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Abstract 

Optical fibers serve as essential components in modern communication infrastructures, enabling the reliable transmission of 

large volumes of data across long distances with exceptionally low attenuation. The performance of these fibers is governed by 

several key factors, including the physical geometry of the fiber, the refractive-index distribution between the core and cladding, 

and the overall efficiency with which light is confined and guided within the core region. A comprehensive understanding of 

these parameters is crucial for predicting system behavior and optimizing fiber design for a wide range of applications. In this 

work, light propagation in both single-core and dual-core optical fibers is investigated using a simplified yet effective ray-tracing 

model. This modeling approach provides intuitive visualizations of ray trajectories and enables a quantitative analysis of the 

guided power fraction as a function of the launch angle. By examining how different launch conditions influence the proportion 

of light that remains confined within the fiber, the model offers insight into the mechanisms underlying mode propagation and 

coupling behavior in various fiber configurations. The results obtained from the simulations contribute both an instructive and 

predictive framework for evaluating the optical performance of single-core and dual-core fibers. This framework facilitates 

direct comparison between the two configurations and highlights their respective advantages, particularly in terms of 

light-guiding efficiency and potential application domains. Overall, the study demonstrates that simplified ray-based analyses 

can serve as valuable tools for understanding complex optical processes and guiding the development of improved fiber-based 

technologies. 
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1. Introduction 

The optical fibers constitute the backbone of modern 

communication systems, enabling high-speed data transmis-

sion over long distances with minimal losses. The perfor-

mance of an optical fiber primarily depends on its geometry, 

the refractive index distribution, and its ability to guide light 

efficiently. [1] Among the most common configurations, 

single-core fibers are widely employed in telecommunica-

tions applications, while dual-core fibers offer additional 

capabilities in coupling, multiplexing, and multimode guid-

ance. [2]. 
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The fraction of guided power in a fiber is a key indicator of 

its efficiency. It represents the proportion of optical energy 

that remains confined within the core and can therefore be 

transmitted to the output with minimal losses. The determi-

nation of this fraction depends on the input conditions par-

ticularly the incidence angle of the light rays as well as on the 

physical properties of the fiber, such as the refractive indices 

of the core and cladding and the core radius. [3]. 

The objective of this study is to compare light guidance in 

single-core and dual-core fibers using a simplified ray-tracing 

model. This approach enables visualization of the ray trajec-

tories and quantification of the guided power fraction as a 

function of the launch angle, thereby providing an instructive 

and predictive tool for analyzing optical performance. 

2. Mathematical Modeling of the 

Single-core Fiber 

The Light propagation in a multimode optical fiber can be 

approximated using the ray model, in which the optical field is 

represented as a set of straight rays propagating through the 

fiber core. Each ray is characterized by its launch angle   

with respect to the fiber axis and its initial radial position   . 

[4]. 

For a single-core fiber, the main physical parameters are: 

1).      : refractive index of the core 

2).      : refractive index of the cladding 

3).      : core radius 

Figure 1 illustrates the main physical parameters of a sin-

gle-core optical fiber, showing the core refractive index 

(     ), the cladding refractive index (     ), and the core 

radius (     ). 

 
Figure 1. Illustration of      ,      ,      . 

In a single-core optical fiber,       represents the refrac-

tive index of the core, which determines how strongly light is 

guided within the fiber.       is the refractive index of the 

cladding, slightly lower than that of the core, which ensures 

total internal reflection and keeps the light confined. The 

      denotes the radius of the core, defining the physical 

region through which the light propagates. 

The numerical aperture (NA) of the fiber, which determines 

the maximum acceptance angle     , is defined as: 

   √     
       

                  (1) 

                                 (2) 

An incident ray at the fiber input is considered guided if its 

final radial position        , after propagation over a dis-

tance       , remains within the core region: 

|       |                     (3) 

In this simplified model, rays are assumed to propagate in 

straight lines; that is, no internal reflection is taken into 

account. The final radial position is therefore approximated 

by: 

                                (4) 

3. Materials and Methods 

Designing a dual-core fiber requires selecting materials 

with a controlled difference in refractive index between the 

core and cladding regions. To achieve this, we will implement 

the presence of two cores in the mathematical modeling of the 

fiber and then simulate the results in MATLAB. [5-7]. 

3.1. Modeling the Dual-core Fiber 

For a ray launched at an initial radial position    and angle 

  relative to the fiber axis: 

                               (5) 

The dual-core fiber consists of: 

1). an inner core of radius    and refractive index    ; 

2). an outer core of radius    and refractive index    ; 

3). an external cladding of radius    and refractive index 

  . 

A ray is considered guided if it remains within the outer 

core radius: 

|       |                     (6) 

The numerical aperture (NA) is calculated based on the 

highest refractive index     relative to the cladding: 

   √   
    

                (7) 

                            (8) 

This simplification allows a direct analytical comparison of 

the guiding performance between the two fiber types while 

maintaining a straightforward computational approach. 
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3.2. Methodology Simulation Parameters 

The parameters used in the numerical simulation are 

summarized below: 

Table 1. Fiber modeling parameters used in MATLAB. 

