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1. Introduction

Optical fibers have evolved into an essential component for high-speed data
transfer and other optical communication applications. However, ordinary opt-
ical fibers have dispersion and birefringence limits that might limit their per-
formance in some applications. Photonic crystal fibers (PCFs) have emerged as a
viable remedy to these restrictions. A periodic grid of air holes is present along
the length of this optical cable [1]. The periodicity of air holes creates a photonic
bandgap, which influences light propagation within the fiber and gives PCFs
their specific characteristics. Hybrid PCFs are PCFs that combine the advantages
of both traditional fibers and PCFs [2]. A typical fiber core is surrounded by a
photonic crystal cladding in these fibers. The photonic crystal structure may be
utilized to alter the dispersion properties of the fiber. Hybrid PCFs may achieve
strong birefringence as well as negative dispersion, which is required for a wide
range of optical communication system applications. Nevertheless, it is still
challenging to attain both qualities at the same time since birefringence and dis-
persion are trade-offs. Researchers have been investigating several hybrid PCF
architectures and designs in recent years in effort to overcome this trade-off and
increase their performance. Previous research has introduced various PCF de-
signs with high birefringence and negative dispersion coefficients. For instance,
octagonal-shaped PCFs proposed by Habib et a/ (2013) and Kaijage et al (2009)
have demonstrated negative dispersion factors of —588 and —239.51 ps/(nm-km)
along with high birefringence values of 1.81 x 1072 and 1.67 x 107? respectively
[3] [4]. Similarly, spiral PCF designs have exhibited negative dispersion coeffi-
cients of —400 ps/(nm-km) and birefringence values of 1.6 x 1072 [5]. However,
these designs often come with limitations, such as costly manufacturing tech-
niques or restricted operational wavelength ranges. To address these limitations,
recent investigations have focused on enhancing PCF performance through in-
novative designs. One notable example is the use of elliptical air holes, as seen in
a modified and defected core PCF, which achieved ultra-high birefringence
(3.373 x 107%) and highly negative dispersion (-837.8 ps/(nm-km)) over a broad
wavelength range, covering the E to L telecommunication bands [6]. Neverthe-
less, the manufacturing process for such PCFs can be intricate. Recent research
efforts have also explored circular PCFs with defects, yielding birefringence val-
ues of 2.75 x 1072 and negative dispersion coefficients of —331 ps/(nm-km) [7].
Other PCF designs have shown negative dispersion coefficients ranging from
—134 to —385 ps/(nm-km) with birefringence values of 2.13 x 10~ [8]. Addition-
ally, a decagonal PCF achieved a negative dispersion of -390 ps/(nm-km) [9].
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These advancements often incorporate elliptical air holes to enhance birefrin-
gence and negative dispersion coefficients. For example, Kim et al. proposed a
defective core PCF with elliptical air holes, delivering a negative flattened dis-
persion of —1560.5 ps/(nm-km) and a birefringence of 1.94 x 1072 [10]. Similarly,
Ali et al introduced a PCF with a circular cladding and an uneven core, achiev-
ing a birefringence of 2.78 x 107 and a negative dispersion of —345 ps/(nm-km)
[11]. Furthermore, innovations like the modified square photonic crystal fiber
(MS-PCF) design by Bikash Kumar Paul et al have harnessed waveguide disper-
sion engineering to attain ultra-high negative dispersion while suppressing posi-
tive dispersion. The MS-PCF achieved an impressive negative dispersion of
—2357.54 ps/nm/km, although it had a reduced birefringence of 1.42 x 10~ and a
relatively high confinement loss of 898.75 dB/km [12]. In a separate study, Pan-
dey et al. introduced a dispersion compensating hexagonal photonic crystal fiber
(DC-HPCEF) featuring circular air holes in the cladding zone. This fiber design
integrated a rectangular slot filled with Gallium phosphide (GaP) within the core
area, optimizing key optical parameters. At 1.55 um, the DC-HPCF exhibited
substantial negative dispersion (—2885 ps/(nm-km)) and notable birefringence
(0.121), making it suitable for applications like four-wave mixing, polarization
splitting, polarization-maintaining fiber, and dispersion compensation [13].

