; PISSN: 1609-4042, EISSN: 2521-3407
AN THIPAS. 2025, 38(4)

e, Ibn Al-Haitham Journal for Pure and Applied Sciences
(/ ‘K‘ ) Joumal homepage: jih.uobaghdad. edu.iq

Calculating Properties of Mode for Step-Index Single-Mode Optical Fibers
at 1064 nm Wavelength

Ali A. Kadhim™® i and Ageel R. Salin?®
2 Department of Physics, College of Education for Pure Science (Ibn Al-Haitham), University of Baghdad,
Baghdad, Iraqg.
“Corresponding author.

Received: 21 January 2025 Accepted: 6 May 2025 Published: 20 October 2025
doi.org/10.30526/38.4.4116

Abstract

The development in the field of technology has led to an increased need to develop optical
fibers due to their ability to transmit information and data with the least amount of
attenuation over long distances between city centers. In this research, mode properties
calculation for five step-index single-mode optical fibers with core radii of (1.9 - 2.9) um
where the increase in radius is 0.25 um, with core and cladding indices (n;=1.4652,
n,=1.458496157), respectively and a numerical aperture of 0.14 has been done at 1064 nm
wavelength using RP Fiber Calculator (free version 2025). The fundamental fiber mode
properties such as effective area, power propagated in the core, propagation constant and
effective refractive index were calculated. Intensity distributions for the mode were shown. It
was noted that the effect of increasing the core radius led to an increase in the core power and
it was also observed that the propagation constant and effective refractive index increase with
the increase in the radius of the core. It was obtaining percentage power more than 50%.
Results of this work will be useful in the design of optical fibers. Results from the calculator
were compared with those calculated from equations and with previous study and it was
concluded that all calculated properties are in good agreement.
Keywords: Step-index fibers, Single-mode fibers, RP Fiber Calculator, 1064 nm
Wavelength.

1. Introduction

In optical communication systems, light waves can be used to transfer data from one
location to another to connect cities and remote areas, the world's continental optical cable
connection is the longest and most extensive scheme of optical transmission systems. Data
transmission through optical fibers has evolved rapidly since its inception in 1966 (1).
Figure 1 shows the structure of a step-index fiber (SIF), which consists of a core with a
circular cross-section and a refractive index (n,), surrounded by a cladding with a ring-
shaped cross-section and a refractive index (n,), where (n, < n;) (2). The refractive index
(ny) is uniform throughout the core and undergoes an abrupt or step change at the core-
cladding interface, where (a) is the radius of the core (3).
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Figure 1. Basic structure of a SIF (2).

In a single-mode fiber (SMF), only one mode (the LPy; mode) can propagate through the
fiber (3). Silica-based solid core such as SMFs are vastly used as the fundamental component
in the telecommunication industry, their SIF profile is the simplest fiber design and provides
a reasonable starting for the study and to understand of fibers with more complex designs (4).
Figure 2 shows that the propagation of light in SMFs is because the optical power in these
fibers is transmitted in the cladding as well as in the core, so the cladding must be a more
efficient transmitter of power.

Figure 2. Geometry, refractive-index profile and typical ray in a S| SMF (5).

Optical fiber is the main element in the optical transmission process because it has a wide
bandwidth and small signal attenuation, compared to any other wired transmission media
used in the information transmission process (6).

