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Abstract

This study presents a numerical investigation of an original dual-core optical fiber designed to simultaneously support single-
mode propagation in one core and multimode propagation in the other. The proposed structure consists of two closely spaced
guiding cores embedded within a common silica cladding. The geometrical dimensions and refractive-index parameters of the
two cores are independently adjusted to establish distinct modal regimes within the same fiber. The main objective is to
demonstrate the feasibility of this configuration and to analyze the influence of the main structural parameters on modal behavior,
optical confinement, guided power distribution, and coupling between the two cores. The numerical analysis considers the core
diameters, refractive-index contrasts, operating wavelength, and inter-core separation as the principal parameters governing light
propagation. The normalized frequency of each core is evaluated to determine its propagation regime and the number of
supported modes. Numerical simulations are then performed to characterize the guided modes, electromagnetic field
distributions, guided power fractions, and inter-core power transfer. Particular attention is given to the spatial distribution of the
optical field and to the interaction between the two guiding regions. The obtained results demonstrate that the proposed dual-
core configuration can successfully maintain fundamental single-mode propagation in one core while simultaneously supporting
several guided modes in the second core. The simulations also show that the modal characteristics and power distribution are
strongly influenced by the dimensions of the cores, the refractive-index differences, and the distance separating the two cores.
Variations in these parameters modify the confinement of the electromagnetic field and consequently affect the optical interaction
and power exchange between the guiding regions. Appropriate selection of the geometrical and optical parameters therefore
provides an effective means of controlling the propagation characteristics of the proposed fiber. These results confirm the
numerical feasibility of integrating single-mode and multimode propagation within a single dual-core optical fiber. The proposed
structure provides additional flexibility for controlling guided modes, optical confinement, and inter-core power transfer. It may
therefore offer promising perspectives for high-capacity optical transmission, spatial mode multiplexing, coupling control, and
advanced optical sensing applications. This study provides a numerical basis for the further optimization and experimental
development of dual-core fiber structures combining distinct modal propagation regimes.
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1. Introduction

The rapid development of optical telecommunication sys-
tems has increased the demand for optical fibers offering
higher transmission capacity, low propagation loss, and im-
proved control of light propagation [1, 2]. Conventional sin-
gle-mode fibers are widely used for long-distance optical
communications because their fundamental-mode operation
significantly reduces intermodal dispersion [3]. In contrast,
multimode fibers support several spatial modes and can pro-
vide additional spatial degrees of freedom, making them at-
tractive for short-reach communications and mode-division
multiplexing applications [1, 4, 5]. Beyond these conventional
fiber configurations, advanced fiber designs have also been
investigated to provide enhanced control of light guidance and
modal properties [9].

In recent years, dual-core optical fibers have attracted con-
siderable interest because two guiding regions can be inte-
grated within a common cladding, enabling controlled inter-
action and power transfer between the cores [6, 7]. The prop-
agation characteristics of such structures depend strongly on
parameters including core diameter, refractive-index contrast,
and the separation between the cores. In this work, we propose
an original dual-core optical fiber designed to simultaneously
exhibit single-mode propagation in one core and multimode
propagation in the other. The proposed structure is numeri-
cally investigated by analyzing its guided modes, field distri-
butions, guided power fraction, and optical power coupling
between the two cores. The influence of the main structural
parameters on the modal behavior is also evaluated. This con-
figuration provides an alternative approach for combining sin-
gle-mode and multimode propagation within the same optical
fiber and may be of interest for high-capacity optical transmis-
sion, spatial mode multiplexing, and optical sensing applica-
tions.

2. Mathematical Relationship Between
Phase Masks and Bragg Gratings in
Optical Fibers

2.1. Mathematical Representation

The normalized frequency parameter V is defined as:

2 2
VI —Ng

v, =24 (1
where:

a; is the radius of the i-th core

A is the operating wavelength,

n; is the refractive index of the core,
ng s the refractive index of the cladding. [3, 4].

For a step-index optical fiber, the single-mode condition is:
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V < 2.405 )
When V > 2.405, higher-order modes can propagate and
the fiber operates in the multimode regime. [2, 3].
For the proposed dual-core structure, the desired configura-
tion is therefore:

V, < 2.405 3)
for the first core, corresponding to single-mode propagation,
while:

V, > 2.405 (€))]

for the second core, corresponding to multimode propagation.

