in designing a multicore
optical fiber transmission system for space division multiplexing.

Keywords: multicore plastic optical fibers, graded index optical fibers, space division
multiplexing, mode coupling

(Some figures may appear in colour only in the online journal)

1. Introduction

The increasing demand for digital data bandwidth in access
and backbone networks pushes the development of emer-
ging technologies to increase network capacity, especially for
optical fiber infrastructures. The increase capacity of optical
fiber systems was caused by successive technology improve-
ments: low losses single-mode fibers, fiber amplifiers, multi-
plexing, and high-efficiency spectral coding [1]. Multiplexing
of optical data can be realized not only in wavelength [2],
but also in polarization, in time, in phase and in space [1].
In spite of the fact that data traffic demand is easily covered
by wavelength-division multiplexed (WDM) systems based
on single-mode single-core fibers (SM-SCFs), recent works
show that the WDM systems are rapidly approaching their
Shannon capacity limit [3]. Aimed to overcome the Shannon

capacity limit of WDM networks using SM-SCFs, space divi-
sion multiplexing (SDM) including mode division multiplex-
ing using multimode fibers or few-mode fibers and/or core
multiplexing using multicore fibers [4], has attracted much
attention in the last decade for the next multiplicative capacity
growth for optical communication [1, 5–8]. SDM may oper-
ate at the same wavelength or different wavelengths [9]. In
the case of SDM at the same wavelength, radially distributed,
dedicated spatial locations are assigned to every SDM channel
inside the carrier single-core fiber as these channels traverse
the length of the carrier [10]. The location of the each channel
inside the single-core step index optical fiber is a function of
the launch angle and the strength of mode coupling.

Multimode plastic optical fibers (POFs) have been the
preferred transmission medium in high-capacity communic-
ations networks and short-distance (few tens of meters)
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communications systems. These fibers have large numerical
aperture which simplifies coupling of light. Compared to their
glass counterparts, POFs offer a low-cost installation alternat-
ive with low-precision plastic components without precision
couplers. POFs also tend to cost less to produce and are easier
to handle. Their flexibility is especially useful when installing
them in tight spaces such as in homes, offices or vehicles.
Step-index (SI) POFs have large modal dispersion and low
bandwidth-length product. Graded index (GI) POFs exhibit
far less modal dispersion than SI POFs. This is due to their
gradual, usually parabolic, decreasing of the refractive index
of core with radial distance from the fiber axis.

Transmission characteristics of multimode POFs depend
upon the differential mode attenuation and rate of mode coup-
ling [9, 11]. The latter represents power transfer between
neighbor modes caused by fiber impurities and inhomogeneit-
ies introduced during the fiber manufacturing process [11].We
have recently shown that space division multiplexing (SDM)
with three, four and five channels in the multimode single-
core SI POFs can be successfully employed with a min-
imal crosstalk only at very short fiber length, up to ≈2.4,
1.6 and 1.4 m, respectively [10]. We propose in this work a
SDM based on multicore multiplexing using a novel multicore
graded index plastic optical fiber (MCGI POF)with nine cores
arranged in an octagonal array, which exhibits negligible inter-
core crosstalk (figure 1). In addition, we explore a capability
of the proposed nine-core MC GI POF for two-channel SDM
(figure 2(a)). The nine cores have the same graded index dis-
tribution, while cladding has a constant index distribution. By
using the power flow equation, we examine the state of mode
coupling in each of the nine carrier cores of the proposed mul-
timode MC GI POF. Radially distributed, dedicated spatial
locations are assigned to two SDM channels inside the each
carrier nine cores as these channels traverse the length of the
carrier. The location of the each channel inside the each core of
MC GI POF is a function of the launch angle and the strength
of mode coupling. In practice, the channel launched with input
angle θ0 = 0◦ along axis of each carrier nine cores appears as
a far field in the form of disk, while another channel launched
with θ0 > 0◦ appear in the far field as concentric ring (figure
2(b)). The center disk and ring represent a two separated SDM
optical channels, thereby enhancing the bandwidth of optical
fiber system. This enables one to obtain the limits of the fiber
lengths up to which a two-channel SDM can be realized with
minimal crosstalk between the co-propagating optical chan-
nels in each carrier nine cores of MC GI POF.

2. Time-independent power flow equation for GI
optical fiber

The index profile of GI optical fibers may be expressed as:

n(r,λ) =

n1(λ)
[
1− 2∆(λ)

( r
a

)g]1/2
(0≤ r≤ a)

n1(λ)(1− 2∆(λ))
1/2

= n2 (λ) (r> a)

(1)

where g is the core index exponent, a is the core radius,
n1(λ) is the maximum index of the core (measured at the

Figure 1. Multicore plastic optical fiber with nine cores arranged in
an octagonal array.

fiber axis), n2(λ) is the index of the cladding and ∆=
[n1(λ)− n2(λ)]/n1(λ) is the relative index difference. The
optimum value of the core index exponent g to obtain max-
imum bandwidth depends on the wavelength λ (in free-space)
of the source [12].

Time-independent power flow equation for GI optical fiber
is [13–15]:

∂P(m,λ,z)
∂z

=
D
m
∂P(m,λ,z)

∂m
+D

∂P2(m,λ,z)
∂m2

(2)

where P(m,λ,z) is power in the m-th principal mode (modal
group), z is the coordinate along the fiber axis from the input
fiber end, D is a constant mode coupling coefficient [15]. The
maximum principal mode number M(λ) can be obtained as
[13, 14]:

M(λ) =

√
g∆(λ)

g+ 2
akn1(λ) (3)

where k= 2π/λ.
Using the explicit finite difference method (EFDM), dis-

cretization of equation (2) leads to [16]:

Pi,j+1 =

(
D∆z

(∆m)2
− D∆z

2mi∆m

)
Pi−1,j+

(
1− 2D∆z

(∆m)2

)
Pi,j+

+

(
D∆z

2mi∆m
+

D∆z

(∆m)2

)
Pi+1,j

(4)
where i and j refer to the discretization step lengths ∆m and
∆z for the mode m and length z, respectively. This is a simple
formula for Pi,j+ 1 at the (i, j + 1)th mesh point in terms of
the known values along the jth distance row. As first in the

2
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Figure 2. (a) Illustration of two optical channels launched with input angle θ0 = 0◦ along core axis and θ0 > 0◦ in respect to the core axis,
and with radial offset∆r = 0 µm. These two optical channels are launched into each carrier nine cores for SDM in MC GI POF. (b)
Minimalistic system design of two-channel SDM in MC GI POF.

authors’ best knowledge, numerical solution (4) of the time-
independent power flow equation (2) is reported in this work
for investigation of the state of mode coupling along each core
of multimode MC GI POF in terms of mode variable (m).

3. Results and discussion

In this paper we investigate the transmission characteristics of
the proposed MC GI POF with nine cores which is designed
from the single-core GI POF (OM Giga, Fiber FinTM), we
have recently experimentally investigated [17]. The MC GI
POF with nine cores arranged in an octagonal array is shown
in figure 1. The MC GI POF individual cores and cladding
are assumed to be made of the same material as the single-
core POF core and cladding, respectively. The characterist-
ics of single-core GI POF were: the core diameter of the
fiber was 0.9 mm (fiber diameter was 1 mm), the refractive
index of the core measured at the fiber axis was n1 = 1.522

and the refractive index of the cladding was n2 = 1.492.
In order to avoid mode coupling between cores (inter-core
crosstalk), the MC GI POF with fiber diameter d = 1 mm
is designed from this single-core GI POF in such a way that
nine cores with radius a = 20 µm, arranged in an octa-
gonal geometry, have inter-core distances d0 = 400 µm and
d1 = 306 µm (the cores are uncoupled for d0 ≥ 7r0 and
d1 ≥ 7r0) [3]. We have obtained the coupling coefficient of
D = 1482 1/m [17].

With increasing radial offset ∆r or launch angle θ, higher-
order mode groups can be excited. The relation between the
radial offset∆r, angle θ and the principal mode m is [18]:

m
M

=

[(
∆r
a

)g

+
θ2

2∆

](g+2)/2g

. (5)

For the MC GI POF under investigation, the maximum
principal mode number in each of nine cores is M = 29 at
λ = 633 nm, g = 1.80101 and∆= (n1 − n2)/n1 = 0.019711.
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Figure 3 shows the evolution of the normalized output
modal power distribution P(m,λ,z) with fiber length for two
SDM channels launched at the input end of each carrier nine
cores of MC GI POF. The two co-propagating optical chan-
nels are launched at different input angles θ0 = 0 o and 15◦

thus maintaining a different angular orientation. In the numer-
ical calculations, for two optical channels we selected Gaus-
sian launch beam distribution P(θ, z) with (FWHM)0 = 0.127◦

by setting σ0 = 0.054◦. A Gaussian beam is assumed to be
launched with radial offset < ∆r ≥ 0 µm and standard devi-
ation σ∆r = 1.5 µm in equation (5). Results are shown for two
different input angles θ0 = 0◦ and 15◦. The angular power dis-
tributions in short fibers indicate that the coupling is stronger
for low-order modes (their angular power distributions have
already shifted towards θ0 = 0◦). As a result of redistribution
of the optical power from lower to higher order modes dur-
ing propagation, the coupling of higher-order modes can be
observed only after longer fiber lengths. Power distributions of
all modes have shifted their mid-points to zero at the coupling
length of Lc = 28 m (from their initial values at the input fiber
end), resulting in the equilibrium mode distribution (EMD),
figure 3(d).

Ring radiation pattern in very short fibers in figure 3(a)
indicate that the mode coupling is so low thus leading to a min-
imal crosstalk observed between two co-propagating optical
channels. With increasing a fiber length, a crosstalk between
two co-propagating optical channels continue to increase and
significantly influence the quality of light signals which are
transmitting through two channels along each carrier nine
cores (figure 3(b)). Finally, at fiber’s coupling length Lc the
mode-distribution of co-propagating optical channels which
is in the ring form, shift its mid-point to zero degrees, pro-
ducing the EMD in figure 3(c): Lc is 28 m. As a result, at
fiber lengths z ≥ Lc the modal distributions which corres-
ponded to different co-propagating optical channels are no
more spatially separated since they form a disk-type circu-
lar far field outputs. One can see that mode coupling signi-
ficantly limits the length of the MC GI POF with nine cores
at which the SDM can be realized. The maximum length for
practical realization of two-channel SDM in this nine-coreMC
GI POF is zSDM ≈ 5 m. It is worth noting that the lengths
zSDM up to which a minimal crosstalk is observed between
two neighbor co-propagating optical channels is much shorter
than the coupling length Lc at which the EMD is achieved
(figure 3(d)). A two-channel SDM in the investigated mul-
timode MC GI POF can be realized with a minimal crosstalk
up to the fiber length which is about 18% of the coupling
length. We have recently shown that the larger number of co-
propagating optical channels (three, four and five) in SI POFs,
the sooner crosstalk between the neighbor optical channels
appeared [10]. One can conclude that in increasing capacity of
optical fiber system, a SDM with two-channels and multicore
multiplexing can be realized with the proposed nine-core MC
GI POF at short fiber lengths up to ≈ 5 m (2 channels × 9
cores). Such characterization of optical fibers should be con-
sidered in designing an optical fiber transmission system with
multi-channel SDM inMCGI POFs. One should mention here
that a few-mode fibers with a quite limited number of modes

Figure 3. Normalized output power distribution at different
locations along each carrier nine cores of MC GI POF calculated for
two Gaussian input angles θ0 = 0◦ (solid line) and 15◦

(dashed-dotted line), with (FWHM)z =0 = 0.127◦ for: (a) z = 5 m;
(b) z = 10 m and (c) z = 28 m.

are also used for SDM in single-core and multicore fibers
[19, 20].

One should note that by calculating the normalized out-
put power distribution at different fiber lengths in the case of
multi-channel SDM, it is difficult to exactly predict the level
of the crosstalk which prohibits the system operation. In prac-
tice, for more accurate estimation of the SDM capacity of
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the particular MC GI POF, the transmission matrix should be
used, with taking into account the noise terms which depend
on the specific implementation of the receiver. But, our numer-
ical results can be used as a good approximation in the estima-
tion of the fiber length at which SDM could be realized in MC
GI POFs. SDM channels from different cores could be sep-
arated from each other by setting the proper positions of the
individual photo-detectors [21].

Finally, it is well known that the analytical solution of the
Helmholtz equation for graded (parabolic) fiber is given by the
superposition of the Laguerre-Gaussian modes [22]. However,
this analytical solution does not take into account all intrinsic
perturbation effects such as microscopic bends, irregularity of
the core–cladding boundary, and refractive-index distribution
fluctuations of the fiber, which are the source ofmode coupling
in the fiber. In the power flow equation approach employed in
this work, a mode coupling coefficient D takes into account
all intrinsic perturbation effects in the fiber. This is the main
advantage of the power flow equation approach if compared to
the Helmholtz equation approach.

4. Conclusion

A new design of multimode MC GI POF with nine cores
arranged in an octagonal array, with negligible inter-core
crosstalk, is proposed. The influence of mode coupling on
SDM capability in each carrier nine cores is investigated by
numerically solving the power flow equation. Our numerical
results show that mode coupling significantly limits the fiber
length at which the SDM can be realized with a minimal
crosstalk between two optical channels. Two optical chan-
nels with SDM in the proposed nine-core graded index plastic
optical fiber can be employed with a minimal crosstalk up to
the fiber length which is about 18% of the corresponding coup-
ling length. Such characterization of multicore optical fibers
should be considered in designing a multicore optical fiber
transmission system for SDM.
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1. Introduction

Glass optical fibers are often used for high-speed long-dis-
tance communication due to their low attenuation and high 
bandwidth [1]. Large-core (~1 mm diameter) plastic opti-
cal fibers are most frequently employed for short-distance 
(<100 m) communication links [2]. Plastic-clad silica fibers 
(PCSFs) have many applications in optical measurements, 
short-to-long distance communication and sensors [3–5]. The 
ease with which cladding can be removed makes PCSFs par-
ticularly useful for sensors when access to evanescent waves 
is desired.

The analysis and design of the refractive index profile of 
multimode fibers with the view of advancing fiber transmis-
sion characteristics have attracted much attention in the last 
few decades [1, 6, 7]. A variety of designs for step-index, 
graded-index and W-type fibers have been proposed either 

for long-distance communication links or high-capacity local 
area networks [1, 6–11]. It has been shown that waveguide 
dispersion is smaller in W-type fibers than in single-clad (SC) 
fibers [9]. W-type fibers have a wide transmission bandwidth 
and lower bending losses than the corresponding SC fibers.

Differential mode attenuation and mode coupling strongly 
affect the transmission characteristics of multimode opti-
cal fibers. Differential mode attenuation is a consequence of 
absorption and scattering of light within the fiber material, 
which reduces the transmitted power. Mode coupling transfers 
power between individual modes and is caused by the fiber’s 
intrinsic random anomalies. Mode coupling reduces modal 
dispersion, thus increasing fiber bandwidth. On the other hand, 
mode coupling increases fiber loss, especially in a curved 
fiber, and degrades beam quality. The properties of W-type 
fibers differ from those of SC fibers [9, 12, 13] because of 
the lossy leaky modes that propagate within the intermediate 
layer of W-type fibers. Higher-order modes which propagate 
along W-type fibers reduce their bandwidth and require that 
the group delay difference between modes be minimized by 
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optimizing the refractive index profile of such fibers [13]. As 
modal attenuation, coupling and dispersion affect the trans-
mission characteristics of W-type optical fibers, methods for 
calculating their contributions are needed.

In this work, we investigate how the bandwidth can be 
enhanced in the infrared wavelength region for variously con-
figured W-type PCSFs in terms of the width of the intermedi-
ate layers of the fiber and the refractive index of the outer 
cladding. One should mention that modal attenuation, cou-
pling and dispersion are included in our calculations.

2. Power flow equation

The time-dependent power flow for multimode W-type fibers 
is described by the following coupled-power equation [14]:

∂p(θ, z, t)
∂z

+ τ(θ)
∂p(θ, z, t)

∂t
= −α(θ)P(θ, z, t) +

1
θ

∂

∂θ

ï
D(θ)

∂p(θ, z, t)
∂θ

ò

 (1)
where t is time, θ is the propagation polar angle with respect 
to the core axis [14], p(θ, z, t) is power distribution over angle, 
space and time, τ(θ) is mode delay per unit length, D(θ) is the 
mode-dependent coupling coefficient and α(θ) = α0 + αd(θ) 
is the modal attenuation, where α0 represents conventional 
losses due to absorption and scattering. The term α0 leads 
only to a multiplier exp(−α0z) in the solution and is thus 
neglected. The term αd in the expansion of α(θ) is dominant 
for higher-order modes. The coupling coefficient is usually 
assumed constant [12, 15–17]. The method of solving equa-
tion  (1) and calculation of the bandwidth of W-type optical 
fibers is described in more detail in our previous work [18].
For the W-type fiber shown in figure 1, the modes whose prop-

agation angles are between θp ∼= (2∆p)
1/2 and θq ∼= (2∆q)

1/2, 
where ∆q = (n0 − nq)/n0and ∆p = (n0 − np)/n0, are leaky 
modes. The attenuation constants of leaky modes are given 
as [12, 15]

αL(θ) =
4
(
θ2 − θ2

p

)1/2
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1/2
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q − θ2
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 (2)
where k0 is the free-space wave number, a is the core radius 
and δa is the width of the intermediate layer (inner cladding). 
The modal attenuation in a W-type fiber can be expressed as 
[12, 15]

αd(θ) =






0; θ � θp

αL(θ); θp < θ < θq

∞; θ � θq.
 (3)

One can see that the attenuation constants of leaky modes (2) 
are wavelength dependent through the free-space wave num-
ber k0.

A W-type fiber can be regarded as a system consisting of 
an SCq fiber and cladding. In an SCq fiber, only modes with 
propagation angles smaller than the critical angle θq  can be 
guided. When an SCq fiber is surrounded by a medium of 
index np , the lower-order modes, whose propagation angles 
are smaller than the critical angle of the SCp  fiber θp, remain 
guided. The higher-order modes with angles between θp and 
θq  are transformed into leaky modes. It is shown that because 
of the strong dependence of αL(θ) on the intermediate layer 
width δa, steady-state characteristics of a W-type fiber depend 
on δa and coincide with those of SCp  and SCq fibers in the 
limits of δ  →  0 and δ  →  ∞, respectively [12].

In this work, to our best knowledge for the first time, 
we investigate how the bandwidth in W-type PCSFs can be 
enhanced by shifting from the red to the infrared wavelength 
region for different intermediate layer widths and refractive 
indices of the outer cladding. The results obtained could be 
applied when designing W-type PCSFs.

3. Numerical results

In this paper, we analyze bandwidth as well as steady-state 
loss at different wavelengths in a variously configured W-type 
PCSF. The structural characteristics of the fiber were as fol-
lows: core refractive index n0  =  1.4535, cladding refractive 
index nq  =  1.405 385, critical angle (measured inside the 
fiber) θm  =  14.75°, core diameter d  =  0.2 mm, fiber diameter 
b  =  0.23 mm [19]. The W-type PCSF is designed from this 
singly clad PCSF in such a way that the inner cladding of the 
W-type PCSF retains the refractive index nq of the SC PCSF’s 
cladding, while the outer cladding of the W-type PCSF has a 
refractive index np , which is higher than the refractive index 
nq of the inner cladding (figure 1). Three values were used 
in the modeling for the refractive index of the outer clad-
ding, np   =  1.445 5385, 1.439 3461 and 1.431 3855, corre-
sponding to critical angles θp  of 6°, 8° and 10°, respectively. 
The normalized intermediate layer widths δ  =  0.01, δ  =  0.02, 

Figure 1. Refractive index profile of a W-type fiber.
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δ  =  0.03 and δ  =  0.05 were employed (actual width is δa 
mm). The coupling coefficient D  =  6.4  ×  10−6 rad2 m−1 was 
used in the calculations [5]. In the calculations, the launch 
beam distribution was in the Gaussian form with a FWHM of 
2°. One should mention here that the change of depth of the 
intermediate layer has a negligible influence on the bandwidth 
of a W-type PCSF and is therefore not analyzed in this work.

We solved the time-dependent power flow equation  (2) 
using the explicit finite difference method for the coupling 
coefficient D  =  6.4  ×  10−6 rad2 m−1 for four different nor-
malized intermediate layer widths δ (0.01, 0.02, 0.03 and 
0.05). Our numerical solution of the time-dependent power 
flow equation  is illustrated in figure  2. It shows, in three 
inserts corresponding to three refractive indices of the outer 
cladding np   =  1.445 5385, 1.439 3461 and 1.431 3855, and 
for the Gaussian launch excitation with FWHM  =  2°, the 
evo lution of the bandwidth of the W-type PCSF with wave-
length at 1 km for different intermediate layer widths δ. One 

can observe in figure 2 that for the smallest intermediate layer 
width (δ  =  0.01) the influence of wavelength on bandwidth 
is negligible. This is due to large leaky mode losses; as these 
modes are practically not guided along the fiber, modal dis-
persion (bandwidth) changes little. With increasing interme-
diate layer width there is a wavelength-dependent decrease of 
bandwidth. This decrease is more pronounced at short wave-
lengths as leaky mode losses are then reduced, resulting in 
an increase in modal dispersion and decrease of fiber band-
width. For the wider layers (δ  =  0.02, 0.03 and 0.05), the rise 
in bandwidth with wavelength is more pronounced. It can be 
seen from figure 2 that for δ  =  0.01, 0.02 and 0.03, there is a 
maximum value of the bandwidth–distance product which is 
reached at wavelengths of 1.31 µm or 1.55 µm. For δ  =  0.5, 
the bandwidth–distance product increases monotonically with 
increasing wavelength.

With increasing refractive index of the outer cladding np  
(decreasing critical angle θp), there is an increase in leaky 

(a) (b)

(c)

Figure 2. Numerical results for bandwidth at 1 km as a function of wavelength for Gaussian launch excitation with FWHM  =  2°, δ  =  0.01, 
0.02, 0.03 and 0.05 and (a) θp   =  6, (b) θp   =  8° and (c) θp   =  10°.
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mode losses, which results in the highest values of the band-
width for the case of δ  =  0.01. It can be seen from figure 2 
that the improvement of the bandwidth of the W-type PCSF 
is more pronounced at longer fiber lengths. Since a narrow 
launch beam distribution is assumed in the calculations, only 
guided modes are excited at the input fiber length. Therefore 
the role of leaky modes is of less significance for short fiber 
lengths. Due to mode coupling, more leaky modes are filtered 
out at longer fiber lengths, leading to a significant improve-
ment in the bandwidth of the W-type PCSF.

Figure 3 shows steady-state loss as a function of wavelength 
for different intermediate layer widths δ and refractive indices 
np  of the outer cladding. One can observe that the influence of 
wavelength on steady-state loss is negligible in the case of the 
narrowest intermediate layer with δ  =  0.01. At longer wave-
lengths, and for δ  =  0.02, 0.03 and 0.05, leaky mode losses 

already become significant over short fiber lengths and these 
modes are mostly not guided further.

Figure 4 shows the trade-off relation between bandwidth 
and steady-state loss for a W-type PCSF. With increasing 
leaky mode losses the steady-state losses also increase. A 
trade-off relation between bandwidth and loss would have to 
be considered in designing the optimum W type PCSF by con-
trolling the intermediate layer thickness and refractive index 
of the outer cladding.

Finally, one should mention here that the numerical mod-
eling of the bandwidth of a W-type PCSF presented in this 
work can be employed in the investigation of other W-type 
optical fibers, such as W-type plastic optical fibers and W-type 
glass optical fibers, which have a step-index distribution of 
their core.

(a) (b)

(c) (d)

Figure 3. Steady-state loss at 1 km as a function of wavelength for Gaussian launch excitation with FWHM  =  2°, for three values of  
(np  =1.445 5385, 1.439 3461, 1.431 3855) in the case of (a) δ  =  0.01, (b) δ  =  0.02, (c) δ  =  0.03 and (d) δ  =  0.05.
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4. Conclusions

Bandwidth and steady-state loss are calculated by the time-
dependent power flow equation over a range of light wave-
lengths for a W-type PCSF with various intermediate layer 
widths and refractive indices of the outer cladding. It is shown 
that the bandwidth of a W-fiber broadens for longer wave-
lengths for all intermediate layer widths. This broadening of 
the bandwidth results from higher leaky mode losses and the 
consequent drop in modal dispersion. However, this influence 
of wavelength on bandwidth is negligible for narrow inter-
mediate layers. With increasing refractive index of the outer 
cladding the bandwidth also increases due to increased leaky 
mode losses.

Because the steady-state loss also increases with increasing 
leaky mode loss, a trade-off relationship between bandwidth 
and loss would have to be considered in designing the opti-
mum W-type PCSF. This can be done by controlling the width 
of the intermediate layer and the refractive index of the outer 
cladding at an appropriate infrared wavelength.

Acknowledgment

The work described in this paper was supported by the Strate-
gic Research Grant of City University of Hong Kong (project 

no. CityU 7004600) and by a grant from the Serbian Ministry 
of Education, Science and Technological Development (proj-
ect no. 171011).

References

	 [1]	 Jeunhomme L, Fraise M and Pocholle J P 1976 Propaga-
tion model for long step-index optical fibers Appl. Opt. 
15 3040–6

	 [2]	 Koeppen C, Shi W D, Chen R F and Garito A F 1998 Proper-
ties of plastic optical fibers J. Opt. Soc. Am. B 15 727–39

	 [3]	 Ruddy V and Shaw G 1995 Mode coupling in large-diameter 
polymer-clad silica fibers Appl. Opt. 34 1003–6

	 [4]	 Savovic S and Djordjevich A 2017 Mode coupling in multi-
mode step-index plastic-clad silica fibers with corrugated 
surfaces Opt. Laser Technol. 97 400–4

	 [5]	 Savovic S and Djordjevich A 2018 Mode coupling and its 
influence on space division multiplexing in step-index 
plastic-clad silica fibers Opt. Fiber Technol. 46 192–7

	 [6]	 Daido Y, Miyauchi E, Iwama T and Otsuka T 1979 Determi-
nation of modal power distribution in graded-index optical 
waveguides from near-field patterns and its application 
to differential mode attenuation measurement Appl. Opt. 
18 2207–13

	 [7]	 Yamashita T and Kagami M 2005 Fabrication of light-induced 
self-written waveguides with a W-shaped refractive index 
profile J. Lightwave Technol. 23 2542–8

(a) (b)

(c) (d)

Figure 4. Numerical results for the trade-off relation between bandwidth and steady-state loss for a W-type PCSF for Gaussian launch 
excitation with FWHM  =  2° and for four different wavelengths: (a) λ  =  650 nm, (b) λ  =  840 nm, (c) λ  =  1310 nm and (d) λ  =  1550 nm.

Laser Phys. 30 (2020) 025103

https://doi.org/10.1364/AO.15.003040
https://doi.org/10.1364/AO.15.003040
https://doi.org/10.1364/AO.15.003040
https://doi.org/10.1364/JOSAB.15.000727
https://doi.org/10.1364/JOSAB.15.000727
https://doi.org/10.1364/JOSAB.15.000727
https://doi.org/10.1364/AO.34.001003
https://doi.org/10.1364/AO.34.001003
https://doi.org/10.1364/AO.34.001003
https://doi.org/10.1016/j.optlastec.2017.07.024
https://doi.org/10.1016/j.optlastec.2017.07.024
https://doi.org/10.1016/j.optlastec.2017.07.024
https://doi.org/10.1016/j.yofte.2018.10.005
https://doi.org/10.1016/j.yofte.2018.10.005
https://doi.org/10.1016/j.yofte.2018.10.005
https://doi.org/10.1364/AO.18.002207
https://doi.org/10.1364/AO.18.002207
https://doi.org/10.1364/AO.18.002207
https://doi.org/10.1109/JLT.2005.850783
https://doi.org/10.1109/JLT.2005.850783
https://doi.org/10.1109/JLT.2005.850783


B Drljača et al

6

	 [8]	 Asai M, Inuzuka Y, Koike K, Takahashi S and Koike Y 2011 
High-bandwidth graded-index plastic optical fiber with low-
attenuation, high-bending ability, and high-thermal stability 
for home-networks J. Lightvawe Technol. 29 1620–6

	 [9]	 Mikoshiba K and Kajioka H 1978 Transmission character-
istics of multimode W-type optical fiber: experimental 
study of the effect of the intermediate layer Appl. Opt. 
17 2836–41

	[10]	 Dugas J and Maurel G 1992 Mode-coupling processes in 
polymethyl methacrylate-core optical fibers Appl. Opt. 
31 5069–79

	[11]	 Daum W, Krauser J, Zamzow P E and Ziemann O 2002 
Polymer Optical Fibers for Data Communication (Berlin: 
Springer)

	[12]	 Tanaka T P and Yamada S 1980 Numerical solution of power 
flow equation in multimode W-type optical fibers Appl. Opt. 
19 1647–52

	[13]	 Takahashi K, Ishigure T and Koike Y 2006 Index profile 
design for high-bandwidth W-shaped plastic optical fiber  
J. Lightwave Technol. 24 2867–76

	[14]	 Gloge D 1972 Optical power flow in multimode fibers Bell 
Syst. Tech. J. 51 1767–83

	[15]	 Simovic A, Savovic S, Drljaca B and Djordjevich A 2014 
Influence of intermediate layer on transmission characteris-
tics of W-type optical fibers Opt. Laser Technol. 57 565–9

	[16]	 Simovic A, Djordjevich A and Savovic S 2012 Influence of 
depth of intermediate layer on power distribution in W-type 
optical fibers Appl. Opt. 51 4896–901

	[17]	 Savovic S, Simovic A and Djordjevich A 2012 Explicit finite 
difference solution of the power flow equation in W-type 
optical fibers Opt. Laser Technol. 44 1786–90

	[18]	 Simovic A, Savovic S, Drljaca B and Djordjevich A 2015 
Influence of the fiber design and launch beam on transmis-
sion characteristics of W-type optical fibers Opt. Laser 
Technol. 68 151–9

	[19]	 Kagami M, Kawasaki A, Yonemura M, Nakai M, Mena P V 
and Selviah D R 2016 Encircled angular flux representa-
tion of the modal power distribution and its behavior 
in a step index multimode fiber J. Lightwave Technol. 
34 943–51

Laser Phys. 30 (2020) 025103

https://doi.org/10.1109/JLT.2011.2134834
https://doi.org/10.1109/JLT.2011.2134834
https://doi.org/10.1109/JLT.2011.2134834
https://doi.org/10.1364/AO.17.002836
https://doi.org/10.1364/AO.17.002836
https://doi.org/10.1364/AO.17.002836
https://doi.org/10.1364/AO.31.005069
https://doi.org/10.1364/AO.31.005069
https://doi.org/10.1364/AO.31.005069
https://doi.org/10.1364/AO.19.001647
https://doi.org/10.1364/AO.19.001647
https://doi.org/10.1364/AO.19.001647
https://doi.org/10.1109/JLT.2006.876090
https://doi.org/10.1109/JLT.2006.876090
https://doi.org/10.1109/JLT.2006.876090
https://doi.org/10.1002/j.1538-7305.1972.tb02682.x
https://doi.org/10.1002/j.1538-7305.1972.tb02682.x
https://doi.org/10.1002/j.1538-7305.1972.tb02682.x
https://doi.org/10.1016/j.optlastec.2013.10.024
https://doi.org/10.1016/j.optlastec.2013.10.024
https://doi.org/10.1016/j.optlastec.2013.10.024
https://doi.org/10.1364/AO.51.004896
https://doi.org/10.1364/AO.51.004896
https://doi.org/10.1364/AO.51.004896
https://doi.org/10.1016/j.optlastec.2012.01.018
https://doi.org/10.1016/j.optlastec.2012.01.018
https://doi.org/10.1016/j.optlastec.2012.01.018
https://doi.org/10.1016/j.optlastec.2014.11.021
https://doi.org/10.1016/j.optlastec.2014.11.021
https://doi.org/10.1016/j.optlastec.2014.11.021
https://doi.org/10.1109/JLT.2016.2516644
https://doi.org/10.1109/JLT.2016.2516644
https://doi.org/10.1109/JLT.2016.2516644


Laser Physics
     

PAPER

Influence of wavelength on equilibrium mode distribution and steady
state distribution in W-type plastic optical fibers
To cite this article: B Drljaa et al 2020 Laser Phys. 30 075101

 

View the article online for updates and enhancements.