In 2015, it was calculated the mode set in weakly guiding fibers by using the commercial
software BeamPROP. A SIF with core and cladding indices of 1.45 and 1.44, respectively,
the core radius is 5 um, operating at about 633 nm wavelength has been considered (7). In
2018, it was proposed two fiber designs using commercially available COMSOL software,
the proposed fiber has core and cladding with refractive indices of 1.45 and 1.4403,
respectively and core radii of 7.5 and 8.5 pm at 1550 nm wavelength (8). In 2020, it was
calculated the fundamental fiber mode properties using RP Fiber Calculator. SMFs with a
core index of 1.445 and a cladding index of 1.443 were designed. SM operation was achieved
using fibers with core radii of 2-6.5 um operating at 1310 nm and 2-7.5 um operating at 1550
nm (9). It was calculated the mode properties using the RP Fiber Calculator. SMFs and
multimode fibers (MMFs) with core radii of 1-10 pm, core index 1.45 and cladding index
1.44 were studied at two wavelengths 850 nm and 1300 nm (10). In 2021, it was designed a
SI MMF of core radius 25 pm with core index 1.445517 and cladding index 1.443157
operating at 1300 nm. The mode properties were calculated using RP Fiber Calculator (PRO
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version 2020) (11). It was designed SMF and MMFs with core radii 2.5-13.5 um, core index
1.45 and cladding index 1.44 at 1550 nm wavelength (12). The fundamental mode properties
of SMFs with core radii of 4.9-7.8 um, core index 1.432 and cladding index 1.43 at 1550 nm
were calculated using the RP Fiber Calculator (13). In 2022, optical fibers with core radii
from 1 pm to 5 pum, core index 1.45 and cladding index 1.44 were studied and their mode
properties were calculated at 633 nm by using RP Fiber Calculator (free version 2022) (14).
In the current study, the mode properties of SIFs at 1064 nm were calculated using the optical
fiber software RP Fiber Calculator (free version 2025), and the effect of the core radius
changing on the properties was studied. The results of this research will be useful in the
design of practical SMFs.

2. Theoretical part

Total internal reflection which is the basic principle for optical fibers operation occurs if
the incidence angle is less than the acceptance angle. The critical angle (6;) can be calculated
using the following equation (15)

0. = sin_l(%) 1)
1

The acceptance angle (6,), which can be calculated using (16)

0, = sin"INA )

The numerical aperture (NA) indicates the angle at which the optical fiber accepts light (6).
For SIF, the NA depends on the refractive indices of the core and the cladding in an optical
fiber (16)

NA = \/nlz - TLZZ (3)
The normalized frequency of the optical fiber can be calculated using the following equation
A7)

vV =2TaNA (4)
where A represents the wavelength. For V< 2.4048, there is only one mode.

The radius of the fundamental (LPo 1) mode is given by (18)

w ~ a (0.65 + 1.619V~1> + 2.879V~6 —0.016 — 1.561V~7) (5)
The effective area for the fundamental mode is (19)

Agpp = Tw? (6)
The percentage power in the core is (20)

Pin core = [1-exp (— %2)] %X 100% (7)
The value of the normalized propagation constant (b) can be calculated from (20)

b = (1.1428 — 22207 (8)
The propagation constant in the medium () is (21)

B =22 +bmf — nd) )
The effective refractive index (n.sf) can be calculated using the equation (22)

Nepr =+ N2 + b(nf — nd) (10)
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3. Results and Discussion

In this work, the mode properties are calculated using the RP Fiber Calculator (free
version 2025) as shown in Figure 3. This calculator accepts the following inputs: a = (1.9—
2.9) um, n; = 1.4652, n, =1.458496157 and the wavelength of A=1064 nm, the outputs are
numerical aperture, normalized frequency and the properties of the mode. The critical angle
is 84.52 deg. and acceptance angle is 8.05 deg. from Equations 1 and 2, respectively. NA=
0.14 from Equation 3.
2

RP Fiber Calculator freeversion

X

RP PRolontcs (@

Give feedback!

Index profile Guided modes Launching a beam Propagation Fiber to fiber Fiber ends

Select one of 10 fibers
01 02 O3 04 O35 06 07 08 09 O10  Fiber name:
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Core radius: 1.9 jum  Number of core segments: 15 Osteps Olinear Ospline Copy Load Save
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Q
o
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Click into the diagram in order to modify the refractive index profile. Edit data in table

Figure 3. RP Fiber Calculator (free version 2025).