The optical field is described under the weakly guiding ap-
proximation by:

V2 + (kgn? — By = 0 )

where:
P represents the transverse field distribution, k, = 27" is

the free-space wave number, n is the local refractive index,
and B beta is the propagation constant. [6, 8].

2.2. Schematic Representation

The proposed structure consists of two concentric optical
cores embedded in a common silica cladding. Core 1 is posi-
tioned at the center of Core 2 and is designed to operate in the
single-mode regime, while Core 2 is designed to support mul-
timode propagation.

Core 2 (n;)

Claddi
adding (nci) (multimode)

Core 1 (n)
(single-mode)

Cross-sectional view

Figure 1. Cross-sectional view of Schematic representation of the
proposed concentric dual-core optical fiber.
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(b) Longitudinal view

’ Core 2 (n3) Cladding (n¢r)

D Core 1 ()

Figure 2. Longitudinal view of representation of the proposed con-
centric dual-core optical fiber.

The two cores are characterized by different radii and re-
fractive indices, allowing their modal properties to be con-
trolled independently. This concentric configuration elimi-
nates the lateral separation between the cores and provides a
compact structure in which the two propagation regimes co-
exist within the same optical fiber. [6].

3. Materials and Methods

The proposed dual-core optical fiber was modeled as a con-
centric structure in which a first optical core is embedded
within a second core, with both regions surrounded by a com-
mon silica cladding. The two cores were assigned different
geometrical and refractive-index parameters in order to obtain
distinct propagation regimes. Core 1 was designed to operate
in the single-mode regime, whereas Core 2 was designed to
support multimode propagation.

The main parameters considered in the model are the radii
of the two cores, their refractive indices, the cladding refrac-
tive index, and the operating wavelength. The modal behavior
of each region was first evaluated using the normalized fre-
quency parameter (V), with the condition (V < 2.405) used to
identify single-mode operation and (V > 2.405) to identify
multimode operation. Numerical simulations were then per-
formed to determine the supported modes and their corre-
sponding transverse field distributions.

The spatial distribution of the optical field was analyzed in
the transverse plane to identify the fundamental and higher-
order modes supported by the proposed structure. The guided
power fraction was also evaluated to quantify the amount of
optical power confined within the guiding regions. Finally, the
obtained modal characteristics were compared between the
two cores to verify the simultaneous single-mode and multi-
mode behavior of the proposed dual-core fiber. [2, 3].

3.1. Modeling the Hybrid Dual Fiber

The proposed optical fiber is modeled as a concentric dual-
core structure, in which Core 1 is completely embedded within
Core 2. Both guiding regions are surrounded by an external
cladding. [9]. Because of the cylindrical symmetry of the
structure, the refractive-index distribution can be described as
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a function of the radial coordinate (r):

n,0<r<a
n(r) ={n,ay <r<a,
Ng, 7 = a,

(6)

where:

a; and a, are the radius of Core 1 and Core 2, respectively,
with (a; < a,).

Under the weakly guiding approximation, the transverse
optical field is described by the scalar Helmholtz equation:

The parameters n,, n,, and n, represent the refractive in-
dices of Core 1, Core 2, and the external cladding, respectively
[10-12].

Viy + [kgn?(r) — 21y = 0 (7

where:

Whereas 1 is the transverse field distribution, (k, = 27”) is
the free-space wave number, A is the operating wavelength,
and B is the propagation constant of the guided mode.

Considering the cylindrical symmetry of the proposed
structure, the optical field can be expressed as:

W(r,¢,2) = F(r)e™Pelb” (®)
where F(r) represents the radial field distribution, (m) is

the azimuthal mode order, and (z) is the propagation direc-
tion. [10-12].

3.2. Modeling the Wave Equation

Substitution into the wave equation gives the radial equa-
tion:

mZ
r2

d?F  1dF
+-—+

rdr

e (kgn?—p2-Z5)F=0 O

For the central core, the finite solution at (r = 0) is ex-

pressed using a Bessel function of the first kind: [3, 4].

Fi(r) = Alm(uy1) (10)

In the annular region corresponding to Core 2, the general
solution is written as: [3, 4].

Fy(r) = B]m(upr) + CY (upr) n

In the external cladding, the field must decrease with in-

creasing radial distance. Therefore, the solution is represented

by the modified Bessel function:

F3(r) = DKy (wr) (12)
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With
u; = Jk2n? — p2 (13)
@ =/B% — kin? (14)

The propagation constants A, B,C,D and modal field dis-
tributions are obtained by applying the continuity conditions
at the two interfaces: [13-15].