This content was downloaded from IP address 147.91.1.41 on 27/05/2020 at 13:46

https://doi.org/10.1088/1555-6611/ab8934


Astro Ltd Laser Physics

Laser Phys. 30 (2020) 075101 (6pp) https://doi.org/10.1088/1555-6611/ab8934

Influence of wavelength on equilibrium
mode distribution and steady state
distribution in W-type plastic
optical fibers
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Abstract
Wavelength dependence of equilibrium mode distribution (EMD) and steady state distribution
(SSD) in W-type plastic optical fibers (POFs) is investigated in this paper for parametrically
varied width of the fiber’s intermediate optical layer and refractive index of the outer cladding.
We have shown that with increasing the wavelength EMD and SSD are achieved at shorter
W-type POF lengths. This is explained by the rise of the leaky mode losses with increasing
wavelength. This facilitates tailoring W-fibers to a specific application at hand at different
wavelengths.

Keywords: W-fiber, plastic optical fiber, equilibrium mode distribution, steady state distribution,
power flow equation

1. Introduction

Optical fibers made of glass dominate in long-distance com-
munication networks. Plastic optical fibers (POFs), with their
higher attenuation and lower transmission bandwidth, are
restricted to local area networks with short data links [1–3].
POFs possess important advantages over their glass coun-
terparts. Specifically, POFs may be manufactured with large
core diameters (0.5–1 mm or larger), allowing for intercon-
nections with low-precision plastic components and reducing
the overall cost of the system. POFs have excellent flex-
ibility and are more easily handled than glass fibers. They
impose less stringent constraints on the light source and even
luminescent diodes are suitable sources for multimode fibers.
Hence, a variety of POF applications have been developed
and commercialized, from simple light-transmission guides
in displays, to sensors and short-haul communication
links [2–4].

The analysis and design of the refractive index profile of a
multimode fiber, with a view  to advancing fiber transmission

characteristics, have attracted  significant attention in the last
few decades [5–8]. A variety of designs of step-index, graded
index and W-type fibers (fibers with core and two claddings)
has been proposed for  either long-distance communication
links or high capacity local area networks [6–8]. It has been
shown that waveguide dispersion is smaller in  a W-type fiber
than it is in  a single-clad (SC) fiber [9]. A W-type fiber with an
intermediate layer binds the guided modes more firm ly to the
core and reduces the effective numerical aperture of the fiber.
Consequently, a W-type fiber has a wider transmission band-
width and lower bending losses compared to a corresponding
SC fiber.

Optical fibers inevitably incorporate irregularities in the
form of shape-variation or material inhomogeneity includ-
ing voids and cracks. Such random irregularities in mul-
timode optical fibers cause light diffraction that couples power
between the propagating modes. This mode coupling is an
effect in addition to the reduction of the transmitted power
by differential mode attenuation. Both strongly influence fiber
transmission characteristics.

1555-6611/20/075101+6$33.00 1 © 2020 Astro Ltd Printed in the UK

https://doi.org/10.1088/1555-6611/ab8934
mailto:savovic@kg.ac.rs
http://crossmark.crossref.org/dialog/?doi=10.1088/1555-6611/ab8934&domain=pdf&date_stamp=2020-05-27


Laser Phys. 30 (2020) 075101 B Drljača et al

Figure 1. Refractive index profile of a W-fiber.

On the positive side, coupled modes may be less dispersed
for a multimodal launch. This translates into higher band-
width. However, mode coupling also leads to higher losses,
particularly in curved segments. Moreover, the output field is
altered and generally degraded as it contains modes of high
order even if the launch was restricted to modes of only low
order. W-fibers are more resilient to these effects. Their inter-
mediate layer between the core and cladding retains some
lossy leaky modes [9–14]. Yet, the more complex profile of
the refractive index of the fiber opens the possibility of the
optimization of such profile.

Angular input optical power distribution that results from
a specific launch  becomes gradually modified with distance
from the input fiber end by the effect of mode coupling [15].
The expected beam properties, including the far-field radiation
pattern, are altered as a consequence. The far-field pattern of
an optical fiber is determined by the optical power distribu-
tion, which depends on the launch conditions, fiber proper-
ties and fiber length. Light launched at a specific angle θ0 >
0 with respect to the fiber axis will form a sharply defined
ring radiation pattern at the output end of only short fibers.
Because of mode coupling, the boundary (edges) of such a
ring become fuzzy at the end of longer fibers. Up to a ‘coup-
ling length’ Lc from the input fiber end, the extent of this
fussiness increases further with fiber length and the ring pat-
tern evolves gradually into a disk extending across the entire
fiber cross-section. An equilibrium mode distribution (EMD)
exists beyond the coupling length Lc of the fiber. It is char-
acterized by the absence of rings regardless of launch condi-
tions, even though the resulting light distribution of the disk-
pattern may vary with launch conditions. EMD indicates a sub-
stantially complete mode coupling. It is of critical importance
when measuring characteristics of multimode optical fibers
(linear attenuation, bandwidth, etc). At distance zs (zs > Lc)
from the input fiber end, all individual disk patterns corres-
ponding to different launch angles take the same light distri-
bution across the fiber section and the steady state distribution
(SSD) is achieved. SSD indicates the completion of the mode
coupling process and the independence of the output light dis-
tribution from launch conditions.

The ‘ coupling coefficient’ D has been used widely
[16–19] to describe how power is transferred between modes.
This allowed modeling by the power flow equation of the
angular power distributions in the far field fiber output as a

function of the fiber length and conditions of launch. For a
W-type POF, the main goal of this work is to investigate the
influence of wavelength on the length of fiber at which EMD
is achieved, and on the length of fiber zs that marks the onset of
the SSD. In this process, the width of the fiber’s intermediate
layer and refractive index of the outer cladding were varied
parametrically to facilitate the selection of their optimal val-
ues for a particular wavelength. The angular mode distribution
model used in this work is valid only for step index W-type
fibers and only for far field distribution.

2. Power flow equation

The Gloge’s time-independent power flow equation is [16]:

∂P(θ,z)
∂z

=−α(θ)P(θ,z)+
D
θ

∂P(θ,z)
∂θ

+D
∂2P(θ,z)

∂θ2
(1)

where θ is the mode angle, P(θ,z) is the power distribution
over angle θ, α(θ) is the modal attenuation and D is a con-
stant ‘coupling coefficient’. It is assumed that mode coupling
mainly occurs between neighboring modes due to the fact that
coupling strength decreases sufficiently fast with the mode
spacing [16]. This assumption is commonly used in modeling
a mode coupling process both in SC and W-type fibers [16–
20]. Describing the evolution of the modal power distribution
along the fiber, equation (1) is the time-independent power
flow equation with the mode angle θ taken as a continuous
variable, where the next-neighbor mode coupling is assumed
as a diffusion process in a continuum. Modal attenuation α(θ)
can be expanded into α(θ) = α0 + αd(θ). The term α0 repres-
ents conventional losses by absorption and scattering. It can
be neglected in the solution because it would feature as just a
fixed multiplier exp (−α0z). The term αd(θ) in the expansion
of α(θ) is dominant for higher order modes. Boundary condi-
tions for (1) are P(θm, z) = 0◦ and D∙(∂P/∂θ) = 0 at θ = 0◦,
with θm denoting the largest propagation angle. The condition
P(θm, z) = 0 implies that modes with infinitely high loss do
not carry power. Condition (∂P/∂θ) = 0 at θ = 0 indicates
that the coupling is limited to modes propagating with θ > 0.

Figure 1 represents the index profile of a W-fiber with n0,
np and nq (n0 > np> nq) being indices of refraction of the
core, cladding, and intermediate layer, respectively. Modes
propagating at angles that are between θp ∼= (2∆p)

1/2 and θq ∼=
(2∆q)

1/2 have been shown to be leaky modes [9, 20]; here,
∆p = (n0 − np)/n0 or ∆q = (n0 − nq)/n0 is the relative differ-
ence of the refraction index of the cladding, or (respectively)
intermediate layer, to that of the core.

Denoting the free-space wave number as k0 = 2π/λ and
expressing the thickness of the intermediate layer as δ · a
where a is the core-radius, the constants of attenuation of leaky
modes are given as [9]:

αL(θ) =
4
(
θ2 − θ2

p

)1/2

a(1− θ2)
1/2

θ2
(
θ2

q − θ2
)

θ2
q

(
θ2

q − θ2
p

)
exp
[
−2δan0k0

(
θ2

q − θ2
)1/2

]
. (2)
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Figure 2. Normalized angular power distribution for FWHM = 7.5◦, λ = 568 nm, np = 1.4693, δ = 0.001 and D = 3.5 ×
10−4 rad2 m−1, for four launch angles θ0 = 0◦, 4◦, and 8◦, at lengths: (a) 1 m, (b) 6 m, (c) 12 m and (d) 24 m.

All guided modes in SC fibers, regardless of their propaga-
tion angle θ, are attenuated equally; the attenuation rises
steeply for radiated modes. For W-type fibers, this can be gen-
eralised in terms of αd(θ) in the already introduced expansion
for attenuation α(θ) = α0 + αd(θ), in which α0 = const, and
where:

αd(θ) =

 0 θ ≤ θp
αL(θ) θp < θ < θq
∞ θ ≥ θq

. (3)

Equation (3) can also be explained in the following way:
if one thinks of a W-fiber as having a vanishing, and then
infinite, thickness of its intermediate layer δ · a (a is the core
radius) ,  with δ→0, and then δ→∞, two distinct SC (SCp and
SCq) fibers result with respective critical angles of θp and
then θq, respectively. This results in three subdomains for the

propagation angle, evident in equation (3): less than one crit-
ical angle, greater than the other, and between the two of them.
Modes propagating at angles between the two critical angles
θp and θq are termed leaky modes. For that range, strong influ-
ence of the intermediate layers’ thickness δ · a on αL(θ) in (3)
has been noted [9].

The characteristics of W-fibers were reported to vary
strongly with the intermediate layer’s width δ · a. As men-
tioned, they approach those of corresponding SCp or SCq

fibers when, respectively, the thickness either vanishes or
approaches infinity [9], under SSD conditions. Also of influ-
ence is the index of refraction np of the outer cladding
(figure 1). The influence is investigated in this paper of the
width of intermediate layer and index of refraction np on the
length Lc for achieving the EMD and length zs for reaching
the SSD—at different wavelengths. This facilitates tailoring
W-fibers to a specific application at hand.
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Figure 3. Wavelength dependence of length Lc for Gaussian launch excitation with FWHM = 7.5◦, δ = 0.001, 0.002 and 0.03, and
(a) np = 1.4775, (b) np = 1.4693 and (c) np = 1.4591.

3. Numerical results

The length Lc at which EMD is achieved and the length
zs for establishing the SSD are analysed in this work at
different wavelengths for the W-type POF. The fiber struc-
tural characteristics were: core refractive index n0 = 1.492,
cladding refractive index nq = 1.4057, critical angle (meas-
ured inside the fiber) θm = 19.6◦, core diameter d = 0.98
mm, and fiber diameter b = 1 mm [21]. The W-type POF is
designed from this singly-clad POF in such a way that the W-
type POF’s inner cladding retains the refractive index nq of
the SC POF’s cladding, while an outer cladding of the W-type
POF has a refractive index np, which is higher than the refract-
ive index nq of the inner cladding (figure 1). The three values

of the refractive index of the outer cladding np were used in
the modeling: np = 1.4775, 1.4693, 1.4591, corresponding to
the critical angles θp = 8◦, 10◦, 12◦, respectively. The nor-
malized intermediate layer widths δ = 0.01, δ = 0.02 and δ
= 0.03 were employed (actual width is δ·a mm). We solved
the time-independent power flow equation (1) using explicit
finite difference method for the coupling coefficient D = 3.5
× 10−4 rad2 m−1 [4]. In the calculations, the launch beam
distribution was in the Gaussian form with an FWHM = 7.5◦.
One should mention here that the change of depth of the inter-
mediate layer has a negligible influence on the lengths Lc and
zs of the W-type POFs, and therefore is not analyzed in this
work. Length Lc for reaching EMD is determined as a length
at which the angular power distribution of the highest guiding

4



Laser Phys. 30 (2020) 075101 B Drljača et al

Figure 4. Wavelength dependence of length zs for Gaussian launch excitation with FWHM = 7.5◦, δ = 0.001, 0.002 and 0.03, and
(a) np = 1.4775, (b) np = 1.4693 and (c) np = 1.4591.

modes shifted their maxima to θ = 0◦. Length zs for achieving
SSD is determined as a length at which the angular light distri-
bution stops evolving with further increase of the fiber length
(becomes steady).

In figure 2 our numerical solution of the power flow equa-
tion is presented by showing the evolution of the normalized
output power distribution with fiber length for a W-type POF
with characteristics np = 1.4693 (θp = 10◦), δ = 0.001 and
D = 3.5 × 10−4 rad2 m−1 at λ = 568 nm, for Gaussian
launch distribution with FWHM = 7.5◦, for three different
input angles θ0 = 0◦, 4◦ and 8◦ (measured inside the fiber).
One can observe from figure 2 that when the launch distribu-
tion at the input end of the fiber is centered at θ0 = 0◦, the
power distribution remains at the same angle as the distance
from the input fiber end increases, but its width increases due

to mode coupling. The  radiation patterns in figure 2(a) of non-
centrally launched beams in short fibers are centered at val-
ues which are close to their initial values. With increasing the
fiber length one can observe from figure 2(b) that coupling
is stronger for the low-order modes: their distributions have
shifted more towards θ = 0◦. Coupling of higher-order modes
can be observed only after longer fiber lengths. It is not until
the fiber’s coupling length Lc that all the mode-distributions
shift their mid-points to zero degrees (from the initial value of
θ0 at the input fiber end), producing the EMD in figure 2(c) of
Lc = 12 m. Steady state distribution is achieved at length zs =
24 m in figure 2(d).

One can observe in figures 3 and 4 that for the smal-
lest width of intermediate layer (δ = 0.001), the influence
of wavelength on lengths Lc and zs is negligible. This is

5
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due to large leaky mode losses; as these modes are practic-
ally not guided along the fiber. With increasing width of the
intermediate layer, there is a wavelength-dependent decrease
of lengths Lc and zs. This decrease is more pronounced at
short wavelengths as leaky mode losses are then reduced, i.e.
a smaller number of leaky modes remain guided at larger
wavelengths at longer fiber lengths, resulting in a drop of fiber
lengths Lc and zs. The lengths Lc and zs are larger in the case
of wider intermediate layer widths (larger δ). Since the leaky
modes are reduced at short transmission length in the case of a
thinner intermediate layer, it consequently takes a shorter fiber
length zs for the onset of SSD—compared to the case with a
wider intermediate layer. As the refractive index of the outer
cladding np decreases (θp increases), EMD and SSD occur
at longer fiber lengths, which is attributed to the correspond-
ingly increasing number of guiding modes. The smaller the
parameter np, the longer the fiber length required for comple-
tion of the coupling process.

Since it is found that with increasing the wavelength the
leaky mode losses rise, the EMD and SSD are established at
shorter fiber lengths—the shorter the length at which equilib-
rium mode distribution is achieved, the earlier the bandwidth
switches from the functional dependence of 1/z–1/z1/2 (faster
bandwidth improvement) [15].

4. Conclusion

Equilibrium mode distribution (EMD) and steady state distri-
bution (SSD) of power are investigated for a varied W-type
POF’s width of intermediate layer and refractive index of the
outer cladding. The length Lc at which EMD is achieved and
length zs marking the onset of the SSD decrease with increas e
of the wavelength. This is a result of the rise of the leaky mode
losses with rising wavelength, which is to say that a smaller
number of leaky modes continue to be guided in longer fibers
at larger wavelengths.

The lengths Lc and zs are larger in the case of wider inter-
mediate layer widths (larger δ). Since the leaky modes are
reduced at short transmission length in the case of a thinner
intermediate layer, it consequently takes a shorter fiber length
zs for the onset of SSD , compared to the case with a wider
intermediate layer.

As refractive index of the outer cladding np decreases (θp
increases), the number of guiding modes increases, and EMD
and SSD  are established at longer fiber lengths. The smaller
the parameter np, the longer the fiber length required for com-
pletion of the coupling process.
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ABSTRACT
By solving the power flowequation,we investigate the influence ofmode coupling on space division
multiplexing capability of three multimode step-index silica optical fibres with a different strengths
of mode coupling. Results show that mode coupling significantly limits the length of these fibres
at which the space division multiplexing can be realized with a minimal crosstalk between the
neighbour optical channels. This is most pronounced in silica optical fibres with the strongest mode
coupling. The two and three spatiallymultiplexed channels in the investigated step-index silica opti-
cal fibres can be employedwith aminimal crosstalk up to the fibre lengths of few hundred ofmeters
and few tens ofmeters, respectively. These lengths aremuch shorter than kilometer lengths atwhich
these fibres are usually employedwithout space divisionmultiplexing. Such characterization of opti-
cal fibres should be considered in designing an optical fibre transmission system for space division
multiplexing.
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1. Introduction

During the last decades, global network traffic increased
exponentially, mainly due to the rapid Internet evolu-
tion (1). With the increasingly use of video on demand,
cloud storage and computing, and the emerging Inter-
net of things, the trends show no sign of decline. Most
of this data traffic is now supported by optical fibre sys-
tems. This capacity increase was caused by successive
technology improvements: low losses single-mode fibres,
fibre amplifiers, multiplexing, and high-efficiency spec-
tral coding (1). Multiplexing of optical data can be real-
ized not only in wavelength, but also in polarization,
in time, in phase and in space. Multiplexing technique
can be employed both in low-power and high-power
optical fibre transmission systems (1,2). Space division
multiplexing (SDM) including mode division multiplex-
ing using multimode fibres or few-mode fibres and/or
core multiplexing using multicore fibres, has attracted
much attention in the last decade for the next multiplica-
tive capacity growth for optical communication (1,3–8).
SDM may operate at the same wavelength or different
wavelengths (9). In the case of SDM at the same wave-
length, radially distributed, dedicated spatial locations
are assigned to every SDM channel inside the carrier

CONTACT Svetislav Savović savovic@kg.ac.rs Faculty of Science, University of Kragujevac, R. Domanovića 12, Kragujevac 34000, Serbia; City
University of Hong Kong, 83 Tat Chee Avenue, Kowloon Tong, Hong Kong, People’s Republic of China; Alexandar Djordjevich mealex@cityu.edu.hk
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fibre as these channels traverse the length of the carrier.
The location of the each channel inside the fibre is a
function of the launch angle and the strength of mode
coupling. In practice the channel launched with input
angle θ0 = 0o along the fibre axis appears in the form of
disk, while all subsequent channels launched with θ0 > 0
appear as concentric rings. The centre disk and each ring
represent a separate spatially modulated optical channel,
thereby enhancing the bandwidth of optical fibre system
(Figure 1).

Transmission characteristics of multimode step-index
optical fibres depend upon the differential mode attenu-
ation and rate of mode coupling (9,10). The latter rep-
resents power transfer from adjacent modes caused by
fibre impurities and inhomogeneities introduced dur-
ing the fibre manufacturing process (such as micro-
scopic bends, irregularity of the core–cladding bound-
ary, and refractive index distribution fluctuations) (11).
Mode coupling is very important for SDM because SDM
involves tightly packing spatial channels into a fibre, thus
making crosstalk between channels an obvious potential
problem.

Angular input optical power distribution that results
from a specific launch gets modified gradually with
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Figure 1. Minimalistic system design of three-channel SDM sys-
tem. One channel is with input angle along the fibre axis and two
channels launched with θ0 > 0, which appear in the far field as
a centre disk and two concentric rings, respectively. The centre
disk and two concentric rings represent a three separate spatially
modulated optical channels.

distance from the input fibre-end by the effect of mode
coupling. The expected beam properties, including the
far-field radiation pattern, are altered as a consequence.
The far-field pattern of an optical fibre is determined
by the optical power distribution that depends on the
launch conditions, fibre properties and fibre length. Light
launched at a specific angle θ0 > 0 with respect to the
fibre axis will form a sharply defined ring radiation pat-
tern at the output end of only short fibres. Because of
mode coupling, the boundary (edges) of such a ring
become fuzzy at the end of longer fibres. Up to a ‘cou-
pling length’ Lc from the input fibre end, the extent of this
fussiness increases further with fibre length and the ring-
pattern evolves gradually into a disk extending across the
entire fibre cross-section. An equilibriummode distribu-
tion (EMD) exists beyond the coupling length Lc of the
fibre. It is characterized by the absence of rings regardless
of launch conditions, even though the resulting light dis-
tribution of the disk-pattern may vary with launch con-
ditions. EMD indicates a substantially complete mode
coupling.

Since the information regarding the SDM in silica
optical fibres (SOFs) is missed in the literature, in this
work, by numerical solving the power flow equation,
we examine the state of mode coupling in three multi-
mode SI SOFs with NA = 0.22 and different strengths
of mode coupling, investigated earlier by Hurand et al.
(12). This enables one to obtain the limits of the fibre
lengths up to which a SDM can be realized with mini-
mal crosstalk between the two and three co-propagating
optical channels.

2. Power flow equation

Gloge’s power flow equation is (10):

∂P(θ , z)
∂z

= −α(θ)P(θ , z) + D
θ

∂

∂θ

(
θ
∂P(θ , z)

∂θ

)
(1)

where P(θ ,z) is the angular power distribution, z is the
distance from the input end of the fibre, θ is the propaga-
tion angle with respect to the core axis, D is the coupling
coefficient assumed constant (10,13–15) and α(θ) is the
modal attenuation. Except near cutoff, the attenuation
remains uniform α(θ) = α0 throughout the region of
guided modes 0 ≤ θ ≤ θc (14) (it appears in the solution
as the multiplication factor exp(–α0 z) that also does not
depend on θ). Therefore, α(θ) need not be accounted for
when solving (1) for mode coupling and this equation
reduces to (15):

∂P(θ , z)
∂z

= D
θ

∂P(θ , z)
∂θ

+ D
∂2P(θ , z)

∂θ2
(2)

Numerical solution of the power flow Equation (2)
was obtained using the explicit finite-difference method
(15,16), for Gaussian launch-beam distribution of the
form:

P(θ , z) = 1
σ
√
2π

exp
[
− (θ − θ0)

2

2σ 2

]
(3)

with 0 ≤ θ ≤ θc, where θ0 is the mean value of the inci-
dence angle distribution, with the full width at half max-
imum FWHM = 2σ

√
2 ln 2 = 2.355σ (σ is standard

deviation).

3. Results and discussion

In this paper, by numerical solving the power flow
equation, we analyse mode coupling in three multi-
mode SI SOFs used in the previously reported experi-
ment (12). The first fibre has core diameter dcore = 100
μm and clad diameter dclad = 660 μm (100/660 fibre),
the second fibre has dcore = 200 μm and clad diam-
eter dclad = 745 μm (200/745 fibre), while the third
fibre has core diameter dcore = 400 μm and clad diam-
eter dclad = 720 μm (400/720 fibre). All fibres have
NA = 0.22, core refractive index n = 1.4570 at λ =
633 nm and critical angle θc = 8.8° (measured inside the
core). Hurand et al. (12) obtainedD = 4.9×10−7 rad2/m
for 100/600 fibre, D = 1.9×10−6 rad2/m for 200/745
fibre and D = 6.4×10−6 rad2/m for 400/720 fibre at λ

= 633 nm – which we have adopted in this work. One
should mention here that the advantage of our method
for calculating the coupling coefficient D, which was
employed by Hurand et al. (12) for SI SOFs investigated
in their work as well as we investigate in this work, is that
one can determine D on the basis of the measurement
of the evolution of the angular power distribution at two
arbitrary chosen fibre lengths. These two lengths could
be very short, as it was the case in the Hurand et al.’ mea-
surements (z = 0 and 2m). The coupling coefficient is
assumed constant (independent on θ and z) (10,13–15)
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and it can be used in the calculations of output angular
power distributions at any fibre length.

In Figures 2–4, our numerical solution of the power
flow equation is presented by showing the evolu-
tion of the normalized output power distribution with
fibre length for 100/660, 200/745 and 400/720 fibre at
λ = 633 nm. The three co-propagating optical chan-
nels are launched at different input angles θ0 = 0°, 3°
and 6° thus maintaining a different spatial orientation.
For three optical channels we selected Gaussian launch
beam distribution with (FWHM)0 = 0.127° by setting
σ 0 = 0.054° in Equation (3) (12,16). In the case of three
optical channels, ring radiation patterns in very short
fibres in Figures 2(a), 3(a) and 4(a) indicate that themode
coupling is so low that their distributions still are posi-
tioned at their initial angular values. With increasing
fibre length the Gaussian distributions broaden due to
mode coupling leading to a minimal crosstalk observed
between the neighbour co-propagating optical channels
shown in Figures 2(b), 3(b) and 4(b) (aminimal crosstalk
is assumed to occur at fibre length at which a tails of
the neighbour Gaussian distributions (channels) over-
lap with intensity of ≈15%). The fibre lengths in Fig-
ures 2(b), 3(b) and 4(b) actually mark the lengths zSDM

up to which a practical realization of three-channels
space division multiplexing can be done in three inves-
tigated SOFs with a minimal crosstalk. With further
increasing a fibre length, a crosstalk between neighbour
co-propagating optical channels continue to increase
and significantly influence the quality of light signals
which are transmitting through the channels (Figures
2(c), 3(c) and 4(c)). Finally, at fibre’s coupling length
Lc the mode-distributions of two co-propagating optical
channels which are in the ring form, shift their mid-
points to zero degrees, producing the EMD in Figures
2(d), 3(d) and 4(d): Lc is 5400, 1380 and 430m, for
100/660, 200/745 and 400/720 fibre, respectively. As a
result, at fibre lengths z ≥ Lc the three Gaussian distribu-
tions which corresponded to three spatially multiplexed
co-propagating optical channels are no more spatially
separated since they form a disk-type circular outputs.
One can see that mode coupling significantly limits the
length of the SOFs at which the space division multiplex-
ing can be realized. This limitation is most pronounced
in 400/720 SOF which showed the strongest mode cou-
pling, with reducing the length for practical realization
of three-channels space division multiplexing up to zSDM
≈ 11m. In 100/660 fibre and 200/745 fibre these lengths

Figure 2. Normalized output angular power distribution at different locations along the 100/600 silica fibre with coupling coefficient
D = 4.9×10–7 rad2/m calculated by numerical solving the power flow equation for three Gaussian input angles θ0 = 0° (solid line), 3°
(dashed line) and 6° (dash-dotted line) with (FWHM)z=0 = 0.127° for: (a) z = 10m; (b) z = 120m; (c) z = 1000m and (d) z = 5400m.
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Figure 3. Normalized output angular power distribution at different locations along the 200/745 silica fibre with coupling coef-
ficient D = 1.9×10−6 rad2/m calculated by numerical solving the power flow equation for three Gaussian input angles θ0 = 0°
(solid line), 3° (dashed line) and 6° (dash-dotted line) with (FWHM)z=0 = 0.127° for: (a) z = 3m; (b) z = 40m; (c) z = 230m and
(d) z = 1380m.

are zSDM ≈ 120m and ≈ 40m, respectively. It is worth
noting that the lengths zSDM up to which a minimal
crosstalk is observed between the three neighbour co-
propagating optical channels are much shorter than the
corresponding coupling lengths Lc at which the EMD is
achieved (Figures 2(d), 3(d) and 4(d)); the length zSDM is
2.2%, 2.6% and 2.8% of the coupling length for 100/600
fibre, 200/745 fibre and 400/720 fibre, respectively. In the
case of two propagating channels, which are launched
at different input angles θ0 = 0 and 7°, the length zSDM
is 10.0%, 10.9% and 10.4% of the coupling length for
100/600 fibre, 200/745 fibre and 400/720 fibre, respec-
tively (Table 1). It is interesting to note that zSDM signifi-
cantly decreases up to D ≈ 2 × 10−6 rad2/m, and there-
after this decrease is much slower (Figure 5). In general,
a larger number of co-propagating optical channels, a
sooner crosstalk between the neighbour optical channels
would appear. In practice, a tradeoff between a number
of co-propagating optical channels and a length of fibre
which one expect to transmit the spatially multiplexed
signals with minimal crosstalk between the neighbour
optical channels should be considered for a particular
fibre use.