Our work introduces a highly efficient Core-Tune Photonic Crystal Fiber
(CT-PCF) design that achieves exceptional birefringence, surpassing conven-
tional PCF structures, with a remarkable value of 2.372 x 107 at 1550 nm. This
birefringence is crucial for polarization-maintaining transmission, enhancing
signal integrity in high-bit-rate data transfer. Additionally, our CT-PCF demon-
strates outstanding single-mode performance, as indicated by a peak Higher
Order Mode Extinction Ratio (HOMER) value of 10* at 1550 nm, making it ideal
for high-bit-rate communication systems. Furthermore, our CT-PCF exhibits
exceptional nonlinear characteristics with a high nonlinearity of 50.74 W~.Km™
for y polarization, making it promising for advanced optical devices. Our re-
search introduces a novel modified Core Tune Photonic Crystal Fiber (CT-PCF)
that simultaneously overcomes the traditional trade-off between birefringence
and dispersion, offering a breakthrough in optical fiber design, while also sim-
plifying manufacturing for cost-effective high-performance optical communica-
tion systems. In summary, our CT-PCF represents a significant advancement in
optical fiber technology, outperforming existing designs in birefringence, sin-
gle-mode performance, and nonlinear characteristics, thus offering great poten-

tial for high-bit-rate communication and sensing applications.

2. Geometry of Proposed CT-PCF Structure

The Core-Tune Photonic Crystal Fiber (CT-PCF) incorporates a distinct design
for its fiber cladding, which comprises circular air holes running along its length.
In the cross-sectional view presented in Figure 1, the core of the CT-PCF has

been deliberately modified to introduce two hexagonal rings in the inner cladding

DOI: 10.4236/0pj.2023.1310021

229 Optics and Photonics Journal


https://doi.org/10.4236/opj.2023.1310021

A. Halder et al.

PML

Air hole

Figure 1. In the transverse cross-sectional perspective of the envisioned CT-PCF design,
the pitch (A) is set at 0.9 um, with a ratio of the smaller air hole diameter (dp) to A equal
to 0.3. The first and second ring air hole diameters (di and @) are both 0.9 times A, and
the diameter (d) of the air holes in the third ring is 0.55 times A.

layer and three decagonal rings in the outer cladding layer. Furthermore, the
cladding includes five concentric rings of air holes. To enhance its effectiveness,
adjustments were made to the inner core by adding two smaller air holes to the
initial ring of air holes, while leaving the other four air holes unaltered from the
original six. This design adaptation was aimed at optimizing both birefringence
and dispersion stability, given that these characteristics were primarily influ-
enced by the two smaller air holes in the initial ring. To additionally minimize
the loss of light confinement within the fiber, five circular air hole rings were in-
tegrated into the CT-PCF setup. It’s worth noting that the flawed core ring
within the cladding configuration was strategically employed to amplify bire-
fringence. The critical dimensions consist of a diameter (d,) of 0.27 um for the
smaller air holes, and identical diameters (d, = ¢, = 0.81 um) for the air holes in
the first and second ring of the hexagonal structure. The third through fifth air
holes in the decagonal structure have a diameter (d) of 0.495 pm. The pitch (A)
in the CT-PCF signifies the spacing between air holes within two consecutive
rings. In essence, the configuration of the Core-Tune PCF (CT-PCF) presents a
well-considered arrangement of air holes within the cladding and core, effec-
tively optimizing birefringence, dispersion stability, and light confinement loss

to attain enhanced performance across various applications.

3. Computational Methodology

The optical characteristics of the CT-PCF structures were examined through fi-
nite element method (FEM) simulations, and the results were assessed utilizing
the COMSOL Multiphysics software. The finite element technique with perfectly
matched layers (PML) boundary conditions was employed to compute attributes
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such as chromatic dispersion, effective area, and confinement loss of the pro-
posed microstructured optical fibers (MOFs). Modal properties of the fiber were
computed using a commercial full-vector finite-element software (COMSOL)
with first-order triangular vector edge elements. The simulation incorporated
the Sellmeier equation to determine the refractive index of silica, accounting for
its wavelength dependence. By solving an eigenvalue problem, FEM yielded the
modal effective index (2.4, which subsequently enabled the calculation of para-
meters like chromatic dispersion (1)), birefringence and confinement loss us-

ing the provided equations [14].