15)

(r=a)
and

(r=a,) (16)
The resulting eigenvalue problem is solved numerically to
determine the modes supported by the proposed concentric
dual-core structure. [13-15].
The modal behavior is characterized using the normalized
frequency parameter. For the central core, it is expressed as:

_ 2mag
T2

A ni —ng amn

For the outer guiding region, the modal behavior depends
on its annular thickness:

t= a2 - a1 (18)

The proposed configuration is designed so that the central

Core 1 supports only its fundamental mode, whereas the sur-

rounding Core 2 supports the fundamental mode together with

higher-order modes. This modal coexistence is the principal
characteristic investigated in the present study. [3, 4].

4. Results

The performance of the proposed dual-core optical fiber
was compared with conventional single-mode and multimode
optical fibers in order to evaluate the advantages of the pro-
posed structure.

The comparison focuses on the guided power, optical-field
confinement, modal behavior, and power-transfer capability.
These parameters provide a suitable basis for assessing the ef-
fectiveness of the proposed dual-core configuration.

Table 1. Comparative performance of conventional single-mode, multimode, and the proposed dual-core optical fibers.

Parameter Single-mode
Core diameter (pm) 9
Numerical aperture 0.14

Guided modes
Coupling coefficient k (m™')
Coupling length (mm)

Power transfer at 10 mm

Interpretation: The proposed dual-core fiber provides con-
trolled power transfer between the two cores, with a coupling
coefficient ranging from 75 to 120 m™ and a coupling length
of approximately 13-21 mm. The transferred power reaches
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Multimode Proposed Dual-Core
50 10x2

0.22 0.14/0.15

>100 2 couple modes

— 75-120

— 13-21

— 70-95%

70-95% at 10 mm, demonstrating the ability of the proposed
structure to control optical-power distribution more flexibly
than conventional single-mode and multimode fibers.
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Figure 3. Comparative performance of conventional single-mode, multimode, and the proposed dual-core optical fibers.

The numerical results indicate that the proposed dual-core
fiber maintains a high guided-power fraction over the investi-
gated angular range. At an input angle of 8< for example, the
guided power reaches approximately 86% in the proposed
structure, compared with 72% for the conventional single-
mode fiber and 75% for the multimode fiber. This corresponds
to an improvement of approximately 19.4% relative to the sin-
gle-mode fiber and 14.7% relative to the multimode fiber.

At 10< the proposed structure retains approximately 72%
of the input power, whereas the single-mode and multimode
configurations retain approximately 55% and 60%, respec-
tively. The dual-core configuration therefore provides approx-
imately 17 percentage points more guided power than the sin-
gle-mode fiber and 12 percentage points more than the multi-
mode fiber at this input angle.

The most significant difference is observed in the power-
transfer capability. Unlike conventional single-mode and mul-
timode fibers, where there is no intentionally designed second
core for power exchange, the proposed dual-core configura-
tion allows optical power to be transferred from one core to
the other. Under appropriate coupling conditions, the simula-
tions can reach a power-transfer level of approximately 95%.
This result demonstrates the principal advantage of the pro-

100%

75%

50%

25%

0%
Single-mode fiber

Multimode fiber

posed architecture: optical power can be redistributed spa-
tially without requiring an additional external optical element.

These values are also compatible with the coupling behav-
ior you previously obtained. In your simulations, increasing
the core-to-core refractive-index difference from An;; = 0.001
to 0.003 reduced the coupling coefficient from approximately
120 m to 75 m, while the transferred power at 10 mm de-
creased from about 95% to 70%.

This gives a particularly strong numerical argument for
your proposed structure: [6-8].

An'? = 0001 > k =~ 120 m—1 -
transferred power = 95%

An'? = 0.002 - intermediate coupling

An12 = 0.003 - k =
transferred power =

75 m—1 -
70%

Therefore, the proposed dual-core fiber does not simply
provide two guiding cores; it provides a controllable power-
transfer mechanism, with the coupling coefficient directly in-
fluenced by the refractive-index difference between the cores.

Proposed dual-core fiber

Figure 4. Illustrative comparison of guided-power fraction for conventional and proposed fiber structures.
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The results show that the proposed dual-core fiber achieves
a higher guided-power fraction (86%) compared with the con-
ventional single-mode (72%) and multimode (75%) fibers.
This improvement indicates better optical-power confinement
and demonstrates the potential of the proposed dual-core
structure for efficient power propagation.