Finally, one should mention that Hurand et al.
reported the coupling coefficient D at three different
wavelengths only for 200/745 fibre: D = 2.4 × 10−6, 1.8
× 10−6 and 1.5 × 10−6 rad2/m at λ = 403, 633 and
1064 nm, respectively. By numerical extrapolation, using
Hurand et al.’s dependence D ≈ λ–1/2 we obtained D
≈ 1.2 ×10−6 rad2/m at λ = 1550 nm. By solving the
Equation (2), we obtained that the lengths zSDM for two-
and three-channel SDMfor 200/745 fibre atλ = 1550 nm
are 153 and 41m, respectively. One can see that differ-
ence between the length zSDM whichwe calculated at λ =
633 nm (Table 1) and zSDM at 1550 nm is negligible (it is
about 2.5%). Thus for other two investigated silica fibres,
100/660 fibre and 400/720 fibre, the lengths zSDM at λ =
633 nm (shown in Table 1) can be used as a good approx-
imation of the lengths at which SDM can be realized at λ
= 1550 nm too.

In our previous work (17), we have shown that step-
index glass optical fibre with a critical angle θ c =
7.26° (measured inside the core) and coupling coefficient
D = 7.9 × 10−7 rad2/m at λ = 633 nm has a coupling
lengthLc = 1800m.Weobtain in this work that two- and
three-channels space division multiplexing in this fibre
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Figure 4. Normalized output angular power distribution at different locations along the 400/720 silica fibre with coupling coefficient
D = 6.4× 10−6 rad2/m calculated by numerical solving the power flow equation for three Gaussian input angles θ0 = 0° (solid line), 3°
(dashed line) and 6° (dash-dotted line) with (FWHM)z=0 = 0.127° for: (a) z = 2m; (b) z = 11m; (c) z = 55m and (d) z = 430m.

Table 1. Length zSDM for two and three spatially multiplexed
channels with minimal crosstalk in SI SOFs with different mode
coupling coefficientDmeasured atλ = 633 nm. Lc is the coupling
length at which the equilibriummode distribution is achieved.

Fibre type D (rad2/m) zSDM (m) (2-channel) zSDM (m) (3-channel) Lc (m)

100/660 4.9× 10−7 540 120 5400
200/745 1.9× 10−6 150 40 1380
400/720 6.4× 10−6 45 11 430

can be realized up to zSDM ≈ 45 and 12m, respectively,
which is consistent with results for 100/660, 200/745 and
400/720 fibre at λ = 633 nm.

To conclude, for the current case study, decreasing the
core/clad diameter ratio has resulted in the decrease of
themeasuredmode coupling strengthD, and the increase
of the calculated ZSDM , indicating the efficient length for
spatial multiplexing, which is useful for long distance
communication. An optical fibre with weaker mode cou-
pling is better choice for SDM. Such characterization of
optical fibres should be considered in designing an opti-
cal fibre transmission system with space division mul-
tiplexing. A number of co-propagating optical channels
in optical fibres can be increased by choosing an optical
fibre with larger NA and keeping a reasonable large input

Figure 5. Length zSDM for two and three spatially multiplexed
channels with minimal crosstalk in SI SOFs as a function of mode
coupling coefficient Dmeasured at λ = 633 nm.

angular separation between the channels (the angular
separation between the optical channels should be at least
3o for typical laser launching beam [6]). As comparison,
the spatialmultiplexing capabilities of the co-propagating
optical channels in SOFs for long distance applications
analysed in this work are richer than in the plastic opti-
cal fibres, due to higher mode coupling and faster modal
equilibration (D ≈ 10−4 rad2/m; Lc ≈ 20–50m) in the
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latter (18,19). In contrast, the spatial multiplexing capa-
bility of POFs is larger than that of SOFs at short distances
due to larger NA of POFs than that of SOFs (19).

4. Conclusion

The influence of mode coupling on space division mul-
tiplexing in three multimode step-index silica optical
fibres with numerical aperture NA = 0.22 and different
strengths of mode coupling is investigated by solving the
power flow equation. We have shown that mode cou-
pling significantly limits the length of silica optical fibres
at which the space division multiplexing with two and
three co-propagating optical channels can be realized
with minimal crosstalk between the neighbour optical
channels. This limitation is most pronounced in silica
optical fibre with the strongest mode coupling. An opti-
cal fibre with weaker mode coupling is better choice
for SDM. Such characterization of optical fibres should
be considered in designing an optical fibre transmission
system with space division multiplexing.
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Using the power flow equation, the state of mode coupling in 100–400 μm core step-index silica
optical fibers is investigated in this article. Results show the coupling length Lc at which the equilibrium
mode distribution is achieved and the length zs of the fiber required for achieving the steady-state mode
distribution. Functional dependences of these lengths on the core radius and wavelength are also given.
Results agree well with those obtained using a long-established calculation method. Since large core
silica optical fibers are used at short distances (usually at lengths of up to 10m), the light they transmit
is at the stage of coupling that is far from the equilibrium and steady-state mode distributions. © 2011
Optical Society of America
OCIS codes: 060.2310, 060.2400.

1. Introduction

For decades, glass optical fibers (GOFs) have been
the preferred transmission medium in high-capacity
communications networks and long-distance com-
munications systems [1]. Graded index multimode
GOFs are used for 0–300m 10Gb Ethernet links or
0–100m 40–100Gb Ethernet links. Step-index (SI)
multimode GOFs are often used for laser beam deliv-
ery, sensing systems, as part of lane control signal
equipment, etc. For laser delivery, it is desirable to
use relatively large core (200–500 μm core radius) si-
lica optical fibers for transmission of high-power la-
ser pulses with high beam quality [2]. On the other
hand, multimode plastic optical fibers are usually
considered for short data links (<100m). Local net-
working with plastic optical fibers benefits from the
rapid (less laborious) interconnectivity with low-
precision and low-cost components as plastic optical
fibers couple light efficiently due to their large

diameter (∼1mm) and high numerical aperture.
However, plastic optical fiber performance is clearly
attenuation limited. A typical attenuation level for
SI plastic optical fibers is ∼100dB=km—compared
with ∼0:5dB=km for SI GOFs [3]. This limits plastic
optical fiber data links to lengths shorter than 100m.

Transmission characteristics of SI optical fibers
depend heavily upon the differential mode attenua-
tion and rate of mode coupling. The latter represents
power transfer from lower- to higher-order modes
caused by fiber impurities and inhomogeneities in-
troduced during the fiber manufacturing process
(such as microscopic bends, irregularity of the core–
cladding boundary, and refractive index distribution
fluctuations). When installing an optical-fiber-based
link, the cable has to be bent repeatedly, thus in-
creasing radiation losses [4,5].

Output angular power distribution in the near
and far fields of an optical fiber end has been studied
extensively. Work has been reported using geometric
optics (ray approximation) to investigate mode cou-
pling and predict output-field patterns [6,7]. By em-
ploying the power flow equation [8–12] as well as the
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Fokker–Planck and Langevin equations [13], these
patterns have been predicted as a function of the
launch conditions and fiber length. A key prerequi-
site for achieving this is the knowledge of the rate of
mode coupling expressed in the form of the coupling
coefficient D [8–10], which has been shown to cor-
rectly predict coupling effects observed in practice
(e.g., [14]).

The method of determining the coupling coefficient
D proposed by Gambling et al. [8] required that the
far-field output pattern be observed for various fiber
lengths and at different launch angles. Only one fiber
length and two launch angles must be considered
in the method by Zubía et al. [15]. It determines
the coupling coefficient D from the intersection point
between two far-field output patterns that corre-
spond to the two launch angles. A further alternative
is Savović–Djordjevich method [16], which deter-
mines the mode coupling coefficient D from just one
far-field output pattern. This single pattern is for the
input Gaussian beam launched along the fiber axis.
The variance of the launch-beam distribution has to
be known, which is usually the case. Should it not be
known, variances of the far-field output patterns at
two fiber lengths have to be measured.

Hurand et al. [2] have employed Savović–
Djordjevich method of determining the coupling coef-
ficient D [16] in their investigation of mode coupling
in SI silica optical fibers with core diameters of 100–
400 μm and lengths of 2m for central launch beam
θ0 ¼ 0. In this work, using the power flow equation,
we extend their work and examine the state of mode
coupling in SI silica optical fibers with core diam-
eters of 100 μm, 200 μm, and 400 μm and lengths of
kilometers, both for central launch beam θ0 ¼ 0 as
well as for a launch beam with θ0 > 0. Furthermore,
for 200 μm core SI silica optical fiber, a dependence of
the output angular power distribution on fiber length
is investigated for three wavelengths. As a result, the
coupling length Lc at which the equilibrium mode
distribution (EMD) is achieved and the length zs of
fiber required for achieving the steady-state mode
distribution (SSD) are obtained. We compare our re-
sults with those obtained using a long-established
calculation method [2,9].

2. Power Flow Equation

Gloge’s power flow equation is [9]

∂Pðθ; zÞ
∂z

¼ −αðθÞPðθ; zÞ þD
θ

∂

∂θ

�
θ ∂Pðθ; zÞ

∂θ

�
; ð1Þ

where Pðθ; zÞ is the angular power distribution, z is
the distance from the input end of the fiber, θ is the
propagation angle with respect to the core axis, D is
the coupling coefficient assumed constant [8,9,12],
and αðθÞ is the modal attenuation. The boundary con-
ditions are Pðθc; zÞ ¼ 0, where θc is the critical angle
of the fiber and Dð∂P=∂θÞ ¼ 0 at θ ¼ 0. Condition
Pðθc; zÞ ¼ 0 implies that modes with infinitely high
loss do not carry power. Condition Dð∂P=∂θÞ ¼ 0 at

θ ¼ 0 indicates that the coupling is limited to the
modes propagating with θ > 0. Except near cutoff,
the attenuation remains uniform αðθÞ ¼ α0 through-
out the region of guided modes 0 ≤ θ ≤ θc [10,11] [it
appears in the solution as the multiplication factor
expð−α0zÞ that also does not depend on θ]. Therefore,
αðθÞ need not be accounted for when solving Eq. (1)
for mode coupling, and this equation reduces to [12]

∂Pðθ; zÞ
∂z

¼ D
θ
∂Pðθ; zÞ

∂θ þD
∂2Pðθ; zÞ

∂θ2 : ð2Þ

The solution of Eq. (2) for the steady-state power
distribution is given by [10]

Pðθ; zÞ ¼ J0

�
2:405

θ
θc

�
expð−γ0zÞ; ð3Þ

where J0 is the Bessel function of the first kind
and zero order and γ0½m−1� ¼ 2:4052D=θ2c is the at-
tenuation coefficient. We used this solution to test
our numerical results for the case of the fiber length
at which the power distribution becomes indepen-
dent of the launch conditions. This length at which a
steady-state distribution is achieved can be obtained
using Eq. (4) [2,9]:

zs ¼
0:2
D

�
NA
n

�
2
; ð4Þ

where n is the refractive index of the core and NA is
numerical aperture of the fiber.

In order to obtain numerical solution of the power
flow Eq. (2) we have used the explicit finite-difference
method (EFDM) employed in our earlier works
[12,17]. To start the calculations, we used Gaussian
launch-beam distribution of the form

Pðθ; zÞ ¼ exp
�
−
ðθ − θ0Þ
2σ2

�
; ð5Þ

with 0 ≤ θ ≤ θc, where θ0 is the mean value of the
incidence angle distribution, with the full width at
half-maximum FWHM ¼ 2σ

ffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
¼ 2:355σ (σ is

standard deviation). This distribution is suitable
both for LED and laser beams (LED distribution can
also be described by a Lambertian source).

3. Results and Discussion

In this paper, we analyze mode coupling in relatively
large core SI silica optical fibers used in the experi-
ment reported recently [2]. The first fiber has core
diameter dcore ¼ 100 μm and clad diameter dclad ¼
660 μm (100=660 fiber), the second fiber has dcore ¼
200 μm and clad diameter dclad ¼ 745 μm (200=745
fiber), while the third fiber has core diameter dcore ¼
400 μm and clad diameter dclad ¼ 720 μm (400=720
fiber). All fibers have NA ¼ 0:22, core refractive in-
dex n ¼ 1:4570 at λ ¼ 633nm, and critical angle θc ¼
8:8°. Fiber samples with a length of 2m were tested
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to obtain their mode coupling properties under the
excitation of only a small number of modes, which is
realized by a narrow (with standard deviation σ0 ¼
0:054°) centrally launched beam [2]. By measuring
the standard deviation of the output angular power
distribution at the end of the fiber and using the re-
lation for mode coupling coefficient D ¼ ðσ2z − σ20Þ=2z
[16], Hurand et al. [2] obtainedD ¼ 4:9 × 10−7 rad2=m
for 100=600 fiber, D ¼ 1:9 × 10−6 rad2=m for 200=745
fiber, and D ¼ 6:4 × 10−6 rad2=m for 400=720 fiber at
λ ¼ 633nm—which we have adopted in this work.

In Fig. 1, our numerical solution of the power flow
equation is presented by showing the evolution of
the normalized output power distribution with fiber
length for 200=745 fiber at λ ¼ 633nm. We show
results for three different input angles θ0 ¼ 0°, 4°,
and 8°. We selected Gaussian launch-beam distribu-
tion with ðFWHM0Þ ¼ 0:127° by setting σ0 ¼ 0:054°
in Eq. (5). Using the step lengths of Δθ ¼ 0:1° and
Δz ¼ 0:02m, we have achieved the stability of our
finite-difference scheme. Since a truncation error
for our explicit finite-difference scheme is OðΔz;Δθ2Þ
[18], using a small enough value ofΔz, the truncation
errors were reduced until the accuracy achieved was
within the error tolerance.

Radiation patterns in the short fiber (z ¼ 500m)
in Fig. 1(a) indicate that the coupling is stronger for
the low-order modes: their distributions have shifted
toward θ ¼ 0°. Coupling of higher-order modes can
be observed better only after longer fiber lengths
[Fig. 1(b)]. It is not until the fiber’s coupling length
Lc that all the mode distributions shift their mid-
points to 0° (from the initial value of θ0 at the input
fiber end), producing the EMD in Fig. 1(c): Lc is
1380m. The coupling continues further along the fi-
ber beyond the Lc mark until all distributions’widths
equalize and SSD is reached at length zs in Fig. 1(d):
zs ¼ 2470m. For the 200=745 fiber, Fig. 1(d) shows
normalized curves of the output angular distribution
obtained by solving the power flow equation using
the EFDM (solid curve) as well as the steady-state
analytical solution of Eq. (2) (solid squares), where
γ0 ¼ 0:00047m−1. The two are in good agreement,
with the relative error below 0.8%. In the same man-
ner, we obtained Lc ¼ 5400mand zs ¼ 9600m for the
100=600 fiber and Lc ¼ 430m and zs ¼ 730m for the
400=720 fiber. In order to test the accuracy of results,
we compared zs with theoretical values determined
by function (4), which are zs ¼ 9306m for the
100=600 fiber, zs ¼ 2400m for the 200=745 fiber, and
zs ¼ 712m for the 400=720 fiber. The relevant values
are summarized in Table 1 to facilitate easier com-
parisons. Good agreement is apparent between our
numerically obtained values for zs and theoretical
predictions by Gloge’s function. One can observe that
mode coupling coefficients varied as ∼dcore

1:85. The
increase of mode coupling coefficient (rate of mode
coupling) with core diameter is due to a simultaneous
decrease of angular separation between adjacent
modes Δθ ¼ λ=ð2dcorenÞ. As a consequence, the cou-
pling length Lc where the equilibriummode distribu-
tion is achieved and length zs where steady-state
distribution is established decrease with increasing
core diameter.

Hurand et al. [2] studied 200=745 fiber for two
other wavelengths (λ ¼ 403 and 1064nm). The
measured coupling coefficients are D ¼ 2:4 × 10−6

and 1:5 × 10−6 rad2=m at λ ¼ 403 and 1064nm, re-
spectively. By adopting these two values for D, we
solved the power flow equation numerically in order
to investigate how wavelength influences character-
istic fiber lengths, Lc and zs. We obtained that Lc ¼
1090m, zs ¼ 1910m at λ ¼ 403nm and Lc ¼ 1800m,
zs ¼ 3170m at λ ¼ 1064nm. Using Gloge’s func-
tion, we obtain zs ¼ 1866m at λ ¼ 403nm and
zs ¼ 3069m at λ ¼ 1064nm (core refractive index

Table 1. Core Diameter, Clad Diameter, Coupling Coefficient D , Coupling Length Lc , and Length zs for Silica Fibers at λ � 633 nma

Core
Diameter (μm)

Clad
Diameter (μm) D ðrad2=mÞ

Lc ðmÞ (Numerical
Results)

zs ðmÞ (Numerical
Results)

zs ðmÞ [Analytical
Results, Eq. (4)]

100 600 4:9 × 10−7 5400 9600 9306
200 745 1:9 × 10−6 1380 2470 2400
400 720 6:4 × 10−6 430 730 712

aValues for D are those determined by Hurand et al. [2].

Fig. 1. Normalized output angular power distribution at differ-
ent locations along the 200=745 silica fiber calculated for three
Gaussian input angles θ0 ¼ 0° (solid curve), 4° (dashed curve), and
8° (dotted–dashed curve) with ðFWHMÞz¼0 ¼ 0:127° for (a) z ¼
500m, (b) z ¼ 900m, (c) z ¼ 1380m, and (d) z ¼ 2470m (solid
squares represent the analytical steady-state solution).
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n ¼ 1:4703 at λ ¼ 403nm and n ¼ 1:4502 at λ ¼
1064nm are assumed in the calculations). For three
wavelengths mentioned, the relevant numerical
values are summarized in Table 2 to facilitate easier
comparisons. A good agreement is again apparent
between our numerically obtained values for zs
and theoretical predictions obtained using Gloge’s
function [4]. One can observe that mode coupling
coefficients varied as ∼λ−1=2. The decrease of the
mode coupling coefficient with increasing wave-
length is due to the simultaneous increase of
angular separation between adjacent modes Δθ ¼
λ=ð2dcorenÞ. As a consequence, the coupling length
Lc where the equilibrium mode distribution is
achieved and length zs where steady-state distribu-
tion is established increase with increasing wave-
length. Similar wavelength dependence ∼λ−1=3 is
obtained for chalcogenide-glass SI optical fiber, for
which coupling length is even larger (Lc ≈ 13 to
20km) [19]. The coupling coefficients of the SI silica
optical fibers that were analyzed are 2 orders of
magnitude lower than for SI plastic optical fibers
(typically ≅ 10−4 rad2=m). Consequently, the cou-
pling length Lc and length zs are much shorter (Lc ≅

15 to 35m, zs ¼ 45 to 100m) [20]. This is attributed
to strong intrinsic perturbation effects in plastic op-
tical fibers.

Finally, we conclude that, since large core silica op-
tical fibers are used at short distances (usually at
lengths of up to ten meters), the light they transmit
is at the stage of coupling that is far from the equili-
brium and steady-state mode distributions.

4. Conclusion

A solution is reported of the power flow equation
employed to investigate the state of mode coupling
along large core SI silica optical fibers. Results have
been verified against the analytical solution for the
steady-state coupling condition. Coupling lengths
and lengths for achieving the steady-state distribu-
tion are shown to decrease with increasing the core
radius. On the other hand, they increase with in-
creasing the wavelength. Since these fibers are used
at short distances (usually at lengths of up to ten me-
ters), the light they transmit is at a stage of coupling
that is far from the equilibrium or steady-state mode
distributions. These results are of interest in predict-
ing the transmission properties of large core SI silica
optical fibers used for power delivery and sensing
systems.

The work described in this paper was supported
by a grant from the Serbian Ministry of Science and
Technological Development (project 171011).
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By using the power flow equation, we have examined the state of mode coupling in strained and un-
strained step-index glass optical fibers. Strained fibers show stronger mode coupling than their un-
strained counterparts of the same type. As a result, the coupling length where equilibrium mode
distribution is achieved and the length of fiber required for achieving the steady-state mode distribution
are shorter for strained than for unstrained fibers. © 2010 Optical Society of America
OCIS codes: 060.2310, 060.2400.

1. Introduction

For decades, glass optical fibers (GOFs) have been
the preferred transmission medium in high-capacity
communications networks and long-distance commu-
nications systems. Graded-index multimode GOFs
are used for 0–300 m 10 GB Ethernet links or
0–100 m 40–100 GB Ethernet links. Step-index
(SI) multimode GOFs are often used for laser beam
delivery, sensory systems, as a part of lane control
signal equipment, etc. On the other hand, multimode
plastic optical fibers (POFs) are usually considered
for short data links (<100 m). Local networking with
POFs benefits from the rapid (less laborious) inter-
connectivity with low precision and cost components,
as POFs couple light efficiently due to their large
diameter (∼1 mm) and high numerical aperture.
However, POF performance is clearly attenuation
limited. A typical attenuation level for SI POFs is
∼100 dB=km, compared with ∼0:5 dB=km for SI
GOFs [1]. This limits POF data links to lengths
shorter than 100 m.

The transmission characteristics of SI optical
fibers depend heavily upon the differential mode

attenuation and rate of mode coupling. The latter re-
presents power transfer from lower- to higher-order
modes caused by fiber impurities and inhomogene-
ities introduced during the fiber manufacturing pro-
cess (such as microscopic bends, irregularity of the
core–cladding boundary, and refractive index distri-
bution fluctuations). When installing an optical-
fiber-based link, the cable has to be bent repeatedly,
thus increasing radiation losses [2]. An increase in
mode coupling induced by bending strain has been
observed, and can become permanent if the fibers
are subjected to repeated bending or are bent for a
long time [3,4]. Such increase could be explained
by microscopic changes in the fiber. In this work,
the fibers altered by bending we call “strained fibers”
and compare their properties to those of unstrained
fibers.

The output angular power distribution in the near
and far fields of an optical fiber end has been studied
extensively. Work has been reported using geometric
optics (ray approximation) to investigate mode cou-
pling and predict output-field patterns [5,6]. By em-
ploying the power flow equation [7–11], as well as
the Fokker–Planck and Langevin equations [12],
these patterns have been predicted as a function of
the launch conditions and fiber length. A key

0003-6935/10/275076-05$15.00/0
© 2010 Optical Society of America
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prerequisite for achieving this is the knowledge of
the rate of mode coupling expressed in the form of
the coupling coefficientD [7,8], which has been shown
to correctly predict coupling effects observed in
practice [13].

The method of determining the coupling coefficient
D proposed by Gambling et al. [7] required that the
far-field output pattern be observed for various fiber
lengths and at different launch angles. Only one fiber
length and two launch angles must be considered in
the method proposed by Zubía et al. [14]. It deter-
mines the coupling coefficient D from the intersec-
tion point between two far-field output patterns
that correspond to the two launch angles. A further
alternative is our recent method [15], which deter-
mines the mode coupling coefficient D from just one
far-field output pattern. This single pattern is for the
input beam launched along the fiber axis. The var-
iance of the launch-beam distribution has to be
known, which is usually the case. Should it not be
known, variances of the far-field output patterns
at two fiber lengths have to be measured.

Our recently proposed method of determining the
coupling coefficient D [15] has been employed for un-
strained and strained plastic optical fibers (POFs)
[15,16] and for unstrained GOF [17]. In this work,
we apply this method for the first time to strained SI
GOF. The coupling coefficient D (hence the rate of
mode coupling) is orders of magnitude smaller in
glass than in plastic fibers (typically D ≈ 10−7 −
10−6 rad2=m versus D ≈ 10−4 rad2=m, respectively
[10,17,18]), leading to vastly longer coupling lengths
(a few kilometers versus tens of meters). Because the
distances for numerical integration are of different
orders of magnitude, we believe it would be neces-
sary to test the validity of the method both for
strained and unstrained glass fibers. We verified this
by reference to published experimental results [4]. To
do so, we had to solve the power flow equation to de-
termine the coupling characteristic of strained and
unstrained glass fibers.

2. Power Flow Equation

Gloge’s power flow equation is [8]

∂Pðθ; zÞ
∂z

¼ −αðθÞPðθ; zÞ þD
θ

∂

∂θ

�
θ ∂Pðθ; zÞ

∂θ

�
; ð1Þ

where Pðθ; zÞ is the angular power distribution, z is
the distance from the input end of the fiber, θ is the
propagation angle with respect to the core axis, D is
the coupling coefficient assumed constant [7,8,11],
and αðθÞ is the modal attenuation. The boundary con-
ditions are Pðθ; zÞ ¼ 0, where θc is the critical angle of
the fiber, and Dð∂P=∂θÞ ¼ 0 at θ ¼ 0. Condition
Pðθc; zÞ ¼ 0 implies that modes with infinitely high
loss do not carry power. Condition Dð∂P=∂θÞ ¼ 0 at
θ ¼ 0 indicates that the coupling is limited to the
modes propagating with θ > 0. Except near cutoff,
the attenuation remains uniform αðθÞ ¼ α0 through-
out the region of guided modes 0 ≤ θ ≤ θc [9,10] (it

appears in the solution as the multiplication factor
expð−α0zÞ that also does not depend on θ). Therefore,
αðθÞ need not be accounted for when solving Eq. (1)
for mode coupling, and this equation reduces to [11]

∂Pðθ; zÞ
∂z

¼ D
θ
∂Pðθ; zÞ

∂θ þD
∂2Pðθ; zÞ

∂θ2 : ð2Þ

The solution of Eq. (2) for the steady-state power
distribution is given by [9]

Pðθ; zÞ ¼ J0

�
2:405

θ
θc

�
expð−γ0zÞ; ð3Þ

where J0 is the Bessel function of the first kind and
zero order, and γ0½m−1� ¼ 2:4052D=θ2c is the attenua-
tion coefficient. We used this solution to test our nu-
merical results for the case of the fiber length at
which the power distribution becomes independent
of the launch conditions.

To obtain a numerical solution of the power flow
equation [Eq. (2)], we have used the explicit finite-
difference method (EFDM) employed in our earlier
works [11,18]. To start the calculations, we used
Gaussian launch-beam distribution of the form

Pðθ; zÞ ¼ exp
�
−
ðθ − θ0Þ
2σ2

�
; ð4Þ

with 0 ≤ θ ≤ θc, where θ0 is the mean value of the in-
cidence angle distribution, with the full width at
half-maximum FWHM ¼ 2σ

ffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
¼ 2:355σ (σ is

standard deviation). This distribution is suitable
both for LEDs and laser beams.

3. Method for Calculating the Coupling Coefficient in
SI Optical Fibers

A simple method has been proposed recently [15] for
calculating the coupling coefficient for SI fibers. It
calls for the variance σ2z of the output angular power
distribution for light launched centrally along the
fiber axis:

σ2z ¼ σ20 þ 2Dz; ð5Þ

where σ20 is the variance of the launch-beam distribu-
tion and z is the coordinate along the fiber axis. From
Eq. (5), the coupling coefficient D is

D ¼ σ2z − σ20
2z

: ð6Þ

In order to determine D from Eq. (6), one needs to
determine the variance σ2z of the output angular
power distribution at an arbitrary length z along
the fiber (the variance of the launch-beam distribu-
tion σ20 has to be known).

If the variance of the launch-beam distribution σ20
is not known, coupling coefficient D can be deter-
mined using the following relation:
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D ¼ σ2z2 − σ2z1
2ðz2 − z1Þ

; ð7Þ

where σ2z1 and σ2z2 are variances of the output angular
power distribution measured at the fiber lengths
z1 > 0 and z2 > 0, respectively.

4. Results and Discussion

In this paper,weanalyzemode coupling in theSIGOF
used in the experiment reported earlier [4]. This fi-
ber’s core diameter isd ¼ 90 μm, core refractive index
n1 ¼ 1:46, critical angle measured in air θc ¼ 9° (cor-
responding to inner critical angle of θc ¼ 6°), with
12 dB=km of attenuation at 0:633 μm. Fiber samples
with homogenous bending strain (induced by wind-
ing) were tested to obtain theirmode coupling proper-
ties. These were then compared to those of reference
(unaltered) samples [4]. Jeunhomme and Pocholle [4]
reported themeasurements shown in Fig. 1 in experi-
ments with the launch-beam standard deviation of
the angular power distribution of σ0 ¼ 0:36° (e−1
divergence angle W ¼ 1°, W ¼ 1:18 · FWHM) and
σz ¼ 5° and 6° for the unstrained and strained fibers,
respectively, for the beam at a fiber length of
z ¼ 980 m. From Eq. (7), we have obtained the cou-
pling coefficients of D ¼ 3:86 × 10−6 rad2=m and D ¼
5:57 × 10−6 rad2=m for unstrained and strained fi-
bers, respectively.

In Figs. 2 and 3, our numerical solution of the
power flow equation is presented by showing the

Fig. 1. Experimental output angular power distribution at fiber
length z ¼ 980 m for strained (solid curve) and unstrained (dashed
curve) SI GOFs illuminated with a laser beam ðFWHMÞz¼0 ¼ 0:85°
parallel to the fiber axis, obtained by Jeunhomme and Pocholle [4].

Fig. 2. Normalized output angular power distribution at different locations along the unstrained SI GOF calculated for three Gaussian
input angles θ0 ¼ 0° (solid curve), 4° (dashed curve), and 8° (dashed–dotted curve) with ðFWHMÞz¼0 ¼ 0:85° for (a) z ¼ 120 m, (b)
z ¼ 240 m, (c) z ¼ 340 m, and (d) z ¼ 1040 m (filled squares represent the analytical steady-state solution).
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evolution of the normalized output power distribu-
tion with fiber length for unstrained (Fig. 2) and
strained (Fig. 3) SI GOF. We show results for three
different input angles, θ0 ¼ 0°, 4°, and 8° measured
in air (corresponding to input angles measured in
fiber θ0 ¼ 0°, 2:7°, and 5:4°). We selected Gaussian
launch-beam distribution with ðFWHMÞ0 ¼ 0:85°
by setting σ0 ¼ 0:36° in Eq. (4). Using step lengths of
Δθ ¼ 0:1° and Δz ¼ 0:01 m, we have achieved the
stability of our finite-difference scheme [19] for both
unstrained and strained fibers. Since a truncation
error for our explicit finite-difference scheme is
oðΔz;Δθ2Þ, [19], by using a small enough value of
Δz, the truncation errors were reduced until the ac-
curacy achieved was within the error tolerance.