a2 d? Re[neff ]

D(A)=—-x—=—= 1

(4) ¢ A W
2nf

L. =8.686x —xI 2

C X c x m[neﬁ] ()

B= neff,x_neff,y| (3)

The higher order mode extinction ratio (HOMER) is a measurement of the
power ratio in a photonic crystal fiber (PCF) between the basic mode and higher
order modes [15]. Equation (4) is used to obtain the number that describes the

single-mode performance of a Core-Tune photonic crystal fiber.

min(CLyoy )

HOMER = (4)

FM

where, CL,, is the basic mode confinement loss and CLp, is the high-
er-order mode confinement loss.
The effective area A.zis calculated using Equation (5) as follows [16]:
(1 o
™7 e oo .
Aeris quantified in square micrometers (um?) and maintains a proportional
relationship with the electric field’s amplitude, denoted as E, within the medium.
Consequently, comprehending the nonlinear phenomena taking place within
photonic crystal fibers (PCFs) demands a thorough grasp of A.s The correlation
between the Kerr constant (representing the nonlinear refractive index coeffi-
cient), n,, and the effective mode area at a specific optical field wavelength serves
as a crucial gauge for evaluating the magnitude of nonlinear effects. This nonli-
near coefficient, which aligns with the effective mode area, can be computed

employing the subsequent formula [17]:
_ 27N,

Y=
ARy

(6)

4. Numerical Analysis Outcomes and Discussion

4.1. Chromatic Dispersion

Figure 2 illustrates the dispersion characteristics for both x and y polarizations,
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Figure 2. The wavelength-specific dispersion curves of the suggested CT-PCF for xand y
polarizations are depicted.

utilizing the optimized design parameters: d/A = 0.55, d,/A = 0.3, di/A = /A =
0.9, and a pitch A = 0.9 m for the hexagonal cladding arrangement. Within this
cladding structure, the initial ring of smaller air holes possesses an overall di-
ameter d,/A = 0.3, while the remaining air holes in the first and second rings
share an overall diameter of d/A = d/A = 0.9. In the decagonal ring structure,
the diameter parameter spans d/A = 0.55 for the third through fifth air hole
rings. At a wavelength of 1550 nm, the dispersion curve concerning wavelength
showcases a negative dispersion coefficient of —211 ps/(nm-km) for x polariza-
tion. Examining the wavelength-dispersion graph, it’s evident that the proposed
CT-PCF exhibits a remarkably high negative dispersion coefficient for y polari-
zation at 1550 nm, specifically around —3534 ps/(nm-km). This negative y pola-
rization dispersion value stands out as the most prominent dispersion outcome
within this experiment. Given its substantial negative dispersion coefficient,
these suggested CT-PCFs emerge as strong contenders for addressing dispersion
issues in high-bit-rate transmission networks.

During the fabrication of PCFs, there is the potential for a +1% fluctuation in
the overall diameters of the structure. With this consideration in mind, we con-
ducted an assessment to understand the impact of these variations on dispersion
and birefringence, exploring changes spanning from +1% to +2%. As depicted in
Figure 3, we focused on the influence of adjusting the global pitch width while
keeping other parameters constant. In the graph, the solid line signifies parame-
ter increments, while the dotted line signifies parameter reductions. The result-
ing CT-PCF dispersion values for pitch adjustments ranging from +1% to +2%
are approximately —3675, —3605, —3463, and —3393 ps/(nm-km). For long-distance
optical communication, a PCF with remarkably high negative dispersion is de-
sirable, as it leads to minimal pulse broadening and spreading. Despite the exis-

tence of negative dispersion PCF models, there remain gaps in their development.
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Figure 3. The effect of adjusting the pitch value of the proposed CT-PCF on dispersion vs. wavelength with partial enlargement

view.

To fulfill the requirements for dispersion profiles in optical communication, the
strong recommendation is to pursue configurations with ultra-high negative

dispersion.