5. Discussion

5.1. Performance Discussion

The numerical results demonstrate that the proposed dual-
core optical fiber provides improved control of optical-power
propagation compared with conventional single-mode and
multimode fibers. The comparative analysis shows a guided-
power fraction of approximately 86% for the proposed struc-
ture, compared with 72% for the single-mode fiber and 75%
for the multimode fiber. This behavior indicates that the dual-
core configuration can maintain efficient power confinement
while providing an additional mechanism for power redistri-
bution between the two cores. [1-4].

A major advantage of the proposed structure is the inter-
core coupling mechanism. The simulations show that the cou-
pling coefficient varies approximately from 75 to 120 m, de-
pending on the refractive-index difference between the two
cores. For a coupling coefficient of about 95 m, the corre-
sponding coupling length is approximately 16.5 mm. The
transferred power at a propagation distance of 10 mm can
reach approximately 70-95%, demonstrating that the optical
power can be effectively controlled through the structural pa-
rameters.

The influence of the core-to-core refractive-index differ-
ence, 4n12, is particularly significant. When Ani, increases
from 0.001 to 0.003, the coupling coefficient decreases from
approximately 120 m? to 75 m. Consequently, the power
transfer decreases from about 95% to 70% at 10 mm. This
confirms that a smaller refractive-index difference between
the cores promotes stronger interaction and more efficient
power transfer, whereas a larger difference improves the indi-
vidual confinement of each core.

Compared with a conventional single-mode fiber, the pro-
posed dual-core structure provides an additional degree of
freedom because the optical power is not restricted to a single
guiding region. Compared with a multimode fiber, it avoids
relying on a large number of propagating modes for spatial
power distribution. [9] The proposed approach therefore of-
fers a compromise between strong field confinement, con-
trolled modal propagation, and adjustable power transfer.

5.2. Design Solution

The results suggest that the performance of the proposed
fiber can be optimized by carefully selecting the inter-core
distance, core diameter, refractive-index contrast, and An12.
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In particular, maintaining a small An12 favors strong cou-
pling and high-power transfer. An appropriate combination of
these parameters can therefore be used to obtain the desired
power distribution while maintaining sufficient optical con-
finement. [6-8].

Overall, the proposed dual-core fiber demonstrates a flexi-
ble approach for controlling optical-power propagation. Its
ability to modify the coupling behavior through structural and
refractive-index parameters makes it promising for optical
transmission, power switching, sensing, and other integrated
photonic applications.

6. Conclusion

The present study investigated the propagation performance
of a proposed dual-core optical fiber using a combined analyt-
ical and numerical approach. The results demonstrate that the
interaction between the two closely spaced cores provides an
effective mechanism for controlling optical-power distribu-
tion. The coupling coefficient was found to vary from approx-
imately 75 to 120 m, with a corresponding coupling length
of about 13-21 mm. At a propagation distance of 10 mm, the
transferred power can reach approximately 70-95%, depend-
ing on the refractive-index difference between the cores.

The comparison with conventional single-mode and multi-
mode fibers also indicates that the proposed structure provides
improved control of guided power while maintaining effective
field confinement. The main contribution of this work is there-
fore the proposed dual-core configuration and its controlled
inter-core power-transfer mechanism. These results demon-
strate the potential of the proposed fiber for future applications
in high-capacity optical communication, optical switching,
and fiber-optic sensing.

Abbreviations
CMT Coupled-Mode Theory
DC Dual-Core
EM Electromagnetic
FEM Finite Element Method
Lc Coupling Length
LP Linearly Polarized Mode
MATLAB Matrix Laboratory
MMF Multimode Fiber
NA Numerical Aperture
SNR Signal-to-Noise Ratio
SMF Single-Mode Fiber
TE Transverse Electric
™ Transverse Magnetic
v Normalized Frequency
WDM Wavelength-Division Multiplexing
K Coupling Coefficient
An12 Core-to-Core Refractive-Index Difference


http://www.sciencepg.com/journal/ajset

American Journal of Science, Engineering and Technology

http://www.sciencepg.com/journal/ajset

An‘ Core-to-Cladding Refractive-Index

Difference

Author Contributions

Randriana Heritiana Nambinina Erica: Conceptualiza-
tion, Investigation, Methodology, Writing — original draft

Ando Nirina Andriamanalina: Methodology, Supervision,
Validation

Conflicts of Interest

The authors declare no conflicts of interest.