Radiation patterns in the short fiber (z ¼ 120 m
for unstrained and z ¼ 80 m for strained fiber) in
Figs. 2(a) and 3(a) indicate that the coupling is stron-
ger for the low-order modes: their distributions have
shifted toward θ ¼ 0°. Coupling of higher-order
modes can be observed better only after longer fiber
lengths [Figs. 2(b) and 3(b)]. It is not until the fiber’s
coupling length Lc that all the mode-distributions
shift their midpoints to 0° (from the initial value
of θ0 at the input fiber end), producing the equili-
briummode distribution (EMD) in Figs. 2(c) and 3(c):
Lc is 340 and 300 m for the unstrained and strained
fibers, respectively. The coupling continues farther
along the fiber, beyond the Lc mark, until all distri-
butions’ widths equalize and steady state distribu-
tion (SSD) is reached at length zs in Figs. 2(d) and

3(d): zs ≈ 1040 and 950 m for the unstrained and
strained fibers, respectively.

The value of zs ¼ 1040 m [Fig. 3(d)] for the un-
strained fiber is consistent with the observation by
Jeunhomme and Pocholle [4] that the length of
980 m is slightly smaller than the length necessary
to reach the steady-state distribution. Because of the
more intense mode coupling caused by fiber bending,
a steady-state mode distribution in strained fiber is
achieved at a shorter fiber length of zs ¼ 950 m.

For the unstrained and strained SI GOF, Figs. 2(d)
and 3(d) show normalized curves of the output angu-
lar distribution obtained by solving the power flow
equation using the EFDM (solid curve), as well as
the steady-state analytical solution of Eq. (2) (filled
squares), where γ0 ¼ 0:00204 and 0:00294 m−1 for
the unstrained and strained fibers, respectively.
The two are in good agreement, with the relative er-
ror below 0.9%. This leads us to conclude that EFDM
and the method for calculating the coupling coeffi-
cient [15] are accurate for solving the power flow
equation, not only for short plastic, but also for very
long GOFs. It is interesting to note that strain of the
SI GOF induced by bending causes a small relative
decrease of the coupling length Lc and the length zs
(where SSD is achieved) in comparison to those of SI
POFs that exhibit a more significant change (Lc ≈ 0:5
to 3 m for strained and Lc ≈ 14 to 34 m for un-
strained POFs, respectively; zs ≈ 1:5 to 8:2 m for
strained and zs ≈ 42 to 98 m for unstrained POFs, re-
spectively [20]). This is because POFs are more

Fig. 3. Normalized output angular power distribution at different locations along the strained SI GOF calculated for three Gaussian
input angles θ0 ¼ 0° (solid curve), 4° (dashed curve), and 8° (dashed–dotted curve) with ðFWHMÞz¼0 ¼ 0:85° for (a) z ¼ 80 m, (b) z ¼ 160 m,
(c) z ¼ 300 m, and (d) z ¼ 950 m (filled squares represent the analytical steady-state solution).
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sensitive to strain induced by bending, which signif-
icantly changes POF mode coupling characteristics.

A permanent increase of mode coupling for fibers
under bending strain can be explained by an increase
of power transfer caused by fiber microdeformations.
Such deformations cause the equilibrium mode dis-
tribution and steady-state distribution to develop
within shorter distances than is the case with
straight fibers.

5. Conclusion

We report on the solution of the power flow equation
employed to investigate the state of mode coupling
along strained and unstrained SI GOFs. Our results
have been verified against the analytical solution for
the steady-state coupling condition. They are also
consistent with experimental observations reported
in the literature.

We show that coupling lengths and lengths for
achieving the SSD in strained SI GOF are shorter
than lengths in unstrained fiber. Bending strain in-
creases mode coupling, which can be explained by an
increase of power transfer between modes caused by
microscopic changes in the fiber. As a consequence,
the equilibrium mode distribution and steady-state
distribution are achieved at shorter distances than
for straight fibers.

The work described in this paper was supported
by a grant from the Serbian Ministry of Science
(project 141037).
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a b s t r a c t

The time-dependent power flow equation is employed to calculate frequency response and bandwidth

in addition to mode coupling and mode-dependent attenuation in step-index plastic optical fibers.

Frequency response is specified in the paper as a function of fiber length. Results are found to match

reported measurements better than the existing analytical solution does. Mode-dependent attenuation

and mode dispersion and coupling are known to be strong in plastic optical fibers, leading to major

implications for their frequency response.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Plastic optical fibers (POFs) are often considered for high-
performance short-distance data transmission systems including
high-bandwidth local-area networks and multi-node bus net-
works [1–4]. In addition to being a more affordable, flexible and
rugged alternative to glass fibers, POFs are also easier to handle.
Their large core-diameter (0.5–1 mm or greater) allows pairing
with LED sources using low-precision plastic components. This
results in inexpensive but robust systems that are easy to
interconnect. A variety of POF applications have been commer-
cialized ranging from simple light-transmission guides in displays
and power delivery systems to sensors and short-haul commu-
nication links [4]. Installations within buildings or vehicles where
sharp corners and branches are many, or the network is repeat-
edly reconfigured, represent a domain with growth potential for
POF applications.

Transmission properties of step-index (SI) multimode optical
fibers, such as frequency response and bandwidth, depend
strongly upon mode-dependent attenuation, modal dispersion
and the rate of mode coupling (power transfer from lower to
higher order modes) caused by intrinsic perturbation effects
(primarily due to microscopic bends, irregularity of the core-
cladding boundary and refractive index distribution fluctuations).
Different models have been used to simulate these three impor-
tant effects for SI optical fibers. The ray tracing model can

determine the output angular power distribution while account-
ing for the mode-dependent attenuation. The time delay between
individual rays can also be calculated in presence of modal
dispersion. This model is computationally intensive because large
number of ray-trajectories must be simulated. In contrast, the
time-independent power flow equation [5] is effective in model-
ing mode-dependent attenuation, mode coupling, and how these
influence the output angular power distribution for different fiber
lengths and launch conditions. However, the frequency response
and bandwidth are not calculated by such time-independent
analysis.

In our recent works [6,7], we have overcome this limitation by
using Gloge’s analytical solution of the time-dependent power
flow equation [8] and have determined the POF frequency
response and bandwidth in addition to mode coupling and
mode-dependent attenuation. Unfortunately, one is bound to
use in the analytical approach a specific value of the width of
the launch beam distribution [8] that is unrelated to its actual
value. Thus, Gloge’s analytical solution will not necessarily
accommodate the actual launch beam-width used in a related
experiment, which may result in inaccurate calculation of POF’s
frequency response and bandwidth.

In addition to Gloge’s analytical solution for the time-depen-
dent power flow equation [8], two numerical approaches have
also been reported. They are the implicit finite-difference method
(IFDM) by Breyer et al. [9] and explicit finite-difference method
(EFDM) in the matrix form by Mateo et al. [10]. Although IFDM is
unconditionally stable, we have opted for EFDM in this work
albeit not in the matrix form as used by Mateo et al. [10]. This
method of solving the time-dependent power flow equation is
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easier to work with in comparison to extremely large matrices
that must be manipulated at each calculation step when using
IFDM. We compared our numerical results to those obtained
experimentally by Mateo et al. [10] and also to the recent
analytical solution [6,7].

2. Numerical solution of the time-dependent power flow
equation

We use Gloge’s time-dependent power flow equation to
describe the evolution of the modal power distribution along a
POF. Individual propagating modes are characterized by the
respective inner propagation angle with respect to fiber axis (y),
which can be taken as a continuous variable [8]. Gloge’s time-
dependent power flow equation can be written as [8]

@Pðy,z,tÞ

@z
þ
@t

@z

@Pðy,z,tÞ
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¼�aðyÞPðy,z,tÞþ

1
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yDðyÞ

@Pðy,z,tÞ

@y

� �
ð1Þ

where t is the time; P(y,z,t) is the power distribution over angle,
space, and time respectively; a(y) is the mode-dependent
attenuation; qt/qz is the mode delay per unit length and D(y) is
the mode-dependent coupling coefficient. Mode-dependent
attenuation can be written in the form: a(y)¼a0þAy2

þy, where
a0 is the loss common to all modes. It can be accounted for by
multiplying the end-solution by e�a0z [11,12]. Therefore, when
solving (1), one needs to consider only the term Ay2 as the most
dominant of the higher order modes [5]. Assuming that the
coupling coefficient D is mode-independent, Eq. (1) can be
written as [8]
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The derivative @t=@z can be obtained using the group velocity
of a mode with characteristic angle y, which is

dz

dt
¼

c

nð1þy2=2Þ
ð3Þ

Neglecting the delay n/c common to all modes, it follows [8]
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By applying the Fourier transform:

pðy,z,oÞ ¼
Z 1
�1

Pðy,z,tÞe�jot dt ð5Þ

the time-dependent Eq. (4) transforms into the following
equation:
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where o¼2pf is the angular frequency.
The boundary conditions are

pðyc ,z,oÞ ¼ 0, D
@pðy,z,oÞ

@y

����
y ¼ 0

¼ 0, ð7Þ

where yc is the critical angle. The first condition implies that
modes with infinitely large loss do not transfer any power; the
second condition implies that mode coupling is limited to modes
traveling with the angle y40.

It is apparent that p(y,z,o) is complex. We can therefore
separate p(y,z,o) into its real and imaginary parts, p¼pr

þ jpi.
Eq. (6) can now be rewritten as the following simultaneous

differential equations:
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Once pr and pi are obtained by solving Eq. (8), frequency response
at z can be calculated as

Hðz,oÞ ¼
2p
R yc

0 y½prðy,z,oÞþ jpiðy,z,oÞ�dy
2p
R yc

0 y½prðy,0,oÞþ jpiðy,0,oÞ�dy
ð9Þ

After separating the power flow Eq. (6) into two simultaneous
Eq. (8), we solved the latter (8) by EFDM, which is the first in our
knowledge.

In the 1970s and 1980s, implicit finite difference methods
(IFDMs) were generally preferred over EFDMs. This trend has
been changing with the advancement of computers, shifting the
emphasis to EFDMs. Being often unconditionally stable, the IFDM
allows larger step lengths. Nevertheless, this does not translate
into IFDM’s higher computational efficiency because extremely
large matrices must be manipulated at each calculation step. We
find that the EFDM is also simpler in addition to being compu-
tationally more efficient [13,14]. Using central difference scheme
for derivatives qp(y,z,o)/qy and q2p(y,z,o)/qy2 [12–14]:
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and using the forward difference scheme for the derivative
qp(y,z,o)/qz:
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Eq. (8) can be written in the form:
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Boundary conditions (7) now become

pr
N,l ¼ 0, pi

N,l ¼ 0 and pr
0,l ¼ pr

1,l, pi
0,l ¼ pi

1,l ð14Þ

where N¼yc/Dy is the grid size in the y direction. In order to
prevent the problem of singularity at grid points y¼0, the
following relation is used [14]:
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A typical solution of Eqs. (12) and (13) run takes up to 4 s on
the Intel (R) Core (TM) i3 CPU 540 @ 3.07 GHz personal computer
for the longest fiber analyzed (of 150 m in length).

3. Numerical results

It was shown in the preceding Section that the time-depen-
dent analysis is reduced to its time-independent equivalent. This
is applied to calculate the frequency response and bandwidth of
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the same SI POFs that were investigated by Mateo et al. [10]. The
relevant POFs are the PGU-FB1000 (PGU) from Toray with
numerical aperture NA¼0.5 (corresponding to the inner critical
angle of yc¼19.51) and 0.15 dB/m of nominal attenuation; then
the PREMIER GH4001 (GH) from Mitsubishi with numerical
aperture NA¼0.5 (corresponding to the inner critical angle of
yc¼19.51) and 0.15 dB/m of nominal attenuation; and HFBR-
RUS100 (HFBR) from Agilent, with numerical aperture NA¼0.47
(corresponding to the inner critical angle of yc¼18.51) and
0.22 dB/m of nominal attenuation.

Mateo et al. [10] measured frequency responses at different
fiber lengths by feeding pure sinusoidal waveforms of different
frequencies to an AlGaInP laser diode (LD Sanyo DL-3147-021).
The laser source emits a maximum power of 5 mW at 645 nm and
has a typical divergence of 301 in the perpendicular and 7.51 in
the parallel plane. The detailed procedure to measure the fre-
quency response is described in [10] and references within. In
calculating the impulse response and frequency response of PGU,
GH and HFBR fibers, Mateo et al. [10] have assumed mode-
dependent attenuation a(y) and mode-dependent coupling coef-
ficient D(y). In contrast, Gloge’s time-dependent power flow
Eq. (2) assumes a constant coupling coefficient D and constant A

(A is the second order multiplicative factor in the series expansion
of the mode-dependent attenuation a(y)). In order to obtain the
value for A for the HFBR fiber, we used the graph for a(y) in Fig. 1
that was proposed for HFBR fiber by Mateo et al. [15]. Since
mode-dependent attenuation can be written in the form
a(y)Ea0þAy2, one can determine A by fitting the graph of
Fig. 1 using this a(y) function. In doing so, we have obtained
a0¼0.0154 m�1 and A¼0.7539 rad�2 m�1 for the HFBR fiber [7].
In the same manner, we have obtained a0¼0.0150 m�1 and
A¼0.9953 rad�2 m�1 for the PGU fiber [6] and a0¼0.0159 m�1

and A¼0.4025 rad�2 m�1 for the GH fiber [7].
On the basis of the distribution of mode-dependent coupling

coefficient D(y) proposed earlier for the HFBR, PGU and GH fibers
by Mateo et al. [15] (Fig. 2), we have obtained that the coupling
coefficient DE4.31�10�4 rad2/m characterizes mode coupling
in the HFBR fiber in the angular range of interest, namely yE01–
7.51. In the same manner, the values obtained for the coupling
coefficients for the PGU and GH fibers are DE5.02�10�4 rad2/m
and DE1.91�10�4 rad2/m, respectively. One should mention
here that modeling the mode coupling process with a constant
D is routine [5,11,16–19].

For consistency with [10], a Dirac impulse in time and a laser
diode mode distribution with the FWHM¼7.51 in the parallel
plane were used for the input. Eq. (9) has been used to calculate
the frequency response at fiber lengths z¼15, 50, 100 and 150 m.
Numerical results for the frequency response for different fiber
lengths of the PGU and GH fibers are shown in Figs. 3 and 4,
respectively, and are compared to the recent analytical solution
[6,7]. As shown in Fig. 5, frequency response of the HFBR fiber is
shown for the fiber lengths of 15, 50 and 100 m, and are
compared with experimental results obtained by Mateo et al.
[10] as well as with the analytical solution [7]. A more pro-
nounced drop at lower frequencies is apparent for longer fiber
length. One can observe that differences between the numerical
and analytical results are more evident for smaller and inter-
mediate fiber lengths. The issue is of less relevance for longer
lengths when the two solutions match better. For short fiber
lengths, experimental results by Mateo et al. [10] match our
numerical results better than they do with the analytical solution
[6,7]. All the three match well for longer fiber lengths.

As shown in Figs. 6–8, our numerical results for the bandwidth
for the PGU, GH and HFBR fibers are compared to Mateo et. al’s
[10] experimental measurements and to our recent analytical
solution [6,7]. Measurements match the numerical results better
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Fig. 1. Mode-dependent attenuation a(y) for the HFBR fiber proposed by Mateo

et al. [15] (dashed line) and our fit obtained using the function a(y)Ea0þAy2,

with a0¼0.0154 m�1 and A¼0.7539 rad�2 m�1 (solid line).
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Fig. 2. Mode-dependent coupling coefficient D(y) for the GH, HFBR and PGU fibers

proposed by Mateo et al. [15].
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response of the PGU fiber at different fiber lengths.

B. Drljača et al. / Optics & Laser Technology 44 (2012) 1808–18121810



Author's personal copy

than they do with the analytical solution. This is explained by the
fact that to obtain the analytical solution of the time-dependent
power flow equation, the launch mode distribution with
FWHM¼10.21, 8.351 and 10.61 had to be used for the PGU, GH
and HFBR fibers respectively [6,7], whereas the actual FWHM of
the laser diode Mateo et al. used in their experiment was 7.51
[10]. In other words, one cannot use Gloge’s analytical solution
the actual launch beam width but, rather, a value that depends on
the attenuation parameter A and on mode coupling coefficient D

for the particular fiber [6]; leading thus to a reduced calculation
accuracy (an underestimate) of bandwidth at short fiber lengths
[20]. Alternatively, one can change the FWHM of the source to
match the behavior of each fiber which in practice is not justified.

One should mention here that differences between our numer-
ical results obtained assuming the simplified attenuation and
diffusion coefficients, and numerical results obtained by Mateo
et al. [10], who used more complex form of the attenuation
and diffusion coefficients, are negligible. This is in agreement
with our recent findings that modeling mode coupling in
SI POFs assuming a constant coupling coefficient D can be used
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Fig. 4. Comparison of numerical results and analytical solution [7] for frequency

response of the GH fiber at different fiber lengths.
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instead of the more complicated approach with angle-dependent
coupling coefficient [21].

POF bandwidth as a function of fiber length (in logarithmic
coordinates) has usually been approximated by straight lines. The
slope of these lines is known as the concatenation factor and is
related to mode coupling. In the absence of mode coupling and
differential mode attenuation, the concatenation factor is unity. A
slope other than unity is the evidence of diffusive non-linear
effects [10]. Mateo et al. [10] showed that bandwidth of PGU fiber
decreases with length more steeply for shorter fiber lengths.
Namely, the bandwidth data for the PGU fiber can be fitted with
two lines intercepting at about 60 m, with a slope of 1.3 for the
first and 0.8 for the second line. Slope above unity is caused by
underfilled launch. Combined with modal diffusion, it degrades
the overall fiber performance by causing faster drop in band-
width. The segment with a slope of 0.8 (slower decrease in
bandwidth) is due to stronger modal diffusion that leads to the
equilibrium mode distribution faster. Thus, one can conclude that
at the PGU fiber length of about 60 m, weakly coupled regimes
become strongly coupled ones. Based on numerical results that
we have obtained for bandwidth for the GH and HFBR fibers,
Figs. 7 and 8, one can observe the same behavior as for the PGU
fiber but with a change in slope appearing at a longer fiber length
of about 100 m. Similar numerical results have been obtained by
Mateo et al. [10], with transition lengths of about 120 m. None of
Mateo et al.’s experiments, however, revealed slope below
0.8 even though they measured up to fiber lengths where the
steady state power distribution is achieved. In fact, they showed
that their experimental data for the GH and HFBR fibers can be
fitted by single straight lines of slopes 1.2 and 1.1, respectively.
Larger slope in bandwidth graph observed for the GH fiber
relative to that of the HFBR fiber can be attributed to stronger
modal diffusion in the latter fiber, which enhances its bandwidth.

4. Conclusion

The numerical solution of the time-dependent power flow
equation is employed to calculate the frequency response and
bandwidth in the same step-index plastic optical fibers that had
been investigated experimentally by Mateo et al. [10]. Frequency
response calculations for a range of fiber lengths enabled us to
derive the functional dependence of bandwidth with distance. For
short fiber lengths, measurements by Mateo et al. [10] match our
numerical results better than they do with the analytical solution
[6,7]. All three match well for longer fiber lengths. The under-
estimate of bandwidth resulting from the analytical solution at
short fiber lengths is attributed to the necessity of using a specific
(fixed) value of the width of the launch beam distribution in
Gloge’s analytical approach with the time-dependent power flow
equation [8]. This fixed value is determined by the attenuation
parameter A and mode coupling coefficient D [6] for the fiber in
question and may differ from the actual launch-beam width.

It is apparent that the switch from weakly to strongly coupled
regimes in the PGU fiber results in the slower drop of bandwidth
for fibers longer than the transition length, implying that mode
coupling enhances fiber bandwidth. Steeper slope in the band-
width-graph for GH fiber relative to that of the HFBR fiber is

attributed to stronger modal diffusion in the latter, which
enhances its bandwidth.

Finally, we have shown that the explicit finite difference
method is effective and accurate for solving the power flow Eq.
(8) for step-index optical fibers.
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[14] Djordjevich A, Savović S. Investigation of mode coupling in step index plastic

optical fibers using the power flow equation. IEEE Photonics Technology
Letters 2000;12:1489–91.

[15] Mateo J, Losada MA, Garcés I, Zubı́a J. Global characterization of optical
power propagation in step-index plastic optical fibers. Optics Express
2006;14:9028–35.

[16] Gambling WA, Payne DN, Matsumura H. Mode conversion coefficients in
optical fibers. Applied Optics 1975;14:1538–42.

[17] Dugas J, Maurel G. Mode-coupling processes in polymethyl methacrylate-
core optical fibers. Applied Optics 1992;31:5069–79.

[18] Jeunhomme L, Fraise M, Pocholle JP. Propagation model for long step-index
optical fibers. Applied Optics 1976;15:3040–6.

[19] Garito AF, Wang J, Gao R. Effects of random perturbations in plastic optical
fibers. Science 1998;281:962–7.
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Abstract
The power flow equation is used to calculate the frequency response and bandwidth in
step-index plastic optical fibres (POFs). The frequency response is specified as a function of
distance from the input fibre end. Good agreement is seen between our analytical results and
the experimental results from the literature. Mode-dependent attenuation and mode dispersion
and coupling are known to be strong in POFs, leading to major implications for their
frequency response in data transmission systems.

PACS numbers: 42.81.−i, 42.81.Qb, 42.81.Uv

1. Introduction

Plastic optical fibres (POFs) are often considered for
high-performance short-distance data transmission systems
including high-bandwidth local-area networks and multi-node
bus networks [1–4]. In addition to being a more affordable,
flexible and rugged alternative to glass fibres, POFs are
also easier to handle. Their large core diameter (0.5–1 mm
or larger) allows for pairing with LED sources using
low-precision plastic components. This results in inexpensive
but robust systems that are easy to interconnect. Various
POF applications have been reported ranging from simple
light-transmission guides in displays and power delivery
systems to sensors and short-haul communication links [4].

Transmission properties of step index (SI) multimode
optical fibres, such as frequency response and bandwidth,
depend strongly on mode-dependent attenuation, modal
dispersion and the rate of mode coupling (power transfer
from lower to higher order modes) caused by intrinsic
perturbation effects (primarily due to microscopic bends,
irregularity of the core-cladding boundary and refractive index
distribution fluctuations) [5–7]. Using the time-dependent
power flow equation [7], we have determined the POF

frequency response and bandwidth in addition to mode
coupling and mode-dependent attenuation. Verified against
measurements by Mateo et al [6], we showed how the
resulting change in bandwidth with fibre length is strongly
affected by mode coupling and attenuation typical of POFs.

2. The time-dependent power flow equation

Gloge’s time-dependent power flow equation can be written
as [7]

∂ P(θ, z, t)

∂z
+

∂t

∂z

∂ P(θ, z, t)

∂t
= −α(θ)P(θ, z, t)

+
1

θ

∂

∂θ

[
θ D(θ)

∂ P(θ, z, t)

∂θ

]
, (1)

where P(θ, z, t) is the power distribution over angle θ

measured with respect to the fibre axis, space z and time t;
α(θ) is mode-dependent attenuation; ∂t

/
∂z is mode delay

per unit length; and D(θ) is the mode-dependent coupling
coefficient. Mode-dependent attenuation can be written in the
form α(θ) = α0 + Aθ2 + · · ·, where α0 is the loss common
to all modes. It can be accounted for by multiplying the
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end solution by e−α0z [8]. Therefore, in solving (1), one
only needs to consider the term Aθ2 as the most dominant
of the higher-order modes [5]. Assuming that the coupling
coefficient D is mode independent, equation (1) can be written
as [7]

∂ P

∂z
= −Aθ2 P −

n

2c
θ2 ∂ P

∂t
+

D

θ

∂

∂θ

(
θ
∂ P

∂θ

)
. (2)

The time-dependent equation (2) can be transformed into
the time-independent equation [7]

∂p

∂z
= −Aσ 2θ2 p +

D

θ

∂

∂θ

(
θ
∂p

∂θ

)
. (3)

Using the time-independent power flow equation (3), the
analytical solution for impulse response can be obtained [7].
For short fibres (z � 1/(2(AD)1/2)), the impulse response is

Q(z, t) =
2cπ

nz(1 + γ∞z)
exp(−2ct

/
n22

0z), (4)

whereas in the case of long fibres (z � 1/(2(AD)1/2)), it is

Q(z, t) = 22
0

√
π

T t

(
t

γ∞zT
+

1

2

)−1

exp

(
−

γ 2
∞

z2T

4t
−

t

T

)
.

(5)
After obtaining the impulse response, the frequency

response can be obtained easily by applying Fourier transform
to the impulse response:

H( f ) =

∫
∞

−∞

Q(t) exp(2π i f t) dt . (6)

In our previous work [9], we determined the impulse
response, frequency response and bandwidth of the SI POF
only for long fibre lengths (z � 1/(2(AD)1/2)). In this work,
using Gloge’s analytical solution to (2), we calculated the
impulse response, frequency response and bandwidth of two
different SI POFs investigated earlier by Mateo et al [6], both
for short (z � 1/(2(AD)1/2)) and long (z � 1/(2(AD)1/2))
fibre lengths, and compared our analytical results to their
experimental results.

3. Results

To facilitate the comparison of results, we calculated the
impulse response, frequency response and bandwidth of
the SI POFs investigated by Mateo et al [6]. These fibres
were PREMIER GH4001 (GH) obtained from Mitsubishi
with numerical aperture NA = 0.5 (corresponding to the
inner critical angle of θc = 19.5◦) and 0.15 dB m−1 nominal
attenuation, and HFBR-RUS100 (HFBR) from Agilent, with
numerical aperture NA = 0.47 (corresponding to the inner
critical angle of θc = 18.5◦) and 0.22 dB m−1 of nominal
attenuation. In calculating the impulse response and frequency
response of those fibres, Mateo et al [6] have assumed
mode-dependent attenuation α(θ) and a mode-dependent
coupling coefficient D(θ). In contrast, Gloge’s analytical
solution to the time-dependent power flow equation (2) is
obtained assuming a constant coupling coefficient D and
constant A. In order to obtain the value of A for the fibres in

Figure 1. Analytical results for the impulse response for GH fibre.

question, we used the procedure used in our previous work [9].
In doing so, we have obtained α0 = 0.015 91 m−1 and A =

0.4025 (rad2 m)−1 for GH fibre and α0 = 0.015 41 m−1 and
A = 0.7539 (rad2 m)−1 for HFBR fibre. On the basis of the
distribution of mode-dependent coupling coefficient D(θ)

proposed earlier for GH and HFBR fibres by Mateo et
al [10], we have obtained that the values of the coupling
coefficient are D ≈ 1.91 × 10−4 rad2 m−1 for GH and D ≈

4.31 × 10−4 rad2 m−1 for HFBR fibre (in the calculations we
assumed that the light beam is launched centrally along the
fibre axis with full-width at half-maximum, FWHM = 8.35◦

for GH and FWHM = 10.6◦ for HFBR fibre). One should
mention here that modelling the mode coupling process with
a constant D has been done by many other authors [5, 11–15].

A Dirac impulse in time and a mode distribution with the
width at 1/e of 20 = 2∞ = 9.85◦ and 20 = 2∞ = 12.45◦

(FWHM = 8.35◦ and FWHM = 10.6◦), for GH and HFBR
fibres, respectively, at the beginning of the fibre are used
(Mateo et al [6] used a laser diode with FWHM = 7.5◦

in the parallel plane). Equation (4), valid for short fibre
lengths z � 1

/
γ∞ = 57 m for the GH fibre and z � 1

/
γ∞ =

27.7 m for the HFBR fibre, has been applied to calculate
the impulse responses at z = 15 m. Equation (5), valid for
long fibre lengths z � 1

/
γ∞, has been used to calculate the

impulse responses at fibre lengths z = 50, 100 and 150 m. Our
analytical results for the impulse response for different fibre
lengths of the GH and HFBR fibres are shown in figures 1
and 2, respectively.

One can observe from figures 1 and 2 that at short
fibre lengths (z = 15 m), the mode-dependent attenuation and
modal dispersion are the dominant effects. With increasing
fibre length, mode coupling begins to influence strongly the
impulse shape, changing it to a more or less Gaussian shape.
The power exiting the fibres at the highest angles (the tails of
the Gaussian launch beam) is delayed the most. This suggests
an efficient means of improving the fibre performance by
spatially filtering out the tail ends at higher angles [6]. As
most power is confined within the range of lower angles, such
a filtering of the power at highest angles would cause only
minor power loss while producing a narrower overall impulse
response. Figures 3 and 4 show the frequency response
of the GH and HFBR fibres obtained using equation (6).
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Figure 2. Analytical results for the impulse response for HFBR
fibre.

Figure 3. Analytical results for the frequency response for GH
fibre.

The low-frequency performance differs from that at high
frequencies. Moreover, a more pronounced drop at lower
frequencies is apparent for longer fibre length. In figures 5
and 6, Mateo’s and our results for bandwidth in a two-axis
logarithmic scale are compared for GH and HFBR fibres,
and show a good match. Bandwidth decreases with length
more steeply for shorter fibre lengths. Mateo et al [6] showed
that the bandwidth data for both GH and HFBR fibres can
be fitted with a single straight line, with a slope of 1.2 and
1.1, respectively. The larger slope observed for GH fibre as
compared to HFBR fibre can be attributed to a stronger modal
diffusion in HFBR fibre, which enhances the overall fibre
performance by causing a slower drop in bandwidth.

4. Conclusion

The analytical solution of the time-dependent power
flow equation is used to calculate the impulse response,
frequency response and bandwidth in SI POFs investigated
experimentally by Mateo et al [6]. It has been observed
that at short fibre lengths the mode-dependent attenuation is
dominant. With increasing fibre length, mode coupling begins
to significantly influence the impulse shape, changing it to a

Figure 4. Analytical results for the frequency response for HFBR
fibre.

Figure 5. Analytical results for the bandwidth versus fibre length
for GH fibre (line) compared to experimental results (filled squares)
obtained by Mateo et al [6].

Figure 6. Analytical results for the bandwidth versus fibre length
for HFBR fibre (line) compared to experimental results (filled
squares) obtained by Mateo et al [6].