Table 1 shows the values of normalized frequencies calculated from Equation 4. All these

values are less than 2.4048. Increasing core radius leads to increase V values.
Table 1. Normalized frequencies of SMFs.

a (um) \Y
1.9 1.5708
2.15 1.7775
2.4 1.9842
2.65 2.1908
2.9 2.3975

Table 2 shows the effective area as calculated from Equation 6 and from calculator. It can
be noted from this table that the values calculated from the equation and the calculator are in
a good agreement.
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Table 2. Effective areas (um?) of the studied fibers.

a (pm) From Equation (6) From calculator
1.9 28.4 27.3
2.15 27.7 26.7
2.4 28.2 27.4
2.65 29.3 29.0
2.9 30.9 31.0

Table 3 shows the percentage of power propagated in the core as calculated from Equation 7
and from calculator. It can be noted from this table that the power increases with the increase

in the core radius. All these values are more than 50%.
Table 3. Powers in the core (%) of the fibers under study.

a (um) From Equation (7) From calculator
1.9 55.0 57.7
2.15 65.0 66.8
2.4 72.3 73.7
2.65 77.8 78.8
2.9 82.0 82.7

Table 4 shows the values of the propagation constant calculated from Equation 9 and from
calculator. It can be noted that this property increases with increasing core radius. Also the

agreement of the values calculated from the equation and the calculator.
Table 4. Propagation constants (um)™ of the studied fibers.

a (num) From Equation (9) From calculator
1.9 8.62305 8.62292
2.15 8.62623 8.62611
2.4 8.62906 8.62897
2.65 8.63155 8.63148
2.9 8.63375 8.63367

Table 5 shows the effective refractive indices that were obtained by calculating from
Equation 10 and the calculator. It can be noted from this table that this property increases
with increasing core radius. Also, the agreement of the values calculated from the equation

and the calculator. All these values are less than n, and more than n,.
Table 5. Effective refractive indices of the fibers.

a (pm) From Equation (10) From calculator
1.9 1.460234 1.460213
2.15 1.460774 1.460752
24 1.461253 1.461237
2.65 1.461675 1.461663
2.9 1.462047 1.462033

Figure 4 shows the intensity distributions for the fiber mode with core radii between 1.9 and
2.9 um, which consists of a single circular spot at the center of the core.

140



IHIPAS. 2025, 38(4)

a (pm) 2D Profile Radial Profile

|

1.9

e
i

intensity (a. u.)
o & o
B = w0

N

2 3
radial position (pm)

(=]

o

2.15 '
~0.8
3
o6
=
0.4
z
c
e K
0
0 1 2 3 4
radial position (um)
2.4 '
0.8
=]
o068
=
Z20.4
3z
c
0.2
0
0 1 2 2 4
P
LPo,1 radial position (pm)
2.65 '
~.0.8
=1
506
=
Z20.4
3
c
0.2
0

0 1 2 3 4 5

LPo,1 radial position (pm)

N
O
intensity {a. u.)
o o o =)
¥ = =) @ [

0 1 2 3 4 5

LPo,1 radial position (pm)

Figure 4. Intensity profiles of the LP,; mode for five SMFs with core radii 1.9-2.9 um.

4. Comparison

Table 6 shows the comparison between inputs and outputs of this work using RP Fiber
Calculator (free version) and (23) using COMSOL (commercial), where it can be noted that
there is a match between the results.

Table 6. Comparison between this work and (23).

This Work Reference (23)
Software RP Fiber Calculator COMSOL
Availability free commercial
a (um) 2.65 2.65
n 1.4652 1.4652
NA 0.14 0.14
A (nm) 1064 1064
\% 2.1908 2.1908
Mode LPO,l LP0’1
P in core (%) 78.8 78.78
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Figure 5 shows a comparison between the intensity profiles of the LPg; mode for a SMF with

a core radius of 2.65 um taken from the RP Fiber Calculator and the results taken from
Reference (23), which consists of a single circular spot.

This work Reference (23)
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@ 4
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: 2
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Figure 5. RP generated and COMSOL generated intensity profiles of LP,; mode for a SMF with core radius
2.65 pm.

5. Conclusion

In this study, several mode properties were calculated at 1064 nm wavelength. It was
shown that the core radius of the studied fibers ranges from 1.9 to 2.9 um to obtain a
percentage power of more than 50%. The results of this work will be useful in the design of
optical fibers that can be used in optical fiber communication systems.
Table 6 shows the results for the core radius 2.65 um at NA=0.14, where we notice the
equality of the values calculated through the research (23) and the results of this study from
the calculator for the SIF mode LPg;.
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