References
[1] G. P. Agrawal, Fiber-Optic Communication Systems, 4th ed.,
John Wiley & Sons, Hoboken, NJ, USA, 2010.
https://doi.org/10.1002/9780470918524

[2] J. K. Shaw, Mathematical Principles of Optical Fiber Commu-
nications, Society for Industrial and Applied Mathematics,
Philadelphia, PA, USA, 2004.

https://doi.org/10.1137/1.9780898717082

[3] A.W.SnyderandJ.D. Love, Optical Waveguide Theory, Chap-
man and Hall, London, UK, 1983.

https://doi.org/10.1007/978-1-4613-2813-1

[4] D.Marcuse, Theory of Dielectric Optical Waveguides, 2nd ed.,
Academic Press, San Diego, CA, USA, 1991.

https://doi.org/10.1016/B978-0-12-470951-5.X5001-X

[5] B.E.A. Saleh and M. C. Teich, “Fiber Optics,” in Fundamen-
tals of Photonics, John Wiley & Sons, 1991.

https://doi.org/10.1002/0471213748.ch8

[6] A. Yariv, “Coupled-mode theory for guided-wave optics,”
1IEEE Journal of Quantum Electronics, vol. 9, no. 9, pp. 919-
933, 1973 .https://doi.org/10.1109/JQE.1973.1077767

[71 A.W. Snyder, “Coupled mode theory for optical fibers,” Jour-
nal of the Optical Society of America, vol. 62, pp. 1267-1277,

1972.https://doi.org/10.1364/JOSA.62.001267

[8] D. Marcuse, “Coupled mode theory of round optical fibers,”
Bell System Technical Journal, vol. 52, no. 6, pp. 817-842,
1973.https://doi.org/10.1002/j.1538-7305.1973.tb01992.x

[9] 7. C. Knight, “Photonic crystal fibres,” Nature, vol. 424, no.
6950, pp. 847-851, 2003.https://doi.org/10.1038/nature01940

449

[10] P.St.J. Russell, “Photonic crystal fibers,” Science, vol. 299, no.
5605, pp. 358-362, 2003.
https://doi.org/10.1126/science.1079280

[11] T. Erdogan, “Fiber grating spectra,” Journal of Lightwave
Technology, vol. 15, no. 8, pp. 1277-1294, 1997.

https://doi.org/10.1109/50.618322

[12] C. R. Pollock and M. Lipson, Integrated Photonics, Springer,
New York, NY, USA, 2003.

https://doi.org/10.1007/978-1-4757-5522-0

[13] [13 D. J. Richardson, J. M. Fini, and L. E. Nelson, “Space-
division multiplexing in optical fibres,” Nature Photonics, vol.

7, pp- 354-362, 2013 https://doi.org/10.1038/nphoton.2013.94

[14] X. Bao and L. Chen, “Recent progress in fiber Bragg grating
sensors,” Sensors, vol. 12, no. 7, pp. 9267-9309, 2012.

https://doi.org/10.3390/5120709267

[15] L. N. Binh, Optical Fiber Communication Systems with
MATLAB and Simulink Models, 2nd ed., CRC Press, Boca Ra-

ton, FL, USA, 2014.https://doi.org/10.1201/b17781

Biography
Randriana Heritiana Nambinina Erica is
a lecturer and researcher at the University
a4 of Antananarivo and a faculty member at
the Higher Polytechnic School of
Antananarivo. He is also a doctoral

( )
A
-

_

candidate within the EDSTII doctoral
school, specializing i
telecommunications. His research focuses primarily on optical
fiber technologies, including performance optimization, signal
propagation, and applications in high-speed communication
systems. He has contributed to several academic and applied
research projects related to broadband network development and
emerging communication infrastructures in Madagascar. His work
reflects a strong commitment to advancing optical communication
solutions adapted to local and regional technological needs. He
actively participates in scientific activities through teaching,
research supervision, and conference contributions.

m

Research Field

Randriana Heritiana Nambinina Erica: Telecommunication,
transmission, optical fiber, optical communication, Signal Pro-
cessing

Ando Nirina Andriamanalina: Telecommunications, Control
Systems, Signal Processin


http://www.sciencepg.com/journal/ajset