Gaussian-like shape. Frequency response at a range of lengths
enabled us to derive the bandwidth dependence on distance.
Good agreement was obtained between our results and the
experimental results from the literature [6]. The larger slope
in the bandwidth graph observed for GH fibre as compared to

3



Phys. Scr. T149 (2012) 014028 B Drljača et al

HFBR fibre can be attributed to stronger modal diffusion in
the latter, which enhances its bandwidth.
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a b s t r a c t

The time-dependent power flow equation, which is reduced to its time-independent counterpart is

employed to calculate frequency response and bandwidth in addition to mode coupling and mode-

dependent attenuation in a step-index plastic optical fiber. The frequency response is specified as a

function of distance from the input fiber end. This is compared to reported measurements. Mode-

dependent attenuation and mode dispersion and coupling are known to be strong in plastic optical

fibers, leading to major implications for their frequency response in data transmission systems.

& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Plastic optical fibers (POFs) are often considered for high-
performance short-distance data transmission systems including
high-bandwidth local-area networks and multi-node bus net-
works [1–4]. In addition to being a more affordable, flexible and
rugged alternative to glass fibers, POFs are also easier to handle.
Their large-core diameter (0.5–1 mm or larger) allows pairing with
LED sources using low-precision plastic components. This results in
inexpensive but robust systems that are easy to interconnect.
Variety of POF applications have been commercialized ranging
from simple light-transmission guides in displays and power
delivery systems to sensors and short-haul communication links [4].
Installations within buildings or vehicles, where sharp corners and
branches are many or the network is repeatedly reconfigured,
represent a domain with growth potential for POF applications.

Transmission properties of step-index (SI) multimode optical
fibers, such as frequency response and bandwidth, depend
strongly upon mode-dependent attenuation, modal dispersion
and the rate of mode coupling (power transfer from lower to
higher order modes) caused by intrinsic perturbation effects
(primarily due to microscopic bends, irregularity of the core-
cladding boundary and refractive index distribution fluctuations).
Different models have been used to simulate these three impor-
tant effects for SI optical fibers. The ray tracing model can
determine the output angular power distribution while account-
ing for the mode-dependent attenuation. The time delay between

individual rays can also be calculated in presence of modal
dispersion. This model is computationally intensive because large
number of ray-trajectories must be simulated. In contrast, the
time-independent power flow equation [5] is effective in model-
ing mode-dependent attenuation, mode coupling, and how these
influence the output angular power distribution with fiber length
for different launch conditions. However, the frequency response
and bandwidth are not calculated.

We have overcome this limitation using the time-dependent
power flow equation and have determined the POF frequency
response and bandwidth in addition to mode coupling and mode-
dependent attenuation. Verified against measurements by Mateo
et al. [6], we showed how the resulting change in bandwidth with
fiber length is strongly affected by mode coupling typical of POFs.

2. Time-dependent power flow equation

We use Gloge’s time-dependent power flow equation to describe
the evolution of the modal power distribution along the axis of the SI
POF (as the z-coordinate). Individual modes are characterized by their
inner propagation angle y measured with respect to fiber axis. Gloge’s
time-dependent power flow equation can be written as [7]:

@Pðy,z,tÞ

@z
þ
@t

@z

@Pðy,z,tÞ

@t
¼�aðyÞPðy,z,tÞþ

1

y

�
@

@y
yDðyÞ

@Pðy,z,tÞ

@y

� �
ð1Þ

where t is the time, Pðy,z,tÞ is the power distribution over angle,
space and time, respectively, aðyÞ is the mode-dependent attenuation,
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@t=@z is the mode delay per unit length and DðyÞ is the mode-
dependent coupling coefficient. Mode-dependent attenuation can be
written in the form aðyÞ ¼ a0þAy2

þ :::, where a0 is loss common to
all modes. It can be accounted for by multiplying the end-solution by
e�a0z [8]. Therefore, in solving Eq. (1), one needs only to consider the
term Ay2 as the most dominant of the higher order modes [5].
Assuming that the coupling coefficient D is mode-independent,
Eq. (1) can be written as [7]:

@Pðy,z,tÞ

@z
þ
@t

@z

@Pðy,z,tÞ

@t
¼�Ay2Pðy,z,tÞþ

D

y
�
@

@y
y
@Pðy,z,tÞ

@y

� �
ð2Þ

The derivative @t=@z can be obtained using the group velocity
of a mode with characteristic angle y, which is:

dz

dt
¼

c

nð1þy2=2Þ
ð3Þ

Neglecting the delay n=c common to all modes, it follows [7]:

@P

@z
¼�Ay2P�

n

2c
y2 @P

@t
þ

D

y
�
@

@y
y
@P

@y

� �
ð4Þ

By applying the Laplace transform:

pðy,z,sÞ ¼

Z 1
0

e�stPðy,z,tÞdt ð5Þ

the time-dependent Eq. (4) transforms into an expression that
differs from the following Gloge’s [5] time-independent power
flow Eq. (6) only in the multiplier A that is As2 in Eq. (6):

@p

@z
¼�As2y2pþ

D

y
�
@

@y
y
@p

@y

� �
ð6Þ

where s¼ ð1þns=2cAÞ1=2. Therefore, by substituting A in Eq. (4)
with As2 , the solution of the time-dependent power flow Eq. (4)
is obtained from the solution of the time-independent power flow
Eq. (6).

For the Gaussian input distribution:

pin ¼ f ð0,sÞexp½�y2=Y2
0� ð7Þ

one obtains [5]:

pðy,z,sÞ ¼ f ðz,sÞexp½�y2=Y2
ðz,sÞ� ð8Þ

where Y2
ðz,sÞ and f ðz,sÞ are described by [5]:

Y2
ðz,sÞ ¼

Y2
1

s
sY2

0þY
2
1tanhsg1z

Y2
1þsY

2
0tanhsg1z

ð9Þ

and

f ðz,sÞ ¼
f ð0,sÞsY2

0

Y2
1sinhsg1zþsY2

0coshsg1z
ð10Þ

with

Y1 ¼ ð4D=AÞ1=4
ð11Þ

and

g1 ¼ 2ðADÞ1=2
ð12Þ

For continuous wave excitation (s¼0), the angular width
Yðz,0Þ changes monotonically from Y0 to Y1 as z increases.
Since the width Y1 characterizes a distribution, which propa-
gates unchanged (at steady state) and with the minimum overall
loss coefficient g1, it seems practical to excite this distribution
right from the beginning ðY0 ¼Y1Þ [7]. The closed-form Laplace
transform of Eq. (8) exists only for the approximation given in the
limits z51=g1 (short fiber) and zb1=g1 (long fibers) [7].

For short fibers, Eq. (8) becomes [7]:

pðy,z,sÞ ¼
f ð0,sÞ

1þg1z
exp �y2 1

Y2
0

þ
nz

2c
s

 !" #
ð13Þ

The total output is obtained from the integration pðy,z,sÞ over all
angles [7]. With reference to Eq. (13) and for z51=g1, one
obtains:

q¼
pf ð0,sÞY2

0

ð1þg1zÞð1þnY2
0zs=2cÞ

ð14Þ

If one setsf ð0,sÞ ¼ 1, which corresponds to an infinitesimally
short input pulse of energy 1, the Laplace transformation of
Eq. (14) yields the impulse response of the fiber [7]:

Q ðz,tÞ ¼
2cp

nzð1þg1zÞ
expð�2ct=nY2

0zÞ ð15Þ

where Q(t) is limited in practice to a time interval narrower than
ny2

c z=ð2cÞ, which is the delay between the fastest and the slowest
modes (yc is the fiber’s critical angle).

In the case of a long fiber, Eq. (8) assumes the form [7]:

p¼
2s

1þs exp �sðy2=Y2
0þg1zÞ

h i
ð16Þ

which leads to:

q¼
2pY2

0

1þs expð�sg1zÞ ð17Þ

where p is integrated over all angles y. Introducing s¼ ð1þns=

2cAÞ1=2 into Eq. (17), one can form the Laplace transform of qðsÞ: By
using the condition g1z41, the impulse response of the fiber is:

Q ðz,tÞ ¼Y2
0

ffiffiffiffiffi
p
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r
t

g1zT
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where

T ¼
n

2cA
¼

n

2c
�
Y2

0

g1
ð19Þ

After obtaining impulse response, frequency response can be
obtained easily by applying Fourier transform to the impulse
response:

Hðf Þ ¼

Z þ1
�1

Q ðtÞexpð�2piftÞdt ð20Þ

In addition to Gloge’s analytical solution for the time-depen-
dent power flow Eq. (2) [7], two numerical approaches for solving
the time-dependent power flow Eq. (1) have also been reported.
They are the implicit finite-difference method (Crank-Nicholson
scheme) by Breyer et al. [9] and explicit finite-difference method
in the matrix form by Mateo et al. [6]. In this work, to our
knowledge for the first time, using Gloge’s analytical solution of
Eq. (2), we calculate the impulse response, frequency response
and bandwidth of the SI POF investigated earlier by Mateo
et al. [6] and compare our analytical to their experimental results.
One should mention here that numerical approaches in solving
Eq. (2) [6,9] are often very complex and computationally more
difficult to perform, so application of the analytical solution of the
problem is always more convenient if such solution exists.

3. Results

It was shown in the preceding Section how the time-depen-
dent analysis is reduced to its time-independent equivalent. This
is applied to calculate the impulse response, frequency response
and bandwidth of the SI POF that was investigated by Mateo
et al. [6]. This fiber is the PGU-FB1000 (PGU) from Toray with
numerical aperture NA¼0.5 (corresponding to the inner critical
angle of yc¼19.51) and 0.15 dB/m of nominal attenuation. Mateo
et al. [6] measured frequency responses at different fiber lengths
by feeding pure sinusoidal waveforms of different frequencies to
an AlGaInP laser diode (LD Sanyo DL-3147-021). The laser source

B. Drljača et al. / Optics and Lasers in Engineering 49 (2011) 618–622 619



emits a maximum power of 5 mW at 645 nm and has a typical
divergence of 301 in the perpendicular plane, and 7.51 in the
parallel plane. Power was launched directly into the fiber using a
connector, which limits the NA to near 0.19 (under-filled launch)
but is close to the conditions achieved in real links. The receptor is
based on a 1 mm diameter photodiode (FDS010) with a 50 O load
resistance and whose bandwidth is 200 MHz. The fiber-output is
free-space coupled to the receptor using another connector. Most
of the power is captured due to the large area of the detector,
avoiding spatial filtering that could modify measured frequency
responses. The receptor output is amplified using a 40 dB ampli-
fier (Mini-Circuits ZKL-1R5) with a band-pass from 10 MHz to
1.5 GHz. A wideband Infinium DCA 86100A oscilloscope from
Agilent is connected to the output of the amplifier and captures
the received signal whose amplitude is directly related with the
frequency response of the system at that frequency. Device
control and data acquisition are performed by the computer.
The detailed procedure to obtain the frequency response is
described in [6] and references within. In calculating the impulse
response and frequency response of PGU fiber, Mateo et al. [6]
have assumed mode-dependent attenuation aðyÞ and mode-
dependent coupling coefficient DðyÞ. In contrast, Gloge’s analytical
solution of the time-dependent power flow Eq. (2) is obtained
assuming a constant coupling coefficient D and constant A (A is
the second order multiplicative factor in the series expansion of
the mode-dependent attenuation aðyÞ). In order to obtain the
value for A for the fiber in question, we used the graph for aðyÞ in
Fig. 1 proposed earlier for PGU fiber by Mateo et al. [10]. Since
mode-dependent attenuation can be written in the form
aðyÞ � a0þAy2, one can determine A by fitting the graph
of Fig. 1 using this a(y) function. In doing so, we have obtained
a0¼0.015 m�1 and A¼0.9953 (rad2 m)�1. On the basis of the
distribution of mode-dependent coupling coefficient DðyÞ pro-
posed earlier for PGU fiber by Mateo et al. [10] (Fig. 2), we have
obtained that the value of the coupling coefficient DE5.02�
10�4 rad2/m characterizes mode coupling in the angular range of
interest yE0 to 71 (in the calculations we assumed that the light
beam is launched centrally along the fiber axis with FWHM¼
10.21). One should mention here that modeling the mode cou-
pling process with a constant D is commonly done by many other
authors [5, 11–15].

A Dirac impulse in time and a mode distribution with the
width at 1/e of Y0 ¼Y1¼121 (FWHM¼10.21) at the beginning of
the fiber are used (Mateo et al. [6] used a laser diode with FWHM¼7.51 in the parallel plane). Eq. (8), valid for long fiber

lengths zc1=g1¼22.4 m, has been used to calculate the impulse
response at fiber lengths z¼50, 100 and 150 m. Our analytical
results for the impulse response for different fiber lengths of the
PGU fiber are shown in Fig. 3. In Fig. 4, experimental results
obtained by Mateo et al. [6] for impulse response are shown for
the fiber length of 150 m. A good agreement between these
results is apparent. The tail beyond 20 ns of the experimentally
obtained impulse response [6] at the end of 150 m PGU fiber
length seems longer than our analytical results and possibly is
due to the noticeable difference in the attenuation functions as
shown in Fig. 1. One can observe from Fig. 3 that at short fiber
lengths, the mode-dependent attenuation and modal dispersion
are the dominant effects. With increasing fiber length, mode
coupling begins to influence significantly the impulse shape,
changing it to a more or less Gaussian shape. The power exiting
the fiber at the highest angles (the tails of the Gaussian launch
beam) is delayed the most. This suggests an efficient means of
improving the fiber performance by spatially filtering-out of the
tail-ends at higher angles [6]. As most power is confined within
the range of lower angles, such filtering of the power at highest
angles would cause only minor power loss while producing a
narrower overall impulse response.
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et al. [10] (dashed line) and our fit obtained using the function aðyÞ � a0þAy2,
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B. Drljača et al. / Optics and Lasers in Engineering 49 (2011) 618–622620



Fig. 5 shows frequency response of the PGU fiber obtained
using Eq. (9). The low frequency performance differs from that at
high frequencies. Moreover, a more pronounced drop at lower
frequencies is apparent for longer fiber length. A similar fre-
quency response has been observed for HFB POF investigated by
Mateo et al. [6].

In Fig. 6, Mateo’s and our results are compared and show a
good match for the bandwidth. The differences between these
results at short fiber lengths can be explained by the fact that in
our calculations the launch mode distribution with FWHM¼10.21
is used while Mateo et al. [6] in the experiment used a laser diode
with FWHM¼7.51. Namely, influence of the width of the
launched beam on the evolution of the width of the output
angular power distribution, and consequently on the fiber band-
width, is more pronounced at short fiber lengths [16], leading to
the underestimated analytically obtained bandwidth. With
increasing fiber length this influence becomes negligible. One
can also see that bandwidth decreases with length more steeply
for shorter fiber lengths. POF bandwidth as a function of fiber
length (in logarithmic coordinates) has usually been approxi-
mated by straight lines. The slope of these lines is known as the
concatenation factor and is related to mode coupling. In the
absence of mode coupling and differential mode attenuation,
the concatenation factor is unity. Therefore, a slope higher or
lower than this is evidence of diffusive non-linear effects [6].
Mateo et al. [6] showed that the bandwidth data for the PGU fiber

can be fitted with two lines intercepting at about 60 m, with a
slope of 1.3 for the first and 0.8 for the second line. Slope above
unity is caused by under-filled launch. Combined with modal
diffusion, it degrades the overall fiber performance by causing
faster drop in bandwidth. The segment with a slope of 0.8 is
indicative of stronger modal diffusion that leads to the equili-
brium distribution faster. Thus, one can conclude that at the fiber
length of about 60 m, weakly coupled regimes become strongly
coupled beyond the coupling length Lc (the fiber length where
equilibrium mode distribution is achieved) [15].

4. Conclusion

The analytical solution of the time-dependent power flow
equation is employed for the first time to calculate the impulse
response, frequency response and bandwidth in a step-index
plastic optical fiber that was investigated experimentally by
Mateo et al. [6]. Our results for the impulse response agree well
with experiments [6]. It has been observed that at short fiber
lengths the mode-dependent attenuation is dominant. With
increasing fiber length, mode coupling begins to influence the
impulse response of the fiber, which begins to take the Gaussian-
like shape. Frequency response at a range of lengths enabled us to
derive the bandwidth dependence on distance. A good agreement
between our results and experimental results from the litera-
ture [6] is obtained. One could observe that the switch from
weakly to strongly coupled regimes results in the slower drop of
bandwidth for fibers longer than the coupling length Lc, which
means that mode coupling enhances the fiber bandwidth.
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B. Drljača et al. / Optics and Lasers in Engineering 49 (2011) 618–622 621



[2] Golowich SE, White W, Reed WA, Knudsen E. Quantitative estimates of mode
coupling and differential modal attenuation in perfluorinated graded-index
plastic optical fiber. J Lightwave Technol 2003;21:111–21.

[3] Green Jr. PE. Optical networking update. IEEE J Sel Areas Commun

1996;14:764–79.
[4] Koeppen C, Shi RF, Chen WD, Garito AF. Properties of plastic optical fibers. J

Opt Soc Am B 1998;15:727–39.
[5] Gloge D. Optical power flow in multimode fibers. Bell Syst Tech J 1972;51:

1767–83.
[6] Mateo J, Losada MA, Zubı́a J. Frequency response in step index plastic optical

fibers obtained from the generalized power flow equation. Opt Express

2009;17:2850–60.
[7] Gloge D. Impulse response of clad optical multimode fibers. Bell Syst Tech J

1973;52:801–16.
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A recently reported function for calculation of the coupling length at which the equilibrium mode distribution
is achieved in step-index plastic optical fibers is compared to a long established calculation method and to
experimental findings. The recent function, while simpler to apply as it eliminates the need to numerically solve
the power flow equation repeatedly for every case, is also more accurate for high numerical aperture (0.45 to 0.5)
plastic optical fibers.
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1. Introduction

Mode coupling in a step-index (SI) plastic optical fiber
transfers power between neighboring modes. It thus
progressively alters the input power distribution along
the fiber length. Consequently, it has been described
as strongly affecting transmission characteristics of the
fiber [1–5]. Mode coupling is caused by fiber impurities
and inhomogeneities introduced during the fiber manu-
facturing process. Examples of such imperfections are
microscopic bends, diameter variations, irregularity of
the core-cladding boundary, and refractive index distri-
bution fluctuations [6].

Due to mode coupling, the optical power distribution
at the output end of the fiber depends not only on the
launch conditions, but also on fiber properties and length.
For example, light launched along a cone with a specific
angle relative to the fiber axis will form a sharply defined
ring radiation pattern at the output end of only short
fibers. Because of mode coupling, the boundary (edges)
of such a ring become blurred or fuzzy at the end of
longer fibers. The extent of this fussiness increases with
fiber length and the ring-pattern evolves gradually into a
disk. The disk extends across the entire fiber core when
the “coupling length” Lc of the fiber is reached.

An equilibrium mode distribution (EMD) exists be-
yond the coupling length Lc of the fiber. It is character-
ized by the absence of rings regardless of launch condi-
tions (i.e. angle of launch). While extending fully across
the fiber core, the resulting disk pattern is not yet uni-
form throughout as light distribution across it still varies
with launch conditions. Nevertheless, EMD indicates a
substantially complete mode coupling. It is of critical
importance when measuring characteristics of multimode

∗ corresponding author; e-mail: savovic@kg.ac.rs

optical fibers (linear attenuation, band width, etc.). Mea-
surement of these characteristics is considered meaningful
only if performed at or beyond the EMD condition when
it is possible to assign to a fiber a unique value of loss per
unit length [1]. At distance zs (zs > Lc) from the input
fiber end, all individual disk patterns corresponding to
different launch angles take the same light-distribution
across the fiber core. The “steady state distribution”
(SSD) is then said to have been achieved as the output
light distribution becomes independent of launch condi-
tions. SSD indicates the full completion of (the effects of)
the mode coupling process (actually the coupling process
continues but with no further apparent effects).

To experimentally determine the fiber length Lc where
the EMD is achieved, pulse broadening measurements
can be performed for different fiber lengths z while try-
ing to identify the length z = Lc beyond which the
band width becomes proportional to 1/z1/2 instead of 1/z
[2, 7]. An alternative method of determining Lc is to
identify the fiber length after which all output angular
power distributions take the disk form regardless of the
incidence angle (within the numerical aperture (NA) of
the fiber).

As for analytical methods, most reported calculations
make use of the coupling constant D in Gloge’s power
flow equation [8], which is a partial differential equation.
In this paper, the coupling length Lc for achieving EMD
in SI plastic optical fiber (POF) is calculated also us-
ing a recently reported function [9]. This allowed the
comparison of the two methods with respect to reported
experimental findings.

2. Calculation of the coupling length Lc

Assuming that mode coupling in multimode optical
fibers occurs predominantly between adjacent modes,

(652)
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Gloge has derived his time-dependent power flow equa-
tion (1) [7]. It determines the power distribution in the
core P (θ, z, t) as a function of the propagation angle θ
(measured relative to the core axis), coordinate along
the fiber axis z (measured from the input fiber end), and
time t. This power distribution P (θ, z, t) is related to
the modal attenuation, modal dispersion, and mode cou-
pling, which are represented by three respective terms on
the right side of (1):

∂P (θ, z, t)
∂z

= −Aθ2P (θ, z, t)− n

2c
θ2 ∂P (θ, z, t)

∂t

+
D

θ

∂

∂θ

(
θ
∂P (θ, z, t)

∂θ

)
, (1)

where A is the second-order multiplicative factor in the
series expansion of the power loss coefficient α (θ) due
to absorption and scattering: α(θ) = α0 + Aθ2 + . . . ;
c is the velocity of light in vacuum; and D = d0(λ/4an)2
in which λ, a and n are the free-space wavelength of
light, core radius and refractive index of the core, re-
spectively, while d0 is the zero-order term in the series
expansion of the expression for the coupling coefficient
d(θ) = d0 + α(θ)θ2 + . . . The tacit assumption that the
coupling coefficient d(θ) is constant (equal to d0) has been
used routinely for SI POF in the absence of reliable es-
timates of other terms in the expansion series of d(θ)
[6, 8–14].

Using the power-flow Eq. (1), Gloge obtained that the
broadening of the transmitted (relative to the input)
pulse width in step-index optical fibers progresses slower
with, than without, mode coupling [7]. This broadening
in the presence of coupling effects is proportional to z1/2

(rather than z without coupling):

τ =
n2 sin2 (Θ∞)

2nc

(
z

4γ∞

)1/2

, (2)

where Θ∞ = (4D/A)1/4 is the angular width of the
steady state mode distribution and γ∞ = (4DA)1/2 is
the overall loss coefficient.

Expression (2) reveals the improvement and penalty
resulting from mode coupling. On the one hand, un-
coupled and uniformly attenuated modes cause the im-
pulse response to broaden to a higher effective width
of z(n sinΘ∞)2/2nc in z km of fiber. Mode coupling re-
duces this undesirable effect by a factor of (4γ∞z)1/2.
On the other hand, the overall attenuation increases
by 4.35γ∞ dB/km in the presence of coupling. For trade-
off analysis, “coupling length” Lc is defined as:

Lc =
1

4γ∞
=

1
8(DA)1/2

. (3)

This coupling length marks the point at which the width
of the impulse response changes from linear to a square-
-root dependence of length.

In our previous works we have shown that coupling
length of SI POFs depends both on NA of the fiber [13] as
well as on the width of the launch beam distribution [9].
One can calculate the coupling length in SI POFs with
high NA (0.45 to 0.5) using equation [9]:

log Lc = a + b log D (4)
i.e.

Lc = 10aDb, (5)
where a = −1.9700 ± 0.0448 and b = −1.0243 ± 0.0168
for laser launch beam distributions (full width at half
maximum (FWHM) of 2.5◦ was assumed); and a =
−2.2908 ± 0.0069 and b = −0.9986 ± 0.0026 for LED
launch beam distributions (FWHM of 33◦ was assumed).

The expression (4) takes two different sets of coeffi-
cients for different launch-beam widths. This contrasts
Gloge’s result (3) in which the coupling length is inde-
pendent of the width of the launch beam distribution.
We will verify the accuracy of the proposed function (4)
for calculating the coupling length Lc.

3. Results

In order to test and compare the Gloge function (3)
and our recently proposed function (4), we used them
to evaluate the coupling length Lc for high-NA SI POF
investigated experimentally by Zubia et al. [11]. This
fiber’s core diameter is d = 0.98 mm. Its refractive index
of the core is n = 1.492, theoretical numerical aperture
NA = 0.5, and critical angle θc = 19.6◦ (measured in-
side the fiber), i.e. θc = 30◦ (measured in air). Values
of D = 7.5×10−4 rad2/m and A = 1.37 (rad2 m)−1 have
been reported for this fiber [11]. Using Gloge’s Eq. (3),
we obtain coupling length Lc = 3.9 m. Using Eq. (4),
we obtain Lc = 17 m, where a = −1.9700 ± 0.0448
and b = −1.0243 ± 0.0168 for laser launch beam dis-
tributions with FWHM of 2.5◦, since Zubia et al. have
used laser source in their experiment. In our previous
work [14], by solving the time-independent power flow
equation (Eq. (1) without the second term on the right-
-hand side), we have obtained that Lc = 17.6 m. Zubia
et al.’s experimental results [11] showed for 3 m long op-
tical fiber that the coupling of only lower order modes oc-
curs at such short fiber length while higher order modes
have apparently still not started to couple. This is ex-
perimental evidence that the coupling length Lc = 3.9 m
obtained using Gloge’s function is not accurate and that
a longer fiber length (Lc = 17.6 m) is needed for achiev-
ing EMD.

A similar value for Lc = 15–20 m has been obtained
experimentally by Garito et al. [6] for high NA (0.51) SI
POF. Short coupling lengths of 0.5 to 4 m for laser launch
beam input were reported only for SI POF’s strained by
many small-radius bends [15, 16]. In strained fibers due
to their tight bends introduced an additional coupling
effect (by curvature) occurs that is reflected in a more
than one order of magnitude higher coupling coefficient
D for the overall fiber configuration (of D ≈ 10−3 to
10−2 rad2/m depending on the number, frequency and
severity of bends in the configuration; whereas for un-
strained fibers D ≈ 10−4 rad2/m and D = 5.62 × 10−4

rad2/m in Garito’s case [6]). As a consequence, equilib-
rium mode distribution in strained fibers is achieved at
shorter distances than for straight fibers.
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It follows that our recently proposed function (4) for
calculating the coupling length in SI POFs with high
NA (0.45 to 0.5) is more accurate than Gloge’s func-
tion (3) which substantionally underestimates the cou-
pling length. The reason for this is that Gloge’s func-
tion (3) takes into account neither the influence of NA
on the coupling length, nor the width of the launch
beam distribution. Finally, using our recently proposed
method of calculating Lc, one does not need to know
the coefficient A in (1). This is not the case when using
Gloge’s function.

4. Conclusion

We have tested the recently reported function (4) [9]
for calculation of the coupling length (fiber length where
the equilibrium mode distribution is achieved) in the case
of SI POF. This function simplifies the determination of
the coupling length by eliminating the need to numer-
ically solve the power flow equation (or equivalent) re-
peatedly for every new case including every new geomet-
ric configuration (i.e. bending arrangement) of the fiber if
strained fibers are considered as well [16]. We found that
this function is more accurate for high-NA (0.45 to 0.5)
SI POFs than Gloge’s function (3) [7] that then substan-
tionally underestimates the coupling length. The reason
for this is that Gloge’s function (3) takes into account
neither the dependence of the coupling length on fiber’s
NA, nor the width of the launch beam distribution, which
factors play more prominent role in high-NA fibers than
in lower-NA fibers.
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Using the power flow equation, we have examined mode coupling in a step-index multimode glass optical fiber.
As a result, the coupling length at which the equilibrium mode distribution is achieved and the length of fiber re-
quired for achieving the steady-state mode distribution are obtained. These lengths are much longer for glass fiber
than they are for plastic optical fibers. Our results are in good agreement with experimental results reported earlier.
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1. Introduction

For decades, glass optical fibers (GOFs) have been
the preferred transmission medium in high-capacity com-
munications networks and long-distance communications
systems. In contrast, plastic optical fibers (POFs) are
usually considered for short data links. Local networking
with POFs benefits from the rapid (less laborious) inter-
connectivity with low precision and cost components as
POFs couple light efficiently due to their large diameter
(≈ 1 mm) and high numerical aperture. However, POF
performance is clearly attenuation limited. A typical at-
tenuation level for step-index (SI) POFs is ≈ 100 dB/km
— compared with ≈ 0.5 dB/km for SI GOFs [1]. This
limits POF data links to lengths shorter than 100 m.
Typically, optical implementations of long-distance com-
munications systems (greater than 1 km) employ GOF.

Transmission characteristics of step-index optical
fibers depend strongly upon the differential mode at-
tenuation and the rate of mode coupling. The latter
represents power transfer from lower to higher order
modes caused by fiber impurities and inhomogeneities
introduced during the fiber manufacturing process (such
as microscopic bends, irregularity of the core-cladding
boundary and refractive index distribution fluctuations).
In the absence of these intrinsic perturbation effects, light
launched at a specific angle with respect to the fiber axis
forms a sharply defined ring radiation-pattern at the out-
put fiber end. Due to mode coupling, the boundaries of
the ring become blurred at the end of longer fibers. This
fussiness increases with fiber length. As the ring-pattern
evolves gradually, it eventually takes the form of a disk
covering the entire fiber cross-section in fibers longer than
the “coupling length” Lc. The “equilibrium mode distri-
bution” (EMD) exists beyond the coupling length Lc of
the fiber. It is characterized by the absence of rings re-
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gardless of the launch conditions, even though the disk
pattern may have different light distributions across it
depending on the launch conditions. EMD indicates a
substantially complete mode coupling and is of critical
importance when measuring characteristics of multimode
optical fibers (linear attenuation, bandwidth, etc.). In-
deed, measurement of these characteristics would only be
considered as meaningful if performed at the EMD con-
dition when it is possible to assign to a fiber a unique
value of loss per unit length [2]. At distance zs (zs > Lc)
from the input fiber end, all individual disk patterns
corresponding to different launch angles take the same
light-distribution across the fiber-section and the “steady
state distribution” (SSD) is achieved. SSD indicates the
completion of the mode coupling process and the inde-
pendence of the output light distribution from launch
conditions.