Parameter Single-core fiber Dual-core fiber 

Core refractive 

index 
1.48 

1.48 (inner), 1.46 

(outer) 

Cladding refrac-

tive index 
1.45 1.45 

Core radius 4 µm 
4 µm (inner), 8 µm (out-

er), 62.5 µm (cladding) 

Simulated length 100 µm 100 µm 

Number of rays 500 500 

The simulation parameters listed in Table 1 were selected 

to represent typical optical fiber characteristics. The sin-

gle-core fiber uses a core refractive index of 1.48 and a radius 

of 4 µm, while the dual-core fiber includes an inner core of 4 

µm (        ) and an outer core of 8 µm (        ), with a 

cladding of 62.5 µm (        ). The simulated propagation 

length of 100 µm and 500 rays provide sufficient resolution 

for analyzing ray trajectories and guided power fractions. 

Varying these parameters could significantly affect the 

results: 

1). Core refractive index: Increasing the index contrast 

between the core(s) and cladding enlarges the numerical 

aperture, enabling higher launch angles to be guided. 

2). Core radius: Larger cores increase the spatial guiding 

region, enhancing tolerance to misaligned or off-axis 

rays. 

3). Number of rays: A higher number of simulated rays 

improves statistical accuracy of the guided power frac-

tion, while fewer rays could lead to variability. 

4). Propagation length: Extending the simulated length 

could reveal additional effects such as longitudinal 

dispersion and mode interference, which are not cap-

tured in the current 100 µm simulations. 

Including such parametric variations in future work would 

provide deeper insight into fiber performance optimization 

and the practical applicability of single-core versus dual-core 

configurations. 

3.3. Calculation of the Guided Power Fraction 

For each ray: 

1). Compute the final radial position e         based on 

the launch angle  . 

2). Assign a binary value: 

   {
                       

       
           (9) 

3). Compute the cumulative guided power fraction: 

           
∑    

     
             (10) 

This procedure allows the generation of guided power 

fraction versus launch angle curves for both fibers. [8]. 

3.4. Visualization 

1). Typical ray trajectories: Three representative launch 

angles are plotted for each fiber to illustrate the paths of 

rays within the cores. 

2). Fiber cores: The radial boundaries of the cores are 

shown to highlight the guiding regions. 

3). Guided power curves: The cumulative guided power 

fraction is plotted as a function of the launch angle, 

providing a visual representation of the acceptance 

characteristics of each fiber. [9]. 

4. Results 

Light propagation in optical fibers depends on the core 

geometry, refractive indices, and launch conditions. Sin-

gle-core fibers provide simple guiding, while dual-core fibers 

can expand the guiding region and enable core-to-core inter-

actions. Using a simplified ray-tracing model, we analyzed 

ray trajectories and the guided power fraction as a function of 

launch angle. The following section presents the simulation 

results for both fiber types. 
 

 
Figure 2. Ray Tracing Comparison. 
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Figure 1 shows the propagation of multiple rays in sin-

gle-core (blue) and dual-core (red) fibers over a distance of 

150 µm. 

1. Single-core fiber (blue): 

The rays remain confined within the fiber core and re-

flect off the core boundaries (       ). All rays remain 

centered around the fiber axis, illustrating the principle 

of total internal reflection, typical of single-mode or 

simple multimode fibers. The confinement is tight, 

which limits the spatial dispersion of the rays. 

2. Dual-core fiber (red): 

The rays propagate within the inner core and can reach 

the outer core. Reflections are simulated at the outer core 

boundaries (    ). The rays occupy a larger transverse 

area than in the single-core fiber, showing that the 

presence of the second core expands the propagation 

region and could allow coupling between cores. 

 
Figure 3. Typical Ray Trajectories in Fibers. 

 
Figure 4. Guided Power Fraction vs Input Angle. 

4.1. Acceptance Angles 

The acceptance angle of an optical fiber defines the max-

imum launch angle at which light can be efficiently guided 

within the core. It is a key parameter that determines the 

fiber’s ability to capture and confine light. The following 

section presents the calculated acceptance angles for both 

single-core and dual-core fibers. 

The calculations yield: 

1). Single-core fiber:          

2). Dual-core fiber:          

This similarity is explained by the fact that the region with 

the highest refractive index in the dual-core fiber determines 

the overall numerical aperture. 

4.2. Ray Trajectories 

Analyzing the paths of individual rays provides a clear 

visualization of light confinement within the fiber cores. This 

section examines typical ray trajectories for both single-core 

and dual-core fibers under different launch angles. 

1). Low-angle rays (         ) propagate near the fiber 

axis and are fully guided. 

2). Intermediate-angle rays (         ) approach the 

core boundaries. 

3). Rays close to      interact with the core edges and 

may be lost if their final radial position exceeds the 

critical radius. 

The Figure 2 illustrates these behaviors, with single-core 

fiber rays in blue and dual-core fiber rays in red dashed lines. 

The cores are overlaid to visualize the guiding region. 