Output angular power distribution in the near and far
fields of an optical fiber end has been studied extensively.
Work has been reported using geometric optics (ray ap-
proximation) to investigate mode coupling and predict
output-field patterns [3, 4]. By employing the power flow
equation [5–9] as well as the Fokker–Planck and Langevin
equations [10], these patterns have been predicted as a
function of the launch conditions and fiber length. In
this paper, our solution of the power flow equation de-
termines the coupling length Lc for achieving the EMD,
the transition states along Lc, as well as the length zs

for achieving the SSD. To allow comparisons, results are
illustrated on the case of the SI GOF investigated earlier
by Jeunhomme et al. [11].

2. Power flow equation

Gloge’s power flow equation is [6]:
∂P (θ, z)

∂z
= −α(θ)P (θ, z) +

D

θ

∂

∂θ

(
θ
∂P (θ, z)

∂θ

)
, (1)

where P (θ, z) is the angular power distribution, z is dis-
tance from the input end of the fiber, θ is the prop-
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agation angle with respect to the core axis, D is the
coupling coefficient assumed constant [5, 7] and α(θ) is
the modal attenuation. The boundary conditions are
P (θc, z) = 0, where θc is the critical angle of the fiber,
and D(∂P/∂θ) = 0 at θ = 0. Condition P (θc, z) = 0
implies that modes with infinitely high loss do not carry
power. Condition D(∂P/∂θ) = 0 at θ = 0 indicates that
the coupling is limited to the modes propagating with
θ > 0. Except near cutoff, the attenuation remains uni-
form α(θ) = α0 throughout the region of guided modes
0 ≤ θ ≤ θc [7] (it appears in the solution as the multipli-
cation factor exp(−α0z) that also does not depend on θ).
Therefore, α(θ) need not be accounted for when solving
(1) for mode coupling, and this equation reduces to [8]:

∂P (θ, z)
∂z

=
D

θ

∂P (θ, z)
∂θ

+ D
∂2P (θ, z)

∂θ2
. (2)

The solution of Eq. (2) for the steady-state power distri-
bution is given by [7]:

P (θ, z) = J0

(
2.405

θ

θc

)
exp(−γ0z), (3)

where J0 is the Bessel function of the first kind and zero
order and γ0 [m−1] = 2.4052D/θ2

c is the attenuation coef-
ficient. We used this solution to test our numerical results
for the case of the fiber length at which the power distri-
bution becomes independent of the launch conditions.

In order to obtain numerical solution of the power
flow Eq. (2) we have used the explicit finite-difference
method (EFDM) to investigate mode coupling in short
step-index plastic optical fibers (length up to hundred
meters) [8, 12, 13]. We now employe EFDM, in our
knowledge for the first time, for solving the power flow
equation in much longer (kilometers in length) step-index
glass optical fiber. This should also be a test of accuracy
and efficiency of the EFDM for such a long fiber.

To start the calculations, we used Gaussian launch-
-beam distribution of the form

P (θ, z) = exp
(
− (θ − θ0)

2σ2

)
, (4)

with 0 ≤ θ ≤ θc, where θ0 is the mean value of the inci-
dence angle distribution, with the full width at half max-
imum FWHM = 2.355σ (σ is standard deviation). This
distribution is suitable both for LED and laser beams.

3. Numerical results

In this paper, we analyze mode coupling in the CGW-
-CGE-68 step-index multimode glass optical fiber used in
the experiment reported earlier [11]. This fiber’s critical
angle is θc = 7.26◦ (measured inside the fiber), i.e. θc =
10.6◦ (measured in air). Value of coupling coefficient
of D = 7.9 × 10−7 rad2/m has been reported for this
fiber [11] (it is required in Eq. (1)) — which we have
adopted in this work.

Our numerical solution of the power flow equation gives
the evolution of the normalized output power distribution
with fiber length z as z is incremented from zero until
achieving the SSD. The situation is shown in Fig. 1 for

selected four such z values, each for three different input
angles θ0 = 0, 3 and 6◦ (measured inside the fiber). We
selected Gaussian launch beam distribution with FWHM
= 1.2◦ by setting σ = 0.5095◦ in Eq. (4). We used the
step lengths of ∆θ = 0.05◦ and ∆z = 0.0005 m in order
to achieve stability of our finite difference scheme [8, 14].

Fig. 1. Normalized output angular power distribution
at different locations along the SI GOF calculated for
three Gaussian input angles θ0 = 0◦ solid line), 3◦

(dashed line) and 6◦ (dash-dotted line) with FWHM =
1.2◦ for: (a) z = 700 m, (b) z = 1500 m, (c) z = 1800 m,
and (d) z = 3100 m (filled squares represent the analyt-
ical steady-state solution).

One can observe from radiation patterns in the fiber
of shorter length z = 700 m in Fig. 1a that the coupling
is stronger for the low-order modes: the Gaussian beam
launched at 3◦ has already shifted to θ = 0◦. Coupling
of higher order modes can be observed better only af-
ter more substantial fiber lengths (Fig. 1b). It is not
until the fiber’s coupling length Lc = 1800 m that all
the mode-distributions shift their mid-points to zero de-
grees (from their respective initial values at the input
fiber end), producing the EMD in Fig. 1c. The coupling
continues further along the fiber beyond the Lc mark un-
til all distributions’ widths equalize and SSD is reached
at the length of zs = 3100 m, Fig. 1d. Figure 1d shows
normalized curves of the output angular power distribu-
tion obtained by the power flow equation by the EFDM
(solid curve) as well as the steady state analytical solu-
tion of Eq. (2) (squares), where γ0 = 2.86 × 10−4 m−1.
The two solutions are in good agreement with the rela-
tive error below the 0.95%. It is important to note here
that although the total integration fiber length (length
for achieving SSD) in this case is of the order of kilome-
ters, which is much longer than the length for achieving
SSD in plastic optical fibers (typically up to hundred me-
ters), the accumulated truncation errors of the applied
numerical procedure is not too much larger if compared
to the case of short plastic optical fibers where relative
error is usually up to 0.2% [8, 12, 13]. Thus, we con-
clude that EFDM is efficient and accurate for solving the
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power flow equation, both in the case of short (plastic)
and very long (glass) optical fibers. Our numerical result
for zs is in good agreement with the experimental re-
sult by Jeunhomme et al. [11]. who obtained, by varying
the launch beam angle, that SSD is achieved in 3000 m
long SI GOF (Jeunhomme’s experimental steady state
output-field pattern is shown in Fig. 2).

Fig. 2. Experimentally determined [11] normalized
steady state output angular power distribution for
He–Ne laser launch beam at fiber length of 3000 m
(reconstructed).

In summary, our numerical results show a much longer
coupling length (Lc = 1800 m) in SI GOF than in SI
POFs (typically Lc

∼= 15 to 35 m [13, 14]). Similarly, the
length for achieving the SSD is also much longer in the
SI GOF (zs = 3100 m) than in SI POFs (usually up to
one hundred meters). This is attributed to the weaker
intrinsic perturbation effects in SI GOFs.

4. Conclusions

Using the power flow equation, we have examined the
state of mode coupling in a long step-index glass optical
fiber by observing, for different launch angles, the out-
put angular power distribution as it varied with the fiber
length. For the CGW-CGE-68 fiber, we have obtained
that the coupling length for achieving the equilibrium
mode distribution is 1800 m and the length for achiev-
ing the steady state power distribution is 3100 m. This
is much longer than for plastic optical fibers with typi-

cal coupling lengths from 15 to 35 m [13]. On a sepa-
rate note, the explicit finite difference method applied in
our knowledge for the first time to solve the power flow
equation in a kilometers long fiber has turned out to be
efficient and accurate.
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Calculation of the Impulse Response
of Step-Index Plastic Optical Fibers
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B. Drljačaa, S. Savovića,b,∗ and A. Djordjevichb

aFaculty of Science, R. Domanovica 12, 34000 Kragujevac, Serbia
bCity University of Hong Kong, 83 Tat Chee Avenue, Hong Kong, China

The analytical solution of the time-dependent power flow equation is employed to calculate impulse
response in a step-index plastic optical fiber. Results are given at different fiber lengths and are shown
to agree with those reported in the literature. Mode-dependent attenuation, modal dispersion and mode cou-
pling in plastic optical fibers are known to affect fiber-optic power delivery, data transmission, and sensing systems.

PACS numbers: 42.81.−i, 42.81.Qb, 42.81.Uv

1. Introduction

Transmission properties of step-index (SI) multimode
optical fibers depend strongly upon mode-dependent at-
tenuation, modal dispersion and the rate of mode cou-
pling (power transfer from lower to higher order modes)
caused by intrinsic perturbation effects (primarily due
to microscopic bends, irregularity of the core-cladding
boundary and refractive index distribution fluctuations).
Different simulation models are usually required for these
three important effects in SI optical fibers. The ray trac-
ing model calculates the trajectory for each ray through
the fiber. It enables the calculation of the impulse re-
sponse including the process of mode-dependent attenu-
ation and modal dispersion. This model is computation-
ally intensive as a large number of ray-trajectories must
be generated. In contrast, using the time-independent
power flow equation [1], mode-dependent attenuation
and mode coupling can be modeled effectively to re-
veal their influence on transmission characteristics of the
fiber. Furthermore, using the time-dependent power flow
equation, one can model all three major fiber effects [2].
Using the time-dependent power flow equation, we re-
port in this work on the impulse response in SI plastic
optical fiber (POF) that has been investigated by Breyer
et al. [3].

2. Time-dependent power flow equation

We use Gloge’s time-dependent power flow equation to
describe the evolution of the modal power distribution

∗ corresponding author; e-mail: savovic@kg.ac.rs

along the axis of the SI POF (as coordinate z). Individ-
ual modes are characterized by their inner propagation
angle θ measured with respect to fiber axis. Gloge’s time-
-dependent power flow equation can be written as [2]:

∂P (θ, z, t)
∂z

+
∂t

∂z

∂P (θ, z, t)
∂t

= −α(θ)P (θ, z, t)

+
1
θ

∂

∂θ

[
θD(θ)

∂P (θ, z, t)
∂θ

]
, (1)

where t is time, P (θ, z, t) is power distribution over an-
gle, space and time, α(θ) is mode-dependent attenuation,
∂t/∂z is mode delay per unit length and D(θ) is mode-
-dependent coupling coefficient. Mode-dependent atten-
uation can be written in the form α(θ) = α0 +Aθ2 + . . . ,
where α0 describes the loss common to all modes. It can
be accounted for later by multiplying the end-solution
by the term e−α0z [4]. Therefore, in solving (1) one
should consider only the term Aθ2, which is most impor-
tant among the higher order modes [1]. Assuming also
that coupling coefficient D is mode-independent, Eq. (1)
can be written as follows [2]:

∂P (θ, z, t)
∂z

+
∂t

∂z

∂P (θ, z, t)
∂t

= −Aθ2P (θ, z, t)

+
D

θ

∂

∂θ

[
θ
∂P (θ, z, t)

∂θ

]
. (2)

The derivative ∂t/∂z can be obtained using the group
velocity of a mode with characteristic angle θ, which is

dz

dt
=

c

n(1 + θ2/2)
. (3)

Neglecting the delay n/c common to all modes, Eq. (2)
could be rewritten [2], and after applying the Laplace
transform

(658)
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p(θ, z, s) =
∫ ∞

0

e−stP (θ, z, t)dt, (4)

Eq. (2) agrees with the time-independent power flow
equation

∂p

∂z
= −Aσ2θ2p +

D

θ

∂

∂θ

(
θ
∂p

∂θ

)
, (5)

except for the factor σ2 [1]. One can therefore use the so-
lution of the time-independent power flow equation, if A
is replaced by Aσ2. For the Gaussian input distribution
one obtains [1]:

p(θ, z, s) = f(z, s) exp
(−θ2/Θ2(z, s)

)
, (6)

where Θ2(z, s) and f(z, s) are described by Gloge [1].

For continuous wave excitation (s = 0), the angular
width Θ(z, 0) changes monotonically from Θ0 to Θ∞ as z
increases. Since the width Θ∞ characterizes a distribu-
tion which propagates unchanged (at steady state) and
with the minimum overall loss coefficient γ∞, it seems
practical to excite this distribution right from the begin-
ning (Θ0 = Θ∞) [2]. The closed-form Laplace transform
of (6) exists only for the approximation given in the limits
z ¿ 1/γ∞ (short fiber) and z À 1/γ∞ (long fiber) [2].

In the case of short fiber, Eq. (6) becomes [2]:

p(θ, z, s) =
f(0, s)

1 + γ∞z
exp

(
−θ2

(
1

Θ2
0

+
nz

2c
s

))
. (7)

The total output is obtained from the integration
p(θ, z, s) over all angles [2]. With reference to (7) and
for z ¿ 1/γ∞, one obtains [2]:

q =
πf(0, s)Θ2

0

(1 + γ∞z)(1 + nΘ2
0 zs/2c)

. (8)

If one sets f(0, s) = 1, which corresponds to an infinitesi-
mally short input pulse of energy 1, the Laplace transfor-
mation of (8) yields the impulse response of the fiber [2]:

Q(z, t) =
2cπ

nz(1 + γ∞z)
exp(−2ct/nΘ2

0 z), (9)

where Q(t) is limited practically to a time interval nar-
rower than nθ2

cz/(2c), which is the delay between the
fastest and the slowest mode (θc is the fiber’s critical an-
gle).

In case of a long fiber, Eq. (6) assumes the form [2]:

p =
2σ

1 + σ
exp

(−σ(θ2/Θ2
0 + γ∞z)

)
, (10)

which leads to

q =
2πΘ2

0

1 + σ
exp(−σγ∞z), (11)

where p is integrated over all angles θ, as before. In-
troducing σ =

√
1 + ns/2cA into (12), one can form

the Laplace transform of q(s). By using the condition
γ∞z > 1, the impulse response of the fiber is

Q(z, t) = Θ2
0

√
π

Tt

(
t

γ∞zT
+

1
2

)−1

× exp
(
−γ2

∞z2T

4t
− t

T

)
, (12)

where

T =
n

2cA
=

n

2c

Θ2
0

γ∞
. (13)

Besides the analytical solution of the time-dependent
power flow Eq. (2) which is obtained by Gloge [2], two nu-
merical approaches for solving the time-dependent power
flow Eq. (1) have been reported recently: implicit finite-
-difference method (Crank-Nicholson scheme) by Breyer
et al. [3] and explicit finite-difference method in the ma-
trix form by Mateo et al. [5]. In this work using Gloge’s
analytical solution of (2), we calculate the impulse re-
sponse of the SI POF investigated earlier by Breyer
et al. [3] and compare our analytical results with their
numerical results.

3. Results

Using Gloge’s analytical solution of the time-
-dependent power flow Eq. (2) we have calculated im-
pulse response of SI POF investigated earlier by Breyer
et al. [3]. The fiber analyzed is the PREMIER GH4001
(GH fiber) from Mitsubishi with the diameter of 1 mm
and numerical aperture NA = 0.5 (corresponding to inner
critical angle of θc = 19.5◦) and 0.15 dB/m of nominal
attenuation. In obtaining the impulse response of GH
fiber, Breyer et al. [3] have assumed mode-dependent at-
tenuation α(θ) and mode-dependent coupling coefficient
D(θ). In contrast, Gloge’s analytical solution of the time-
-dependent power flow Eq. (2) is obtained assuming a
constant coupling coefficient D and constant A (A is the
second order multiplicative factor in the series expansion
of the mode-dependent attenuation α(θ)). In order to
obtain the value for A for the fiber analyzed, we used
the graph for α(θ) in Fig. 1 proposed earlier by Mateo

Fig. 1. Mode-dependent attenuation α(θ) for GH fiber
proposed by Mateo et al. [6] (dashed line) and our fit
obtained using the function α(θ) ≈ α0 +Aθ2, with α0 =
0.0159 1/m and A = 0.4025 (rad2 m)−1 (solid line).

et al. [6] and used in numerical calculations by Breyer
et al. [3]. Since mode-dependent attenuation can be writ-
ten in the form α(θ) ≈ α0 + Aθ2, one can determine
A by fitting the graph shown in Fig. 1 using this func-
tion. In this way, we have obtained α0 = 0.0159 1/m
and A = 0.4025 (rad2 m)−1. The value of the constant
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coupling coefficient D = 1.171 × 10−4 rad2/m has been
used in the first approach to the modeling of mode cou-
pling in the analyzed fiber by Mateo et al. [6], which we
have adopted in this work. One should mention here that
modeling the mode coupling process with a constant D
is commonly done by many other authors [1, 4, 7, 8].

Fig. 2. Analytical results for the impulse response for
different fiber lengths for GH fiber (this work).

Fig. 3. Numerical results for the impulse response for
different fiber lengths for GH fiber obtained by Breyer
et al. [3] (retraced).

A Dirac impulse in time and a mode distribution with
the width at 1/e of Θ0 = Θ∞ = 9.85◦ (FWHM = 8.35◦)
at the beginning of the fiber is used. Equation (9), valid
for short fiber lengths z ¿ 1/γ∞ = 41.3 m, has been
used for calculating impulse response at z = 10 m. Equa-
tion (12), valid in a case of long fiber lengths z À 1/γ∞,
has been used for calculating impulse response at fiber
lengths z = 50, 100 and 150 m. Our analytical re-
sults for the impulse response of the fiber analyzed are
shown in Fig. 2. In Fig. 3, numerical results obtained
by Breyer et al. [3] for impulse response are shown for
the same fiber lengths. A good agreement between these
results is apparent. One can observe that, at short fiber
lengths (z = 10 m), the mode-dependent attenuation is

the dominant effect. With increasing fiber length, mode
coupling begins to influence the impulse shape changing
it to Gaussian.

Finally, the power exiting the fiber at the highest an-
gles (tails of the Gaussian launch beam) has the longest
delays. This suggests an efficient means of improving
the fiber capability by spatial filtering-out of the tail at
higher angles [5]. As most power is confined within the
range of lower angles, such filtering-out of the power at
the highest angles will cause only a small power loss while
producing a narrower overall impulse response.

4. Conclusion

The analytical solution of the time-dependent power
flow equation is employed to calculate the impulse re-
sponse in a step-index plastic optical fiber that was in-
vestigated earlier by Breyer et al. [3]. Our results for the
impulse response at different fiber lengths agree well with
the earlier reported numerical results [3]. It has been ob-
served that at short fiber lengths mode-dependent atten-
uation is the dominant effect. With the increasing fiber
length, mode coupling begins to influence impulse re-
sponse of the fiber, resulting in the impulse shape chang-
ing to a Gaussian-like shape. In general, using the infor-
mation provided by the space-time power distribution,
fiber transmission characteristics can be enhanced using
an appropriate spatial filter. In doing so, a good fiber
characterization can be applied to optimize the fiber per-
formance in POF links.
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Abstract: In this paper recent advances in application of power flow equation to W-

type photonic crystal fibers (PCF) is presented. As known for many years power flow 

equation has been proven to be best solution when transmission characteristics of multimode 

optical fibers are to be modeled. Transmission properties of multimode optical fibers depend 

strongly upon modal dispersion, mode-dependent attenuation and the rate of mode coupling. 

Throughout years different simulation models have been developed to model light 

transmission in optical fibers. Electromagnetic wave model is usually used in modeling of 

single mode and few mode fibers and it is not applicable to multimode fibers. The ray tracing 

model, which calculates the trajectory for each ray through the fiber, enables the calculation 

of the impulse response (and therefore frequency response and bandwidth) including the 

process of mode-dependent attenuation and modal dispersion. Beside this model is 

computationally intensive since it requires a large number of ray trajectories it can’t account 

for mode coupling. In contrast, using the time-independent power flow equation, mode-

dependent attenuation and mode coupling can be modeled effectively in order to calculate 

their influence on transmission characteristics of an optical fiber. Furthermore, using the 

time-dependent power flow equation, all three major fiber effects can be modeled. In this 

work we describe application of time-independent power flow equation (TI PFE) on different 

types of multimode optical fibers.  
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Introduction: 

Gloge suggested that instead of determining distribution of individual 

modes in an multimode optical fiber continuum of modes should be introduced 

[1]. This can be done if two conditions are satisfied: 1) number of modes is large 

enough and 2) mode coupling occurs only between adjacent modes. Introducing 

these assumptions, Gloge proposed a partial differential equation which 

describes the power distribution as a function of fiber length and continuous 

modal parameter θ, which represents the mode`s propagation angle along fibers 

measured relative to the fiber axis [1]: 

( , ) 1 ( , )
( ) ( , ) ( )

P z P z
P z D

z

    
    

   

 
    

 
                            

 (1) 

where P(,z) is the angular power distribution, z is distance from the input 

end of the fiber and D(θ) is the mode-dependent coupling coefficient. Modal 

attenuation α(θ) can be written in the form α(θ)= α0 + αd(θ). The term α0 

represents conventional losses by absorption and scattering. It can be neglected 

in the solution because it would feature as just a fixed multiplier exp(-α0z). The 

term αd(θ) in the expansion of α(θ) becomes dominant for higher order modes. 

Boundary conditions for eq. 1 are: 

0

( , ) 0;  0,c

P
P z D






 

                                                          (2) 

where 
c  is critical angle of the fiber.  

 
Fig. 1. The cross section and the refractive-index profile of the multimode doubly clad 

W-type MOF. is the pitch, dq and dp are the diameters of inner outer cladding air-holes, 

respectively. 
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Considering that in real applications more diverse initial conditions of 

light injection are required numerical solution is usually often employed in order 

to model different input conditions that correspond to real application. In recent 

years explicit finite difference method has been used more often due to its 

simplicity and ease of use [3,6]. The central difference scheme is used to 

represent the ( ( , )) /P z    and 2 2( ( , )) /P z    terms, and the forward difference 

scheme for the term ( ( , )) / .P z z    We present application of TI PFE for W-type 

PCF.  

W-type PCF   

Figure 1 represents the index profile of a W-type PCF with n0, np and nq 

(n0>np>nq) being indices of refraction of the core, cladding, and intermediate 

layer, respectively. Modes propagating at angles that are between  1 2(2 )p p    

and 1 2(2 )q q    are called the leaky modes [7]; here, 0 0( ) /p pn n n     or  

0 0( ) /q qn n n    is the relative difference of the refraction index of the cladding, or 

intermediate layer (respectively). 

Using the free-space wave number 
0 2 /k    and expressing the thickness 

of the intermediate layer as  a   where a is the core-radius, constants of 

attenuation of leaky modes are given as [7]: 
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All guided-modes in singly clad (SC) fibers regardless of their 

propagation angle θ are attenuated equally; the attenuation rises steeply for 

radiated-modes. For W-type fibers, this can be generalized in terms of αd(θ) in 

the previously introduced expansion for attenuation α(θ)= α0 + αd(θ), where: 

                               p

0

( ) ( )

p

d L q

q

 

      

 

 


  

 

                                              

(4) 

Equation (4) can also be explained if one would think of a W-fiber as 

having a vanishing, and then infinite, thickness of its intermediate layer a    (a 

is the core radius). With 0, and then , two distinct SC (SCp and SCq) 

fibers result with respective critical angles of θp and then θq, respectively. This 

results in three region for the propagation angle evident in (4): less than a critical 

angle, between the two of them and greater than the other. Modes propagating at 

angles between the two critical angles θp and θq are termed leaky modes. For 
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that range, strong influence of the intermediate layers’ thickness  a   on ( )L    

in (4) has been noted [7].  

Fig 1 also represents cross section and refractive-index profile of named 

multimode W-type PCF with a solid-core and rings of air holes in the cladding, 

where Λ is the hole-to-hole spacing (pitch), d is diameter of air holes in the 

cladding. Numerical aperture, dispersion and other fiber properties are thereby 

engineered by additional design parameters, namely pitch and air-holes size. 

Despite uniform material properties across the fiber, the central part without 

holes has the highest refractive index n0; holes in the cladding reduce the 

effective value n1 of such index. Larger or more densely spaced holes in the 

cladding reduce it even more. For PCFs with air holes in a triangular lattice, the 

effective refractive index of cladding 𝑛𝑓𝑠𝑚 can be obtained using the effective 

parameter V : 

 
2 2

0

2
eff fsmV a n n




                                                                (5) 

where n0 is the refractive index of the core. The effective refractive index 

of the cladding 𝑛𝑓𝑠𝑚 is defined as the effective refractive index of so-called 

fundamental space-filling mode in the triangular hole lattice, and / 3effa    

[8]. The effective refractive index of the cladding 𝑛1≡ 𝑛𝑓, can be obtained from 

equation (5), using the effective V  parameter [8]: 

 
2

1

3 4

,
1 exp /





 
  

    

Ad
V A

A A
                                                   (6) 

with the fitting parameters iA  (i=1 to 4):  

1 2 3

0 1 2 3

     
        

       

i i ib b b

i i i i i

d d d
A a a a a                                        (7) 

where the coefficients  0ia  to 3ia   and  1ib  to   3ib  (i=1 to 4) are given in 

[11,12]. For this type of fiber, except near cutoff the attenuation remains 

uniform ()=0  throughout the region of guided modes 0≤θ≤θm [10]. 

Therefore, () need not be accounted when solving 1.  
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a)                                                              b) 

 
с)                                                                  d) 

 

Fig. 2. The evolution of the normalized output angular power distribution obtained 

with TI PFE for W-type PCF fiber with fiber length for the case with dq =1 µm (np=1.4844), 

dq =2 µm (nq=1.4458), δ=0.024, calculated for Gaussian launch distribution with input angles 

θ0=0o (solid line), 6o (dashed line), and 12o (dotted line) with (FWHM)z=0=5o for: (a) z=2 m; 

(b) z=15 m; (c) z≡Lc=37.5 m and (d) z≡zs =97.5 m. 

 

For W-type PCF the air-holes in the outer cladding are smaller than those 

in the inner cladding, Fig. 1. The refractive index of the core n0 is higher than 

those in two claddings. The lowest effective refractive index nq is found in the 

inner cladding, and the outer cladding's effective RI is np (nq<np<n0).  

Attenuation in W-type PCF is calculated using eq. (4) where the attenuation of 

leaky modes is given by eq. (3). As an illustration of the application of the TI 

PFE to W-type PCF fibers, we show the results in Fig. 2. 

Conclusion: 
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Mechanism for application of time-independent power flow equation in 

modeling optical power flow in W-type PCF is presented. In this way 

equilibrium mode distribution (EMD) and steady state distribution (SSD) of 

power can be investigated in various types of fibers, out of which one is W-type 

plastic photonic crystal fiber. For plastic photonic crystal fibers method for 

determination of effective refractive index of the cladding nfsm are deatiled 

design of holes for obtaining W-type refractive index distribution are presented. 

This allowed us application of time-independent power flow equation for 

determining SSD and EMD. Procedure for aplication of time-independent power 

flow equation for other types of optical fibers, such as step-index plastic optical 

fiber or graded-index plastic optical fiber, isn`t presented in this paper since it 

can be found in some of our previous research [13,14].  
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Аннотация. В данной работе представлены результаты, полученные в ходе 

модернизации системы автоматического управления и контроля насосов для откачки 

сырого осадка в первичных отстойниках станции механической очистки на городских 

канализационных очистных сооружениях г.Нур-Султан.  

Управление и контроль данной системы заключается в регулировании работы 

насосов откачки сырого осадка по уровню осадка и по концентрации взвешенных 

веществ в первичных отстойниках. Рассмотрены современные методы очистки 

сточных вод и типовые решения автоматизации таких процессов, чтобы лучше 

понимать какие процессы происходят до первичных отстойников и после. Изучена 

подробно механическая очистка – первичные отстойники и связанная с ними система 

насосов для откачки сырого осадка, а также другие применяемые технические 
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Софтверски пакет као интерактивни алат у настави 
физике 

Бобан Ђокић1, Миљана Милентијевић1, Бранко Дрљача1 
 

1Универзитет у Приштини са привременим седиштем у Косовској Митровици, 
Природно‐математички факултет, Ул. Лоле Рибара 29, 38220 Косовска Митровица, 

Србија 

Апстракт. Развој савремених технологија утиче на промену живота људи све већом брзином. 
Напредак технологије омогућава примену великог броја мултимедијалних уређаја помоћу 
којих се ученицима могу приближити и поједноставити појаве које је тешко дочарати помоћу 
стандардних метода предавања табла, креда и презентација. У овом раду је кроз неколико 
примера из физике, у оквиру једне наставне теме, предложено могуће решење за извођење 
наставе у школама које немају адекватно опремљене кабинете за наставу физике. 

Клучни зборови: настава физике, софтверски пакет, огледи 

УВОД 

Настава физике у Србији из године у годину постаје све изазовнија. Једном дуг процес, 
са довољним бројем школских часова,  често се  скраћује,  посебно у  средњим стручним 
школама.  Овај  процес  би  требало  да  се  састоји  из  три  дела:  теоријског  предавања, 
рачунских  задатака  и  демонстрација  –  лабораторијских  вежби  (уколико  је  могуће). 
Уобичајени метод који се користи у настави физике у Србији је предавање. Утврђено је да 
овај метод није ефикасан за наставу у науци,  јер се показало да су резултати ниски  [1]. 
Начин на који свет функционише није одговор који ће се добити традиционалним начином 
подучавања, пошто постоји мала или никаква промена у разумевању физичких феномена 
код  већине  ученика  када  се  користи  овај  метод.  [2].  Показано  је  да  овај  метод 
функционише  за  око  десет  процената  ученика  за  које  се  претпоставља  да  су 
самомотивисани ученици који би у суштини сами научили предвиђено градиво [3]. 

Ако се у наставни процес уврсте нумерички промеблеми и задаци, резултат је бољи. 
Ипак,  ова  наставна  техника  је  корисна  само  за  мали  број  тематских  целина  за  које  је 
утврђено  да  су  теоријско  предавање  и  нумерички  задаци  довољни  да  ученици  стекну 
знања о обрађеној теми и стекну потпуно разумевање проблема. Са друге стране, већи 
број  наставних  тема  захтева  одговарајуће  демонстрације,  како  би  ученици  јасније 
разумели  оно  што  уче.  Штавише,  те  демонстрације  су  се  показале  као  кључне  за 
разумевање физике на нивоу основног и средњег образовања. Демонстрације из физике 
помажу  ученицима  да  постигну  дубље  разумевање  физичких  процеса  и  нашироко  су 
коришћени  у  свету,  како  у  предуниверзитетском  али  и  универзитетском  периоду  на 
светски познатим универзитетима. Као резултат тога, ученици су више заинтересовани за 
истраживање света физике што доводи до побољшаних компетенција на крају наставног 
процеса.  

Демонстрације  се  могу  поделити  у  две  групе.  Прву  групу  чине  класични 
демонстрациони експерименти који се изводе испред ученика, или заједно са ученицима, 

101



Зборник на трудови од Третата меѓународна конференција за образованието по математика, физика и сродни 
науки, 

Скопје 6 ‐ 8 мај 2022 

 

 

са  потребном  опремом.  Као  што  је  раније  поменуто,  постоји  велики  број  тих 
експеримената  које  су  спровели и  еминентни  универзитски професори на  еминентним 
универзитетима  [4]. Ова  врста демонстрационих  експеримената  помаже  ученицима да 
стекну бољи увид у физичке феномене. Покзало се да када су ученици активно укључени 
у демонстрације постижу боље резултате у поређењу са случајем када само посматрају 
њихово извођење [5]. 

Друга  група  је  наставни  процес  заснован  на  информационо‐комунакaционим 
технологијама.  Ова  врста  наставног  процеса  подразумева  активно  и  практично  учешће 
ученика  и  на  тај  начин  им  омогућава  да  стекну  неопходну  пажњу  наставника.  Према 
мишљењу познатих истраживача квалитет дизајна и развоја директно утиче на квалитет 
наставног  процеса  и  један  је  од  најважнијих  фактора  квалитетног  садржаја  наставног 
процеса [6,7]. Често смо сведоци да ученици основних, средњих школа и гимназија, који 
имају  одговарајућу  опрему,  кроз  квалитетне  и  садржајем  богате  информационо‐
комуникационе  системе  постижу  велике  успехе  на  републичким  и  међународним 
такмичењима и олимпијадама знања. 

Напредак  технологије  намеће  неопходност  промене  начина  реализације  наставног 
процеса у савременом образовању у смислу потребе за брзим и ефикасним трансфером 
знања [8]. 

Савремена  настава  физике  мора  бити  тако  организована  да  се  ученицима  створе 
околности у чијим оквирима они самостално откривају већ откривена знања у науци. 

Овом приликом смо извршили прилагођавање кодова писаних у софтверском пакету 
Mathematica®  тако  да  одговарају  наставној  теми  Хармонијске  осцилације  за  ученике 
трећег разреда гимназије који раде по плану и програму Министарства просвете, науке и 
технолошког развоја Републике Србије. 

 

ПРОГРАМСКИ ПАКЕТ MATHEMATICA® 

 
Програмски пакет Mathematica® развијен је у софтверској компанији Wolfram Research 

и користи се за математичке и друге примене. Посебно је погодан за обраду нумеричких 
података,  за  симболичка  процесирања,  као  и  за  графичко  приказивање  података  и 
функција. 

За  рад  у  програмском  пакету  Mathematica®  користе  се  документа  која  се  зову 
бележнице  (notebooks).  Бележнице  се  састоје  од  ћелија  које  могу  садржати  текст, 
израчунавања или графиконе. Ћелија се препознаје по угластој загради са десне стране (]).  

МОДЕЛИ ОСЦИЛАТОРНОГ КРЕТАЊА 

Периодично  кретање  представља  посебан  облик  кретања  које  се  после  одређеног 
временског  интервала  понавља  на  истоветан  начин.  На  пример  равномерно  кружно 
кретање,  кретање  тела  обешеног  о  опругу,  осциловање  клатна,  вибрирање  жице, 
ваздушног стуба итд. 

Посебан вид периодичног кретања јесте осцилаторно кретање или осциловање.  
Осцилаторно  кретање  или  осциловање  је  неравномерно  праволинијско  или 

криволинијско кретање тела око равнотежног положаја између две тачке у којима се тело 
зауставља и мења смер кретања. 

Тело  врши  хармонијско  осциловање  под  дејством  силе  која  тежи  да  га  врати  у 
равнотежни положај и чији је интензитет пропорционалан удаљењу од тог положаја. Ово 
својство имају еластичне силе које се називају повратне или реституционе силе. 
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Величине које каркатеришу хармонијско осциловање: 

 Амплитуда  осциловања  је  максимално  удаљење  тела  од  равнотежног 
положаја.  Означава се са x0  или са  A . 

 Елонгација  је  удаљење  тела  од  равнотежног  положаја  у  произвољном 
тренутку времена. Може имати вредности од ‐ x0 до x0 . 

 Период осциловања (Т) је време потребно да тело изврши једну осцилацију. 

 Учестаност (фреквенција) представља број осцилација које осцилатор изврши 
у  јединици  времена,  тј.  ν  =  n/t.  Једнака  је  реципрочној  вредности  периода 
осциловања: ν = 1/T . Јединица за учестаност је Херц (Hz). 

 Кружна учестаност (ω) је број осцилација у 2π секунди: ω = 2πν = 2π/Т. Јединица 
за учестаност је радијан у секунди (rad/s). 

На Слици 1. приказано је осциловање тела у вертикалном правцу. 
С обзиром да се кретање тела врши под дејством реституционе (повратне) силе облика 

F = ‐ kx, једначина кретања тела по Другом Њутновом закону  облика је: ma = ‐ kx.  
Функција која описује елонгацију осциловања је косинусна функција од ωt и може се 

написати у облику:            
𝑥 𝐴𝑐𝑜𝑠 𝜔𝑡 𝜑                 (1) 

 Овде  је  са  А  –  означена  амплитуда  осциловања.  Величина  ω  представља  кружну 
учестаност осциловања, израз у загради (ωt + φ) је фаза осциловања или фазни угао φ, док 
је φ0  почетна фаза (слика 2). 

Хармонијско осцилаторно кретање је осцилаторно кретање које се може представити 
хармонијском кривом линијом (синусоидом или косинусоидом). 

  

       

СЛИКА 1. Зависност положаја тела од времена                     СЛИКА 2. Функција положаја 

ЛИНЕАРНИ ХАРМОНИЈСКИ ОСЦИЛАТОР 

Хармонијски осцилатор представља један од најважнијих модела у физици. С обзиром 
да  се    ученици  по  први пут  срећу  са  представом  хармонијског  осцилатора  потребно  је 
приказати им то на прихватљив и разумљив начин,  путем визуелизације одговарајућих 
примера.  Користимо  демонстрацију  која  нам  омогућава  да  посматрамо  кретање  које 
описује материјална тачка масе m закачена на опругу константе еластичности k дуж једног 
правца осциловања линеарног хармонијског осцилатора (слика 3).   

Демонстрација омогућава промену положаја материјалне тачке (команда означена са 
А  на  контролном  панелу):  вредности  параметра  А  =  0  одговара  положај  x  =  x0  ,  а 
максималној удаљености положај x = ‐ x0 . Једначине којима се описује ово кретање јесу: 

 
𝑥 𝑡 𝑥 𝑐𝑜𝑠 𝜔𝑡 𝜑 ,    𝑣 𝑡 𝑣 sin 𝜔𝑡 𝜑 ,      𝑎 𝑡 𝑎 cos 𝜔𝑡 𝜑              (1) 
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при чему у сва три случаја важи:  𝜔   , 𝑣 𝜔𝑥   и  𝑎 𝜔 𝑥  . 

 
Такође се и Њутнов закон за хармонијски осцилатор може написати у облику:  

 
𝑎 𝜔 𝑥 .                                                        (2) 

 

           
СЛИКА 3. Шематски приказ  помоћу честице на опрузи 

 
Први панел на Слици 3. приказује тренутак у којем је материјална тачка у близини тачке y 
= y0 , други панел приказује положај у близини равнотежног, а последњи панел приказује 
положај  у  близини  тачке  x  =  x0  .  На  Слици  4.  приказан  је  код  за  генерисање  модела 
осциловања честице на опрузи. 

 
 

СЛИКА 4. Код за генерисање модела зависности положаја тела од времена 
Енергија хармонијског осцилатора 
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Осцилатор  је  тело  које  врши  хармонијско  осциловање,  при  кретању непрекидно мења 
положај  и  брзину,  што  значи  да  располаже  одређеном  потенцијалном  и  кинетичком 
енергијом. Како осцилатор представља изолован систем,  његова механичка енергија се 
током времена не мења, ако занемаримо силе отпора средине (Слика 5). 
Укупна механичка енергија осцилатора једнака је збиру његове кинетичке и потенцијалне 
енергије. Укупна енергија хармонијског осцлилатора износи: 

𝐸 𝐸 𝐸                                           (3) 

Укупна механичка енергија осцилатора има сталну вредност и сразмерна је његовој маси, 
квадрату амплитуде и квадрату кружне учестаности (Слика 6). 

         

СЛИКА 5. Контролни панел                  СЛИКА 6. Зависност енергије осцилатора  
од времена 

 

МАТЕМАТИЧКО КЛАТНО 
 

Математичко клатно је систем који се састоји из куглице занемарљивих димензија, која 
је окачена о неистегљиву нит занемарљиве масе. Клатно изводи слободне осцилације, ако 
се занемари отпор ваздуха и трење у тачки вешања. За описивање кретања математичког 
клатна  користимо  демонстрацију  која  нам  омогућава  исцртавање  путање  осциловања 
клатна  и  приказ  сила  које  делују  на  клатно  при  кретању.  Обзиром  да  се  ради  о 
осцилаторном кретању под дејством силе Земљине теже, са демонстрације се јасно види 
да  је  узрок  осциловања  клатна  сила  која  је  директно  сразмерна  елонгацији,  на  слици 
означена са R (Слика 7).  

                
 

СЛИКА 7. Приказ амплитуде осциловања и сила које делују на математичко клатно 
 

Такође постоји могућност одабира приказивања нормалне и тангенцијалне компоненте 
силе,  резултантне  силе  и  амплитуде  осциловања.  На  Слици  8.  приказан  је  код  за 
генерисање демонстрације модела математичког клатна. 
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СЛИКА 8.  Код за генерисање демонстрације модела математичког клатна 

 
ПРИГУШЕНЕ ОСЦИЛАЦИЈЕ 

 
Осцилације  чија  се  амплитуда  смањује  с  временом  називају  се  пригушене  или 

амортизоване  осцилације.    На  Слици  9.  представљенa  је  демострација  која  исцртава 
пригушене осцилације. Демонстрација омогућава подешавање одговарајућих вредности 
амплитуде осцилаатора, коефицијента еластичности опруге, коефицијента пригушења и 
масе тега.  Једначина кретања оцилатора је облика:        
        x A t sin ωt φ          (3)         

где је: A 𝑡 𝐴 e  амплитуда осциловања која се смањује по експоненцијалном закону 

у времену, β
µ
  коефицијент пригушења. 

     
 

СЛИКА 9. Демонстрација пригушених осцилација 

106



Зборник на трудови од Третата меѓународна конференција за образованието по математика, физика и сродни 
науки, 

Скопје 6 ‐ 8 мај 2022 

 

 

ПРИНУДНЕ ОСЦИЛАЦИЈЕ  
 

У физичким уређајима су потребни осцилатори који могу да одржавају осциловање 
дуже време. Да би се то остварило потребно је реалном осцилатору доводити у току сваке 
осцилације  онолико  енергије  колико  губи  тако  да  му  се  не  би  смањивала  амплитуда 
осциловања. 

 Принудне механичке осцилације настају када на осцилатор делује спољашња сила која 
се  периодично  мења  у  времену.  У  општем  случају  на  осцилатор  делују  три  силе: 
спољашња сила F , сила еластичности опруге  F = ‐ kx и сила отпора  средине  F = ‐µv .  

Амплитуда  принудних  осцилација  зависи  од  принудне  силе,  њене  фреквенције  и 
сопствене фреквенције осцилатора. 

Резонанција је појава при којој је амлитуда принудних осцилација максимална.  
Фреквенција којом тада осцилује осцилатор назива се резонантна фреквенција vr па 

разликујемо два случаја: 

 када  нема  отпора  средине  и  трења  једнака  је  сопственој  фреквенцији 
осцилатора (νr = ν0), 

 када  постоји  отпор  средине  или  трења  (пригушења)  мања  од  сопствене 
фреквенције осцилатора (νr > ν0) – при малим пригушењима је мало мања од 
ње. 

На  слици  10.  приказан  је  контролни  панел  који  нам  омогућава  подешавање 
одговарајућих  услова  за настанак реонанције.  Такође,  дат  је и  приказ резонанције под 
дејством принудне силе. 

 
СЛИКА 10. Демонстрација принудних осцилација 

 

ЗАКЉУЧАК 

Напредак савремених технологија нуди потенцијалне могућности за развој наставе у 
смислу потребе за брзим и ефикасним трансфером знања и потребно их је искористити. С 
обзиром  да  су  демонострације  које  смо  користили  модуларне,  омогућавају 
прилагођавање наставнику, као и афинитетима ученика. Посебно добијају на значају уз 
паметну  таблу.  На  овај  начин  се  може  постићи  боље  разумевање  наставне  теме 
Хармонијске осцилације у ситуацијама извођења наставе у школама које нису довољно 
опремљене лабораторијама у којима би се појаве могле практично показати. 
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Софтверски пакет као интерактивни алат у настави 
физике 

Бобан Ђокић1, Миљана Милентијевић1, Бранко Дрљача1 
 

1Универзитет у Приштини са привременим седиштем у Косовској Митровици, 
Природно‐математички факултет, Ул. Лоле Рибара 29, 38220 Косовска Митровица, 

Србија 

Апстракт. Развој савремених технологија утиче на промену живота људи све већом брзином. 
Напредак технологије омогућава примену великог броја мултимедијалних уређаја помоћу 
којих се ученицима могу приближити и поједноставити појаве које је тешко дочарати помоћу 
стандардних метода предавања табла, креда и презентација. У овом раду је кроз неколико 
примера из физике, у оквиру једне наставне теме, предложено могуће решење за извођење 
наставе у школама које немају адекватно опремљене кабинете за наставу физике. 

Клучни зборови: настава физике, софтверски пакет, огледи 

УВОД 

Настава физике у Србији из године у годину постаје све изазовнија. Једном дуг процес, 
са довољним бројем школских часова,  често се  скраћује,  посебно у  средњим стручним 
школама.  Овај  процес  би  требало  да  се  састоји  из  три  дела:  теоријског  предавања, 
рачунских  задатака  и  демонстрација  –  лабораторијских  вежби  (уколико  је  могуће). 
Уобичајени метод који се користи у настави физике у Србији је предавање. Утврђено је да 
овај метод није ефикасан за наставу у науци,  јер се показало да су резултати ниски  [1]. 
Начин на који свет функционише није одговор који ће се добити традиционалним начином 
подучавања, пошто постоји мала или никаква промена у разумевању физичких феномена 
код  већине  ученика  када  се  користи  овај  метод.  [2].  Показано  је  да  овај  метод 
функционише  за  око  десет  процената  ученика  за  које  се  претпоставља  да  су 
самомотивисани ученици који би у суштини сами научили предвиђено градиво [3]. 

Ако се у наставни процес уврсте нумерички промеблеми и задаци, резултат је бољи. 
Ипак,  ова  наставна  техника  је  корисна  само  за  мали  број  тематских  целина  за  које  је 
утврђено  да  су  теоријско  предавање  и  нумерички  задаци  довољни  да  ученици  стекну 
знања о обрађеној теми и стекну потпуно разумевање проблема. Са друге стране, већи 
број  наставних  тема  захтева  одговарајуће  демонстрације,  како  би  ученици  јасније 
разумели  оно  што  уче.  Штавише,  те  демонстрације  су  се  показале  као  кључне  за 
разумевање физике на нивоу основног и средњег образовања. Демонстрације из физике 
помажу  ученицима  да  постигну  дубље  разумевање  физичких  процеса  и  нашироко  су 
коришћени  у  свету,  како  у  предуниверзитетском  али  и  универзитетском  периоду  на 
светски познатим универзитетима. Као резултат тога, ученици су више заинтересовани за 
истраживање света физике што доводи до побољшаних компетенција на крају наставног 
процеса.  

Демонстрације  се  могу  поделити  у  две  групе.  Прву  групу  чине  класични 
демонстрациони експерименти који се изводе испред ученика, или заједно са ученицима, 
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са  потребном  опремом.  Као  што  је  раније  поменуто,  постоји  велики  број  тих 
експеримената  које  су  спровели и  еминентни  универзитски професори на  еминентним 
универзитетима  [4]. Ова  врста демонстрационих  експеримената  помаже  ученицима да 
стекну бољи увид у физичке феномене. Покзало се да када су ученици активно укључени 
у демонстрације постижу боље резултате у поређењу са случајем када само посматрају 
њихово извођење [5]. 

Друга  група  је  наставни  процес  заснован  на  информационо‐комунакaционим 
технологијама.  Ова  врста  наставног  процеса  подразумева  активно  и  практично  учешће 
ученика  и  на  тај  начин  им  омогућава  да  стекну  неопходну  пажњу  наставника.  Према 
мишљењу познатих истраживача квалитет дизајна и развоја директно утиче на квалитет 
наставног  процеса  и  један  је  од  најважнијих  фактора  квалитетног  садржаја  наставног 
процеса [6,7]. Често смо сведоци да ученици основних, средњих школа и гимназија, који 
имају  одговарајућу  опрему,  кроз  квалитетне  и  садржајем  богате  информационо‐
комуникационе  системе  постижу  велике  успехе  на  републичким  и  међународним 
такмичењима и олимпијадама знања. 

Напредак  технологије  намеће  неопходност  промене  начина  реализације  наставног 
процеса у савременом образовању у смислу потребе за брзим и ефикасним трансфером 
знања [8]. 

Савремена  настава  физике  мора  бити  тако  организована  да  се  ученицима  створе 
околности у чијим оквирима они самостално откривају већ откривена знања у науци. 

Овом приликом смо извршили прилагођавање кодова писаних у софтверском пакету 
Mathematica®  тако  да  одговарају  наставној  теми  Хармонијске  осцилације  за  ученике 
трећег разреда гимназије који раде по плану и програму Министарства просвете, науке и 
технолошког развоја Републике Србије. 

 

ПРОГРАМСКИ ПАКЕТ MATHEMATICA® 

 
Програмски пакет Mathematica® развијен је у софтверској компанији Wolfram Research 

и користи се за математичке и друге примене. Посебно је погодан за обраду нумеричких 
података,  за  симболичка  процесирања,  као  и  за  графичко  приказивање  података  и 
функција. 

За  рад  у  програмском  пакету  Mathematica®  користе  се  документа  која  се  зову 
бележнице  (notebooks).  Бележнице  се  састоје  од  ћелија  које  могу  садржати  текст, 
израчунавања или графиконе. Ћелија се препознаје по угластој загради са десне стране (]).  

МОДЕЛИ ОСЦИЛАТОРНОГ КРЕТАЊА 

Периодично  кретање  представља  посебан  облик  кретања  које  се  после  одређеног 
временског  интервала  понавља  на  истоветан  начин.  На  пример  равномерно  кружно 
кретање,  кретање  тела  обешеног  о  опругу,  осциловање  клатна,  вибрирање  жице, 
ваздушног стуба итд. 

Посебан вид периодичног кретања јесте осцилаторно кретање или осциловање.  
Осцилаторно  кретање  или  осциловање  је  неравномерно  праволинијско  или 

криволинијско кретање тела око равнотежног положаја између две тачке у којима се тело 
зауставља и мења смер кретања. 

Тело  врши  хармонијско  осциловање  под  дејством  силе  која  тежи  да  га  врати  у 
равнотежни положај и чији је интензитет пропорционалан удаљењу од тог положаја. Ово 
својство имају еластичне силе које се називају повратне или реституционе силе. 
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Величине које каркатеришу хармонијско осциловање: 

 Амплитуда  осциловања  је  максимално  удаљење  тела  од  равнотежног 
положаја.  Означава се са x0  или са  A . 

 Елонгација  је  удаљење  тела  од  равнотежног  положаја  у  произвољном 
тренутку времена. Може имати вредности од ‐ x0 до x0 . 

 Период осциловања (Т) је време потребно да тело изврши једну осцилацију. 

 Учестаност (фреквенција) представља број осцилација које осцилатор изврши 
у  јединици  времена,  тј.  ν  =  n/t.  Једнака  је  реципрочној  вредности  периода 
осциловања: ν = 1/T . Јединица за учестаност је Херц (Hz). 

 Кружна учестаност (ω) је број осцилација у 2π секунди: ω = 2πν = 2π/Т. Јединица 
за учестаност је радијан у секунди (rad/s). 

На Слици 1. приказано је осциловање тела у вертикалном правцу. 
С обзиром да се кретање тела врши под дејством реституционе (повратне) силе облика 

F = ‐ kx, једначина кретања тела по Другом Њутновом закону  облика је: ma = ‐ kx.  
Функција која описује елонгацију осциловања је косинусна функција од ωt и може се 

написати у облику:            
𝑥 𝐴𝑐𝑜𝑠 𝜔𝑡 𝜑                 (1) 

 Овде  је  са  А  –  означена  амплитуда  осциловања.  Величина  ω  представља  кружну 
учестаност осциловања, израз у загради (ωt + φ) је фаза осциловања или фазни угао φ, док 
је φ0  почетна фаза (слика 2). 

Хармонијско осцилаторно кретање је осцилаторно кретање које се може представити 
хармонијском кривом линијом (синусоидом или косинусоидом). 

  

       

СЛИКА 1. Зависност положаја тела од времена                     СЛИКА 2. Функција положаја 

ЛИНЕАРНИ ХАРМОНИЈСКИ ОСЦИЛАТОР 

Хармонијски осцилатор представља један од најважнијих модела у физици. С обзиром 
да  се    ученици  по  први пут  срећу  са  представом  хармонијског  осцилатора  потребно  је 
приказати им то на прихватљив и разумљив начин,  путем визуелизације одговарајућих 
примера.  Користимо  демонстрацију  која  нам  омогућава  да  посматрамо  кретање  које 
описује материјална тачка масе m закачена на опругу константе еластичности k дуж једног 
правца осциловања линеарног хармонијског осцилатора (слика 3).   

Демонстрација омогућава промену положаја материјалне тачке (команда означена са 
А  на  контролном  панелу):  вредности  параметра  А  =  0  одговара  положај  x  =  x0  ,  а 
максималној удаљености положај x = ‐ x0 . Једначине којима се описује ово кретање јесу: 

 
𝑥 𝑡 𝑥 𝑐𝑜𝑠 𝜔𝑡 𝜑 ,    𝑣 𝑡 𝑣 sin 𝜔𝑡 𝜑 ,      𝑎 𝑡 𝑎 cos 𝜔𝑡 𝜑              (1) 
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при чему у сва три случаја важи:  𝜔   , 𝑣 𝜔𝑥   и  𝑎 𝜔 𝑥  . 

 
Такође се и Њутнов закон за хармонијски осцилатор може написати у облику:  

 
𝑎 𝜔 𝑥 .                                                        (2) 

 

           
СЛИКА 3. Шематски приказ  помоћу честице на опрузи 

 
Први панел на Слици 3. приказује тренутак у којем је материјална тачка у близини тачке y 
= y0 , други панел приказује положај у близини равнотежног, а последњи панел приказује 
положај  у  близини  тачке  x  =  x0  .  На  Слици  4.  приказан  је  код  за  генерисање  модела 
осциловања честице на опрузи. 

 
 

СЛИКА 4. Код за генерисање модела зависности положаја тела од времена 
Енергија хармонијског осцилатора 
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Осцилатор  је  тело  које  врши  хармонијско  осциловање,  при  кретању непрекидно мења 
положај  и  брзину,  што  значи  да  располаже  одређеном  потенцијалном  и  кинетичком 
енергијом. Како осцилатор представља изолован систем,  његова механичка енергија се 
током времена не мења, ако занемаримо силе отпора средине (Слика 5). 
Укупна механичка енергија осцилатора једнака је збиру његове кинетичке и потенцијалне 
енергије. Укупна енергија хармонијског осцлилатора износи: 

𝐸 𝐸 𝐸                                           (3) 

Укупна механичка енергија осцилатора има сталну вредност и сразмерна је његовој маси, 
квадрату амплитуде и квадрату кружне учестаности (Слика 6). 

         

СЛИКА 5. Контролни панел                  СЛИКА 6. Зависност енергије осцилатора  
од времена 

 

МАТЕМАТИЧКО КЛАТНО 
 

Математичко клатно је систем који се састоји из куглице занемарљивих димензија, која 
је окачена о неистегљиву нит занемарљиве масе. Клатно изводи слободне осцилације, ако 
се занемари отпор ваздуха и трење у тачки вешања. За описивање кретања математичког 
клатна  користимо  демонстрацију  која  нам  омогућава  исцртавање  путање  осциловања 
клатна  и  приказ  сила  које  делују  на  клатно  при  кретању.  Обзиром  да  се  ради  о 
осцилаторном кретању под дејством силе Земљине теже, са демонстрације се јасно види 
да  је  узрок  осциловања  клатна  сила  која  је  директно  сразмерна  елонгацији,  на  слици 
означена са R (Слика 7).  

                
 

СЛИКА 7. Приказ амплитуде осциловања и сила које делују на математичко клатно 
 

Такође постоји могућност одабира приказивања нормалне и тангенцијалне компоненте 
силе,  резултантне  силе  и  амплитуде  осциловања.  На  Слици  8.  приказан  је  код  за 
генерисање демонстрације модела математичког клатна. 
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СЛИКА 8.  Код за генерисање демонстрације модела математичког клатна 

 
ПРИГУШЕНЕ ОСЦИЛАЦИЈЕ 

 
Осцилације  чија  се  амплитуда  смањује  с  временом  називају  се  пригушене  или 

амортизоване  осцилације.    На  Слици  9.  представљенa  је  демострација  која  исцртава 
пригушене осцилације. Демонстрација омогућава подешавање одговарајућих вредности 
амплитуде осцилаатора, коефицијента еластичности опруге, коефицијента пригушења и 
масе тега.  Једначина кретања оцилатора је облика:        
        x A t sin ωt φ          (3)         

где је: A 𝑡 𝐴 e  амплитуда осциловања која се смањује по експоненцијалном закону 

у времену, β
µ
  коефицијент пригушења. 

     
 

СЛИКА 9. Демонстрација пригушених осцилација 
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ПРИНУДНЕ ОСЦИЛАЦИЈЕ  
 

У физичким уређајима су потребни осцилатори који могу да одржавају осциловање 
дуже време. Да би се то остварило потребно је реалном осцилатору доводити у току сваке 
осцилације  онолико  енергије  колико  губи  тако  да  му  се  не  би  смањивала  амплитуда 
осциловања. 

 Принудне механичке осцилације настају када на осцилатор делује спољашња сила која 
се  периодично  мења  у  времену.  У  општем  случају  на  осцилатор  делују  три  силе: 
спољашња сила F , сила еластичности опруге  F = ‐ kx и сила отпора  средине  F = ‐µv .  

Амплитуда  принудних  осцилација  зависи  од  принудне  силе,  њене  фреквенције  и 
сопствене фреквенције осцилатора. 

Резонанција је појава при којој је амлитуда принудних осцилација максимална.  
Фреквенција којом тада осцилује осцилатор назива се резонантна фреквенција vr па 

разликујемо два случаја: 

 када  нема  отпора  средине  и  трења  једнака  је  сопственој  фреквенцији 
осцилатора (νr = ν0), 

 када  постоји  отпор  средине  или  трења  (пригушења)  мања  од  сопствене 
фреквенције осцилатора (νr > ν0) – при малим пригушењима је мало мања од 
ње. 

На  слици  10.  приказан  је  контролни  панел  који  нам  омогућава  подешавање 
одговарајућих  услова  за настанак реонанције.  Такође,  дат  је и  приказ резонанције под 
дејством принудне силе. 

 
СЛИКА 10. Демонстрација принудних осцилација 

 

ЗАКЉУЧАК 

Напредак савремених технологија нуди потенцијалне могућности за развој наставе у 
смислу потребе за брзим и ефикасним трансфером знања и потребно их је искористити. С 
обзиром  да  су  демонострације  које  смо  користили  модуларне,  омогућавају 
прилагођавање наставнику, као и афинитетима ученика. Посебно добијају на значају уз 
паметну  таблу.  На  овај  начин  се  може  постићи  боље  разумевање  наставне  теме 
Хармонијске осцилације у ситуацијама извођења наставе у школама које нису довољно 
опремљене лабораторијама у којима би се појаве могле практично показати. 
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PRETHODNO SAOPŠTENJE 

FREQUENCY RESPONSE AND BANDWIDTH OF LOW-NUMERICAL 
APERTURE STEP-INDEX PLASTIC OPTICAL FIBER OBTAINED BY 

SOLVING THE TIME-DEPENDENT POWER FLOW EQUATION 

Branko Drljača1, Svetislav Savović2, Aco Janićijević3, Slavica Jovanović1, Dragoljub Mirjanić4 
1Univerzitet u Prištini, Prirodno-matematički fakultet, Kosovska Mitrovica, Srbija 

2Univerzitet u Kragujevcu, Prirodno-matematički fakultet, Beograd, Srbija 
3Univerzitet u Beogradu, Tehnološko-metalurški fakultet, Beograd, Srbija 

4Akademija nauka i umjetnosti Republike Srpske 

Abstract: Аnalytical and numerical solution of the time-dependent 
power flow equation was used to calculate the frequency response and band-
width of low numerical aperture step-index plastic optical fiber – Mitsubishi 
MH4001 in addition to mode coupling and mode-dependent attenuation. This 
optical fiber was excited with Gaussian-like light source with large angular 
width. The frequency response and bandwidth were calculated for different 
fiber lengths and good agreement was obtained between analytical and nume-
rical solutions. 

Key words: Plastic optical fiber, transfer characteristics, power flow 
equation.  

1. INTRODUCTION  

Past few decades brought significant growth in the amount of transferred da-
ta in overseas, long-distance and short-distance communication. For the last ten 
years there was special interest for high-performance short-distance communica-
tion, such as local-area networks (LANs), multi-node bus networks plastic or digi-
tal car and airplane networks. For this purpose plastic optical fibers (POFs) are of-
ten considered as best choice [1-4]. This is based upon their low cost, ease of mani-
pulation due to their large core and high bandwidth over short distances.  