4.3. Guided Power Fraction 

The Figure 3 shows the guided power fraction as a function 

of the launch angle: 

1). For          , 100% of rays are guided in both fi-

bers. 

2). As   increases, the guided fraction gradually decreases. 

3). For               , no rays remain guided. 

This behavior reflects the influence of the launch angle on 

the fiber’s ability to confine light. 

5. Discussion 

The simulation results provide insights into the guiding 

behavior of single-core and dual-core fibers, summarizing the 

main observations regarding ray trajectories and the fraction 

of guided power. 

5.1. Fiber Comparison 

The dual-core fiber provides a wider guiding region due to 

the addition of the second core (larger outer radius), which 

can improve tolerance to higher launch angles. However, in 
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our simplified model, the maximum guided power fraction is 

similar to that of the single-core fiber because all rays origi-

nate from the center and do not undergo multiple reflections 

[10]. 

The expanded guiding region indicates that dual-core fibers 

could enhance performance in systems requiring multimode 

guidance or mode multiplexing, such as high-capacity tele-

communication networks or multimode sensor applications 

[11, 12]. The broader spatial confinement may allow more 

flexible coupling of modes and increased tolerance to misa-

lignment during light injection. 

5.2. Model Limitations 

While the simplified ray-tracing approach provides useful 

pedagogical insights, several limitations must be considered 

for quantitative interpretation: 

1). Absence of internal reflections: In real multimode fibers, 

rays undergo multiple reflections at the core–cladding 

interface. Neglecting these reflections likely underes-

timates guided power, particularly at higher launch an-

gles [11]. 

2). Neglect of radial distribution: All rays are launched 

from the fiber axis, whereas in practical setups, light can 

enter at different radial positions. This simplification 

limits the model’s accuracy in predicting mode excita-

tion and spatial power distribution [12]. 

3). Core-to-core interactions in dual-core fibers: The model 

does not consider coupling or hybrid modes between the 

inner and outer cores. In reality, these interactions can 

significantly modify power distribution and effective 

propagation, especially in applications involving mode 

multiplexing or integrated photonics [13, 14]. 

4). Short propagation length: Simulations are limited to 

100 µm, whereas real optical fibers extend over kilo-

meters. Longitudinal effects such as dispersion, mode 

interference, and attenuation are therefore neglected. 

To address these limitations, future work could employ 

more realistic simulation techniques, such as the beam prop-

agation method (BPM) or finite-difference time-domain 

(FDTD) approaches, along with experimental validation of 

guided power fractions and mode profiles [15]. Comparing 

simulation results with experimental data would improve 

confidence in the predicted fiber performance. 

5.3. Physical Interpretation and Practical 

Implications 

Despite the simplifications, the study provides: 

1). Quantification of tolerated launch angles for single-core 

and dual-core fibers. 

2). Visual comparison of ray confinement and trajectories. 

3). Pedagogical insight into how core radius and refractive 

index affect guiding efficiency. 

The differences between single-core and dual-core fibers 

have practical implications. Dual-core fibers may offer en-

hanced tolerance to high launch angles, which is beneficial for 

high-capacity optical transmission systems and mode-division 

multiplexing [10, 15]. They are also suitable for integrated 

photonic devices where mode coupling is critical, such as 

mode multiplexers, multi-channel sensors, or compact tele-

communication modules [11-14]. 

Figure 4 can be interpreted as the fiber’s angular transfer 

function: low-angle rays are fully transmitted, while rays 

approaching the maximum acceptance angle experience 

partial loss. This illustrates the fiber’s limitations and pro-

vides a framework for designing fibers with desired ac-

ceptance characteristics. Additionally, the results suggest that 

careful design of core dimensions and refractive indices can 

optimize performance for specific applications, including 

telecommunication networks and multimode sensing systems. 

6. Conclusion 

This study presented a simplified ray-tracing approach to 

analyze the guided power fraction in single-core and du-

al-core optical fibers. The results show that both fiber types 

have a comparable acceptance angle (     ≈ 17°) and that the 

guided power fraction strongly depends on the launch angle, 

with optimal confinement observed at low angles. 

The dual-core fiber demonstrates the potential to expand 

the guiding region, although this effect remains limited within 

the framework of the simplified model used. 

Future work includes the introduction of internal reflections 

to simulate realistic propagation modes, consideration of a 

radial distribution of input rays to better reproduce experi-

mental conditions, and the study of core-to-core coupling to 

refine the characterization of multi-core fibers. 

This approach thus provides a simple yet effective tool for 

quantifying and comparing the guiding performance of optical 

fibers and offers a solid basis for more realistic simulations of 

complex multimode fibers. 

Abbreviations 

         Guided Power Fraction 

       Number of Simulated Rays 

    Numerical Aperture 

   Launch/Entry Angle of the Ray 

      Maximum Acceptance Angle 

       Radius of the Single-core Fiber 

    Radius of the Inner Core 

    Radius of the Outer Core 

    Radius of the Cladding 

    Initial Radial Position of the Ray 

      Radial Position of the Ray at Axial Distance z 
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