When compared to systems based upon glass optical fiber or copper wire, 
systems based upon POFs are much more affordable in total. With a fiber diameter 
of 1 millimeter, and a core diameter of 980 µm (for most applications) cutting and 
treating of POF`s ends is done with ease. Furthermore large core diameter allows 
plastic optical fibers to be paired with light sources of higher numerical aperture 
(LED sources, for example) using low-precision plastic couplers. This, in total, 
results in inexpensive but robust systems that are easy to interconnect. Bandwidth 
of typical step-index optical fiber (SI POF) is higher than with copper wire systems 
and approximately is 100 MHz over 100 m [5]. Over the last years bit rates over 
1000 Mbit/s over 50 m have been realized with special transmission schemes 
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(equalizing, OFDM) and bit rates of about 200 Mbit/s over 50 m can be achieved 
without any additional measures. 

From everything stated it is clear that most important transmission charac-
teristics of SI POF, such as frequency response and bandwidth, have most signifi-
cant role in their further development. Frequency response (and consequently) 
bandwidth of multimode SI POFs depend strongly on the mode-dependent attenu-
ation, modal dispersion and the rate of mode coupling. In order to examine influen-
ce of the width of the input beam to frequency response and bandwidth we calcula-
ted frequency response and bandwidth using time-dependent power flow equation 
and compared obtained results with available results for the same fiber [6]. 

This paper is organized as follows. After introduction, chapter 2 deals with 
mathematical model based upon time-dependent power flow equation, developed 
by Gloge [7]. Using the time-dependent power flow equation we have obtained 
frequency response and bandwidth of SI POF with low numerical aperture in 
addition to mode coupling and mode-dependent attenuation. Further, comparison 
of results obtained by analytical and numerical solution is presented in chapter 3. 
At the end conclusion is presented in chapter 4.   

2. TIME-DEPENDENT POWER FLOW EQUATION  

2.1. Analytical solution 

Time-dependent power flow equation, derived by Gloge, can be written as [7]: 
 

( , , ) ( , , ) 1 ( , , )
( ) ( , , ) ( )

P z t t P z t P z t
P z t D

z z t

      
  

               
                   (1) 

 
where ( , , )P z t  is power distribution over angle   measured with respect to fiber 

axis, space z and time t; ( )   is mode-dependent attenuation; t z   is mode delay 

per unit length; and ( )D   is the mode-dependent coupling coefficient. Mode-

dependent attenuation can be written in the form ()= 2
0 ...A   . where term 

0  represents loss common to all modes and it can be accounted for by 

multiplying the end-solution by 0ze   [7]. The term 2A  is more important since it 
describes the losses at core-cladding boundary. For that reason, when solving (1), 

only the term 2A  is to be considered as the most dominant of the higher order 
modes [8]. Coupling coefficient ( )D   is, as it is stated, also mode-dependent [9], 
but mode-independent coupling constant D has also been used frequently by other 
authors [7,10-11]. If coupling constant D is used  instead of coupling coefficient 

( )D  equation (1) can be written in the following form [7]:    

2 2( , , ) ( , , ) ( , , )
( , , ) ( ).

2

P z t n P z t D P z t
A P z t

z c t

     
  

   
   

   
             (2) 
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With the help of Laplace transformation time-dependent equation (2) is 
transformed into time-independent equation [7]: 

2 2 ( )
p D p

A p
z

  
  

  
  

  
.                                                                                (3) 

 
Using time-independent power flow equation (3) analytical solution for im-

pulse response can be obtained [7]. Two cases are differed – for short and for long 
fibers. For short fibers (z<<1/(2(AD)1/2)), solution for impulse response is: 

2
0

2
( , ) exp( 2 )

(1 )

c
Q z t ct n z

nz z


 

  


,                                                                     (4) 

 
while in case of long fibers ((z>>1/(2(AD)1/2)), solution has the following form: 

1 2 2
2
0

1
( , ) e xp

2 4

z Tt t
Q z t

Tt zT t T










  
      

   
.                                                            (5) 

 
After obtaining impulse response, frequency response is obtained by applying 
Fourier transform to the impulse response: 

( ) ( ) exp(2 )H f Q t ift dt




   .                                                                               (6) 

 
After obtaining frequency response, -3dB bandwidth, for different lengths, is 

easily obtained by selecting frequencies for which frequency response has 50% 
drop for given length. 

 2.2. Numerical solution 

In order to solve time-dependent power flow equation numerically we start 
from equation (1). Same as with analytical solution, coupling coefficient is assu-

med to be constant – D and for mode-dependent attenuation term 2A  is used. 
When so, equation (1) can be rewritten as (2) and after applying the Fourier trans-
form: 

( , , ) ( , , ) j tp z P z t e dt  






                                                                               (7) 

the time-dependent equation (2) transforms into (8): 
 

2
2 2

2

( , , ) ( , , ) ( , , )
( , , ) ( )

2

p z n D p z p z
A j p z D

z c

          
  

           
             (8) 

 
where 2 f  is the angular frequency. 

The boundary conditions are: 
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0

( , , )
( , , ) 0,             0,c

p z
p z D



  
 


 


                                                                 (9) 

where c  is the critical angle. The first condition implies that modes with infinitely 
large loss do not transfer any power; the second condition implies that mode 
coupling is limited to modes travelling with the angle 0.    

Since ( , , )p z   is complex we therefore separate ( , , )p z   into its real and 
imaginary parts, p=pr+jpi and we rewrite equation (8) as the system of simultane-
ous differential equations: 

                         

                               
2

2 2
2

2
2 2

2

2

2

r r r
r i

i i i
i r

p D p p n
A p D p
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A p D p
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                                                              (10) 

 
Simultaneous solving of equations (10) gives us pr and pi, and frequency 

response at distance z from input end of the fiber is calculated as:

                          

 
   

0

0

2 ( , , ) ( , , )

( , )

2 ( ,0, ) ( ,0, )

c

c

r i

r i

p z jp z d
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                                                         (11) 

 
After separating the power flow equation (8) into two simultaneous equati-

ons (10), we solved the latter (10) by explicit finite difference method (EFDM). 
Using central difference scheme for derivatives ( , , ) /p z     and 

2 2( , , ) /p z     [12-14]: 

1, 1, 2

,

2
1, , 1, 2

2 2
,

( , , )
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2
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k l k l
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                                                       (12)     

and using the forward difference scheme for the derivative p(θ,z,)/z:  

, 1 ,

,

( , , )
( )k l k l

k l

p pp z
O z

z z

          
                                                              (13) 

equations (10) can be written in the form:   
 2 2

, 1 1, , 1, ,2 2 2

2
1 +

2 2 2
r r r r i
k l k l k k l k l k k l
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zD zD zD zD zD n z
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and  

2 2
, 1 1, , 1, ,2 2 2

2
1 .

2 2 2
i i i i r
k l k l k k l k l k k l

k k

zD zD zD zD zD n z
p p zA p p p

c

 
       

                           
        (15) 

Boundary conditions (9) now become: 

, ,

0, 1, 0, 1,

0, 0 and

,

r i
N l N l

r r i i
l l l l

p p

p p p p

 

   
                                                                           (16) 

where N=θc /Δθ is the grid size in the   direction. In order to prevent the problem 
of singularity at grid points 0  , the following relation is used [14]:  

2

20
0

1
lim 2

p p





   



        
                                                                           (17) 

In our previous work [6], we have determined frequency response and band-
width of the low numerical aperture (NA=0.3) SI POF for a Dirac impulse in time 
and a laser mode distribution with the o

0 0   (central launch) and FWHM =7.5° in 
the parallel plane. In this work, using Gloge’s analytical solution of (2) and our 
numerical results for (2) we calculate the frequency response and bandwidth of 
same SI POFs for a Dirac impulse in time and a laser mode distribution with the 

o
0 0   and FWHM =16° in the parallel plane and compare obtained analytical to 

numerical results. 

3. ANALYTICAL AND NUMERICAL RESULTS 

In this section we present results for frequency response and bandwidth of 
the tested MH4001 ESKA Mitsubishi Rayon fiber (MH fiber). The fiber`s dimensi-
ons have following values. Core and clad diameters are dcore=980 μm and 
dclad=1000 μm, respectively. Numerical aperture is NA=0.3, core refractive index is 

n=1.49, and critical angle is c =11.7o (measured inside the fiber) or c =17.6o 
(measured in air). The number of modes in this step-index multimode plastic opti-
cal fiber at λ=660 nm is N=2π2a2(NA)2/λ21.02×106, where a is radius of the fiber 
core. Since number of modes is large modes may be represented by a continuum as 
required for application of equation (2). 

In recently published works [6, 15], coupling coefficient D and loss coeffici-
ent ( )   (() 2

0  A ) for this fiber were calculated as D=1.62×103 rad2/m 
and α0=0.10793 1/m and A=0.29166 (rad2 m)–1. We used following lengths of the 
MH4001 fiber in our calculations: 3 m, 5 m, 10 m, 15 m, 25 m, 50 m and 100 m. 
Centrally launched beam (0 =0o) with Gaussian like distribution with FWHM=16o 
in the parallel plane were used for the input. In Figure 1 analytical and numerical 
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results for the frequency response for different fiber lengths of the MH fiber are 
shown and good match is obtained.  

 
Figure 1. Analytical (dashed line) and numerical (solid line) results for the frequency 

response for MH fiber, for different fiber lengths. 

A pronounced drop at low frequencies is apparent for long fiber lengths. Fig. 
2 shows analytically and numerically obtained bandwidth for MH4001 fiber. 
Bandwidth is shown in log-log scale versus length of the fiber. Slightly lower 
values of bandwidth are observed than in the case of the narrower beam with 
FWHM=7.5o previously investigated by [6]. This is more pronounced for shorter 
fiber lengths and it is due to the excitation of higher order modes when fiber is 
excited with wider input light beam. This happens since higher modes experience 
higher loss at shorter fiber lengths and it is known that dominant process at shorter 
fiber lengths is mode-dependent attenuation. With increasing fiber length mode 
coupling begins to significantly influence fibers frequency response and bandwidth 
and becomes dominant process since it tends to equalize speeds of different modes. 
In that case influence of the width of the launched beam on the fiber bandwidth 
becomes negligible since process of mode coupling at those lengths is either 
finished or came near end. 

 

Figure 2. Analytical (dashed line) and numerical (solid line) results for the bandwidth for 
MH fiber, for different fiber lengths. 
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4. CONCLUSION 

Analytical and numerical solution of time-dependent power flow equation 
were employed to calculate frequency response and bandwidth of MH4001 step-
index optical fiber excited with wide Gausiann like input beam with FWHM=16o. 
Results obtained by analytical and numerical solutions show good match. 
Moreover if our results are compared to previously obtained results for the same 
fiber, but narrower input beam (FWHM=7.5o) [6], expected results are obtained. 
Namely, frequency response (and consequently bandwidth) obtained for the input 
light beam with FWHM=16o show slightly lower values than in the case of the 
narrower beam with FWHM=7.5o previously investigated by [6]. This is more 
pronounced for shorter fiber lengths where mode-dependent attenuation is domi-
nant process. When fiber length is increased mode coupling begins to significantly 
influence fibers transfer characteristics that is frequency response and bandwidth 
by tending to equalize speed of different modes. That is why influence of the width 
of the launched beam on the fiber`s frequency response and bandwidth, is more 
pronounced at shorter fiber lengths [16], which leads to lower values of frequency 
response and bandwidth and becomes negligible at longer fiber lengths leading to 
approximately same values of frequency response and bandwidth. 
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Б. Дрљача, С. Савовић, А. Јанићијевић, С. Јовановић, Д. Мирјанић 

ФРЕКВЕНТНИ ОДЗИВ И ПРОПУСНИ ОПСЕГ ПЛАСТИЧНОГ ОПТИЧКОГ 
ВЛАКНА СА СТЕПЕНАСТИМ ИНДЕКСОМ ПРЕЛАМАЊА И МАЛОМ 
НУМЕРИЧКОМ АПЕРТУРОМ ДОБИЈЕН РЕШАВАЊЕМ ВРЕМЕНСКИ 

ЗАВИСНЕ ЈЕДНАЧИНЕ ПРОТОКА СНАГЕ 
 

Апстракт: Коришћењем аналитиччког и нумеричког решења вре-
менски-зависне једначине протока снаге израчунати су фреквентни одзив 
и пропусни опсег за пластично оптичко влакно са степенастим индексом 
преламања које има малу нумеричку апертуру - Mitsubishi MH4001 влак-
но, узимајући у обзир спрезање модова и модално слабљење. На улазу у 
влакно убациван је светлосни сноп велике угаоне ширине, који има Гау-
сову расподелу. У раду је приказана зависност фреквентног одзива и про-
пусног опсега од дужине влакна и добијено је добро слагање између ана-
литичких и нумеричких резултата. 

Kључне ријечи: пластична оптичка влакна, преносне карактери-
стике, једначина протока снаге. 
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EXPLICIT FINITE DIFFERENCE METHOD FOR SOLVING POWER FLOW 
EQUATION WITH APPLICATIONS IN FIBER OPTICS MODELING 
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Abstract 

 

Climate change is one of the most significant environmental problems and is affecting the entire 

global population. Renewable sources of energy (RES) are vital to deal with this problem. Solar 

energy, especially photovoltaic (PV) technologies, is one of the most promising renewable energy 

sources and is, therefore, one of the fastest-growing industries in this field. Thus, this paper focuses 

on the performance analyses of rooftop on-grid PV system in real climatic conditions in Niš 

(Serbia) in 2019 and its environmental benefits. Besides, the life cycle assessment (LCA) for the PV 

system, based on a case study in Niš, is also given in this paper. Based on this study, energy from 

PV systems could potentially be a part of the solution for Serbia’s future energy demands, as well 

as for the preservation of the environment and the establishment of sustainable development in 

Serbia. 

 

Keywords: PV system, PV system Efficiency, Performance Ratio, LCA, EPBT. 
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Abstract 

 

Photonic lattices represent are periodic structures, suitable for investigation of wave propagation 

and localization. Within these systems, different phenomenon such as discrete difraction, lattice 

solitons, Anderson localization and defects localizations can be analyzed. The lattice periodicity in 

one or more dimensions leads to the zonal structure in terms of existing permitted and forbidden 

zones which can allow or stop light beam propagation. Manipulation with the zonal structure can be 

done by introducing different types of defects into the lattice. As a consequence, the defects can 

stop, trap, reflect and also shape localized light beam. Defects which can be formed during the 

fabrication process change the zonal structure and allow the occurence of differnt types of 

potentially stable localized defect modes. This gives additional opportunity for the light control in 

terms of suppressing waveguides, stoping light, trap and shape solitons and  can be used for all-

optical swithcing and routing. In this paper, we numerically analyzed the trapping effect in a one-

dimensional lattice with a coupling defect as a function of wavelength and width of the input light 

beam. The input of 4 μm gives the best capturing effect at the 6 μm wide linear defect, while for 2 

μm wide linear defect the narrower input beam 2 μm enables better capturing. The light propagation 

is modelled by the time-independent Helmholtz equation. The split-step Fourier method is used for 

the numerical simulations. These numerical findings may lead to interesting applications such as 

blocking, filtering and transporting light beams through the optical medium. 

 

Keywords: photonic lattices, linear defect, light localization, trapping efficiency, control of light 

propagation. 
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Possibility of Application Nanomaterials in Industrial Lubri-
cants 
Могућности примјене наноматеријала у индустријским 
мазивима 

16. M. Jotanović, V. Mićić, G. Tadić 

Chemical Engineering and its Function in the Development of 
Science, Technology and Standards of the People 
Хемијско инжењерство и његова улога у развоју науке, 
технике и стандарда људи 

17. S. Papuga, P. Gvero, I. Musić 

Influence of the Reaction Time on the Pyrolysis of Plastic 
Waste in the Fixed Bed Reactor  
Утицај времена реакције на пиролизу отпадне пластике у 
реактору са фиксним слојем 
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18. D. Petković, M. Mandić 

Application of Novel MCDM Method for Materials  
Selection 

Примена новог метода вишекритеријумског одлучивања 
за избор материјала 

19. M. Plavšić. S. Simić, D. Mihić, D. Talijan 

Use of Mechanics of Fracture Materials on Stress Corrosion 

Примјена механике лома на напонску корозију 

20. M. Mandić, D. Petković 

Application of MCDM Methods for Materials Selection 

Примена метода вишекритеријумског одлучивања за 
избор материјала 

21. M. Srećković, Z. Latinović, M. Dinulović, A. Janićijević,  
A. Bugarinović, N. Ratković Kovačević, M. Janićijević 

Modern and Potential Laser Applications in Selected 
Branches of Medicine and Interactions Modeling 

Савремене и потенцијалне примене ласера у изабраним 
гранама медицине и моделовање интеракције 

22. А. Janićijević, S. Savović, A. Djordjevich, A. Simović, B. Drljača 

Numerical Solution of the Diffusion Equation for Binary Gas 
Mixtures 

Нумеричко решење дифузионе једначине за бинарне гасне 
смеше 

23. S. Savović, A. Đorđević, A. Simović, B. Drljača, A. Janićijević 

Numerical Solution of the Advection – Diffusion Equation with 
Constant and Periodic Boundary Conditions 

Нумеричко решење адвекционо-дифузионе једначине са 
сталним и периодичним граничним условима 
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24. P. Mali, S. Radošević, M. Rutonjski, M. Pantić 

Thermodynamic Properties of Frustrated S=1/2 Heisenberg 
J1 - J2 Antiferromagnet on a Complex Lattice 

Термодинамичка својства фрустрираног  S=1/2 
Хајзенбергов J1 - J2 антиферомагнета на комплексној 
решеци  

25. S. Pelemiš, M. Šljivić 

Development of Sustainable Interrelations between Education, 
Research and Innovation at WBC Universities in Nanotech-
nologies and Advanced Materials where Innovation Means 
Business 

Развој одрживих међусобних односа између образовања, 
истраживања и иновација на WBC Универзитетима код 
нанотехнологија и савремених материјалима код којих 
иновативност значи посао  

26. V. Đukić, Lj. Vujaković, T. Baroš 

Mechanical-Physical Treatment of Used Motor Oil with in a 
Sustainable Waste Managment System  

Механичко-физичка обрада истрошеног моторног уља у 
систему одрживог управљања отпадом 

27. B. Šupić, P. Dakić, R. Ivanković, D. Jokanović 

Energy Efficiency of Renewable Energy in the  
Republic of Srpska 

Енергетска ефикасност код обновљивих извора енергије у 
Републици Српској 

28. P. Dakić, B. Šupić 

Impact of Contamporary Materials to Energy Еfficiency in the 
Republic of Srpska 

Утицај савремених материјала на енергетску вриједност 
у Републици Српској 
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29. P. Dakić, B. Grozdanić, B. Dakić 

Effective, Efficient and Ecologically Friendly System of Heat-
ing Generated by Using the Advanced Methods and Materials 

Ефективан, ефикасан и еколошки систем гријања 
генерисан коришћењем савремених метода и материјала  

30. M. Balaban, V. Antić, J. Đonlagić 

Rheological, Mechanical and Thermal Properties of 
Poly(Urethne-Urea) Copolymers Based on 
Poly(Dimethylsiloxane) Soft Segment 

Реолошка, механичка и термичка својства поли(уретан-
уреа) кополимера на бази поли(диметилсилоксанског) 
меког сегмента 

31. N. Đurić 

Geothermal Energy in Semberija Reality or Just  
Expecations???  

Геотермална енергија у Семберији реалност или само 
очекивања??? 

32. Z. Petrović, P. Dugić, V. Aleksić, S. Begić, V. Mićić,  
 N. Kljajić, B. Milovanović 

Effect of Adsorption Processing of Solvent Base Oils by  
Activated Bentonite 

Ефекти адсорпционе обраде солвентних базних улја 
активираним бентонитом 

33. M. Stanković, U. Umićević 

Daylight ‒ the Oldest Contemporary Material in Architectural  
Accomplishments ‒ Comfortable experience and healthy life in 
the century of knowledge stimulated by daylight 

Дневна свјетлост ‒ најстарији савремени материјал 
у архитектонском стваралаштву ‒ Угодан дожив-
љај и здрав живот у вијеку знања стимулисан днев-
ном свјелошћу  
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34. D. Jevtić, G. Broćeta, A. Savić 

Modification of Viscosity in Concrete Composite 

Модификација вискозитета у бетонским композитима 

35. M. Malešev, V. Radonjanin, G. Broćeta 

Properties of Recycled Aggregate Concrete 

Својства бетона на бази рециклираног агрегата 

36. Đ. Jovanović, D. Radaković, M. Matavulj 

New Materials in Civil Engineering in the Concept of 
,,Cleaner Production” 

Нови материјали у грађевинарству у концепту  
,,чистије производње” 

37. N. Cekić 

Impact of Contemporary Materials on Formation of Facades 
in Architecture 

Утицај савремених материјала на израду фасада у 
архитектури 

38. D. Grujić, A. Savić, Lj. Topalić Trivunović, S. Matoš, M. Čiča 

Exploring the Effect of Knitted Fabrics Processing on the De-
gree of Coloration and Antimicrobial Properties 

Истраживање утицаја начина обраде плетенина на 
степен обојења и антимикробна својства 

39. D. Grujić, A. Savić, Lj. Topalić Trivunović,  
 S. Matoš, D. Jokanović, M. Gorjanac 

The Influence of Plasma Pretreatment and Processing with 
Herbal Extracts of Achillea Millefolium L. on Antimicrobial 
Properties of Knitted Fabrics  

Утицај обраде плазмом и екстрактима биљке Achillea 
millefolium L. на антимикробна својства плетенина 
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40. M. Stančić, D. Grujić, D. Novaković, J. Geršak 

Influence of Printing Parameters and Material Composition of 
Textile Materials on Warm or Cold Feeling 

Утицај параметара штампе и сировинског састава 
текстилних материјала на топло-хладни осјећај 

41. B. Rodić Grabovac, R. Đuđić, P. Sailović 

The Obtaining of Materials with Antibacterial Activity by 
Bonding of Cefazoline on Modified Cellulosic Bandage 

Добијање материјала са антибактеријском активношћу 
везивањем цефазолина на модификовани целулозни завој 

42. D. Manjenčić, G. Marković, M. Marinović Cincović,  
S. Samaržija Jovanović, V. Aleksić, V. Jovanović,  
J. Budinski Simendić 

The Influence of Controlled Radiation on the Properties of 
Elastomers Based on Different Network Precursors 

Утицај контролисане радијације на својства еластомера 
добијених од различитих прекурсора мрежа 

43. V. Aleksić, Z. Bjelović, M. Jovičić, I. Ristić, N. Budinski,  
V. Teofilović, Z. Petrović, J. Budinski Simendić 

The Influence of Isocyanate Type on the Reaction Kinetic of 
Polyurethanes Based on Castrol Oil 

Утицај типа изоцијаната на реакциону кинетику 
полиуретана добијених од рицинусовог уља 

44. Lj. Tanasić, M. Marinović Cincović, S. Cakić, I. Ristić,  
R. Radičević, J. Budinski Simendić  

The Influence of the Method of Synthesis on the Properties of 
Environmentally-friendly poly (L-lactide)  

Утицај метода синтезе на својства еколошки 
прихватљивог поли (L-лактида) 
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45. J. Budinski Simendić, J. Milić, Lj. Korugić-Karasz,  
N. Budinski, N. Vukić, T. Erceg, G. Marković, A. Aroguz 

Dynamic-Mechanical Behaviour of Hybrid Materials Based 
on EPDM Rubber 

Динамичко-механичко понашање хибридних материјала 
добијених од EPDM каучука 

46. B. Malinović, J. Mandić, S. Bunić 

Design Parameters of Electrochemical Reactor for Waste Wa-
ter Treatment 

Начела пројектовања електрохемијског реактора за 
третман отпадних вода 

47. S. Sredić, M. Davidović, S. Zec, U. B. Mioč, Ž. Čupić,  
 D. Jovanović, D. Lončarević 

Structural Study of Composite Systems: Transition Metals 
Oxide (Co, Ni) / Montmorillonite 
Структурна истраживања композитних система: 
Прелазни метали (Co, Ni) / минерал монтморилонит 

48. S. Simić, B. Popović, M. Plavšić, D. Ganilović 

Technological and Economic Aspects of Exploitation and 
Preparation Water Use for Production Processes  
in Refineries 

Технолошки и економски аспекти експлоатације и 
припреме воде за потребе производног процеса у 
рафинеријама 

49. S. Pelemiš, B. Škipina, D. Mirjanić, I. Hut 

Biomedical Applications and Nanotoxiticy some of Nanostruc-
tured Materials 

Биомедицинске примјене и нанотоксичност неких 
наноструктурних материјала  

 



 

22 

50. J. Munćan, L. Matija, R. Tsenkova, Đ. Koruga 

Spectroscopic Characterization of Aqueous Fullerol Solutions  

Спектроскопска карактеризација водених раствора 
фулерола 

51. I. Hut, B. Jeftić, S. Pelemiš, L.Matija 

Comparative characterization of high purity diamagnetics (Ag 
& Cu) by the means of AFM, MFM and OMIS 

Упоредна карактеризација дијамагнетика високе чистоће 
(Ag i Cu) AFM-ом, MFM-ом и OMIS-ом 

52. A. Todorović, R. Rudolf, M. Čolić, I. Đorđević,  
N. Milošević, B. Trifković, V. Veselinović, N. Romčević 

Biocompatibility Evaluation of Cu-Al-Ni Shape Memory Alloys 

Биокомпатибилност Cu-Al-Ni легура са меморисаним обликом 

53. B. Trifković, A. B. Todorović, A. R. Todorović, T. Puškar,  
R. Rudolf, V. Lazić, D. Jevremović, V. Veselinović 

All ‒ Ceramic Materials in Dental CAD/CAM Systems ‒ Re-
cent Trends in the Development 

Керамички материјали у стоматолошким CAD/CAM 
технологијама – актуелни трендови у развоју 

54. J. Vojinović, О. Dolić, M. Obradović, S. Sukara 

 Application of Polyol in the Prevention and Treatment  
 of Caries  

Примена полиола у превенцији и лечењу каријеса 

55. O. Janković, T. Adamović, V. Veselinović 

Vertise Flow Impact on the Quality of Composite Restorations 

Утицај Vertise Flow на квалитет кoмпозитних рестаурација 

56. V. Mirjanić, Đ. Mirjanić, J. Vojinović 

Nanostructure analysis of Contec LC – Denaturum of ortho-
dontic adhesive 
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Наноструктурна анализа Contec LC – Dentaurum 
ортодонтског адхезива 

57. Đ. Mirjanić, V. Mirjanić, J. Vojinović 

AFM Analysis of Enamel Nanostructure After the Action of 
Aggressive Beverage  

AФM анализа наноструктуре глеђи након дјеловања  
агресивног напитка 

58. I. Kasagić Vujanović, D. Jelić, V. Antunović,  
 B. Jančić Stojanović, D. Ivanović  

Stability Study of Amlodipine Besylate and Bisprolol Fumarate 
in Aqueous Solutions 

Испитивање стабилности Амлодипин-Бесилата и 
Бисопролол-Фумарата у воденим растворима 

59. D. Jelić, V. Antunović, I. Kasagić Vujanović,  
 M. Đermanović, A. Đukić Drvar 

The Use of Anhydrous Cobalt Chloride for Water Content De-
termination in Some Pharmaceutical Products by Means of 
Spectrophotometry 

Употреба анхидрованог кобалт хлорида за одређивање 
садржаја воде у фармацеутским препаратима методом 
спектрофотометрије 

60. S. Gotovac Atlagić, V. Pavlić 

An Attempt to Obtain Medically Applicable Iron Nanoparticles 
from Iron Mine Waste Water 

Покушај добијања медицински примјењивих жељезних 
наночестица из отпадне воде рудника жељеза 

61. Lj. Marković Đurić, V. Pavlić 

Effects of Solcoseryl® Dental Paste in Therapy of Oral 
Aphthоus Ulcerations 

Утицај Solcoseryl® денталне пасте у терапијском 
збрињавању афтозних улцерација 
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62. J. Ilić, J. Lovrić, T. Adamović 

Mini Implants as an Anchorage in Orthodontic Therapy 

Мини имплантати као упориште у ортодонтској 
терапији 

63. J. Lovrić, J. Ilić, T. Adamović 

Regenerative Endodontics 

Регенеративна ендодонција 

64. A. Figurek, V. Vlatković, D. Vojvodić 

The Level of Serum Albumin According to Transport Charac-
teristics of Peritoneal Membrane 

Ниво серумских албумина у односу на транспортне 
карактеристике перитонеумске мембране 

65. N. Knežević, A. Đeri 

The Effect of Carbamid and Hydrogen Peroxide on the Colour 
Changing Degree in Endodontic Treated Teeth  

Утицај карбамид и водоник пероксида на степен промјене 
боје ендодонтски третираног зуба 

66. A. Đeri, N. Knežević 

The Effect of Calcium Hydroxide on Rats Teeth Pulp Seven 
Days After Direct Pulp Capping 

Ефекат калцијум-хидроксида на пулпу зуба пацова седам 
дана након директног прекривања пулпе 

67. D. Jojić, S. Petrović Tepić, B. Čančarević Đajić,  
Lj. Solomun, M. Preradović, D. Jović 

The Importance and Risk Factors of Screening for Retinopathy 
of Prematurity  

Значај скрининга и фактори ризика код ретинопатије 
прематуритета 
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68. A. Maletin, B. Vujović, I. Nešković 

Influenece the Preparation of Artificial Acrylic Teeth on the 
Bond Strength of the Denture base 

Утицај припреме вештачког акрилатног зуба на јачину 
везе са базом протезе 

69.  R. Arbutina, N. Trtić, O. Janković, V. Veselinović, 
 R. Knežević, A. Arbutina 

The Erosive Potential of White Wine on Enamel Surface: An in 
Vitro Scanning Electron Microscopy Investigation 

Ерозивни потенцијал бијелог вина на површину глеђи: In 
Vitro студија скенинг електронска микроскопија 

70. S. Ilić, O. Janković 

Materials for Filling Teeth in Patients with Mental Disabilities 

Материјали за испуне зуба код особа ометених у 
менталном развоју 

71. O. Janković, S. Ilić 

Clinical Testing of Fluid Resin with Adhesive Characteristics 
in the Therapy of Non-carious Cervical Lesions  

Клиничко испитивање течне смоле са адхезивним 
својствима у терапији некариозних цервикалних лезија 
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