4.2. Birefringence

The capacity to retain polarization is mirrored by fiber birefringence, which is a
crucial feature for enhancing system accuracy and stability, particularly in sens-
ing applications. The birefringence feature of the recommended CT-PCF designs
is seen in Figure 4, which has a strong birefringence due to its uneven core de-
sign. Normal polarization preserving fibers have a modal birefringence of around
5 x 107 [18], while the proposed CT-PCF design may achieve a display birefrin-
gence of about 2.372 x 1072, making it an appealing candidate for sensing appli-
cations. Figure 4 additionally demonstrates how pitch affects CT-PCF birefrin-
gence, which varies by 0.02324, 0.02348, 0.02395, and 0.02419, respectively,
whereas pitch changes by 1% to £2% at 1550 nm. The proposed high birefrin-
gence CT-PCF has applications in optical fiber communications, fiber lasers, and
fiber sensors, as well as nonlinear optical applications where the extra negative
dispersion characteristic may be used as a chromatic dispersion controller or to

compensate for dispersion.

4.3. Single Mode Performance Analysis

Because optical fibers can support higher-order modes (HOMs), this section
examines the performance of our proposed CT-PCF fiber in the context of sin-
gle-mode operation. In cases where the losses in these higher-order modes sig-
nificantly surpass the losses in the fundamental mode (FM), the fiber can effec-
tively function as a single-mode fiber. To assess this, we calculate the higher or-
der mode extinction ratio (HOMER), which gauges the light leakage loss asso-
ciated with the higher-order modes, as opposed to that of the fundamental
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Figure 4. A plot depicting the relationship between wavelength and birefringence for the
CT-PCF under optimal design parameters is shown, considering variations in pitch
within the range of £1% to +2%.

mode’s leakage loss. Among the initial six core modes, including both funda-
mental and higher-order modes, are HE,;, HE,;, HE;;, TEq, TMo;, and EH;;.
Figure 5 illustrates the spatial distribution of various higher-order modes under
investigation for both xand ypolarization scenarios.

In Figure 6(a), the confinement loss for x polarization of the first six core
modes in the CT-PCF is portrayed concerning wavelength. Operating at 1550
nm, the fundamental modes, such as HE,;, exhibit a loss of 3.07 x 107° dB/m. For
the same wavelength, higher-order modes (HOMs) like TEq;, TMo, HE, EHyy,
and HE;; demonstrate losses of 4.66 x 1072, 2.884 x 107, 5.802 x 1073, 3.717 x
1073, and 8.405 x 107 dB/m, respectively. Within the transmission band at 1550
nm, TMy, is highlighted for having lower losses among the higher-order modes.
Furthermore, while the fundamental mode loss elevates across the O, E, S, C and
L communication bands from 107 to 10~ order ranges, the HOMs vary within
the 107 to 107 order ranges. Examining Figure 6(b), it'’s observed that the
highest HOMER of the CT-PCF at 1550 nm operating wavelength is approx-
imately 10%, consistently maintaining values greater than 100 throughout the
communication windows. In Figure 7(a), the confinement loss for y polariza-
tion of the first six core modes in the CT-PCEF is depicted as a function of wave-
length. Operating at 1550 nm, the fundamental mode HE,; encounters a loss of
3.957 x 107* dB/m. At the same working wavelength, the HOMs exhibit losses of
4.66 x 1072, 2.884 x 107, 5.084 x 107, 2.67 x 107, and 9.786 x 107> dB/m, re-
spectively. When investigating losses at the communication-appropriate wave-
length of 1550 nm, EH;; stands out with lower loss among the higher-order
modes. In the O to L communication bands, the HOMs show losses varying
from the 10~ to 1072 order ranges, whereas the fundamental mode loss increases

from 1077 to 107* order ranges. The overarching aim is to sustain an HOMER of
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(1 6))
Figure 5. Fundamental and higher order modes (HOMs) field distribution with its
directions for proposed CT-PCF. (a) HEn x-polarization; (b) HEun p-polarization; (c)
HE, x-polarization; (d) HEx y-polarization; (e) HEs1 x-polarization; (f) HEs: y-polarization;

(g) EHn x-polarization; (h) EHu y-polarization; (i) TEo: for both polarization; (j) TMa
for both polarization.
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Figure 6. (a) The loss characteristics of the CT-PCF under consideration are studied with
respect to wavelength, encompassing both fundamental and higher-order modes (HOMs).
(b) The higher-order mode extinction ratio (HOMER) of the CT-PCF for x polarization is
examined across varying wavelengths. Notably, TMo emerges as the HOM with the least
loss in this scenario. In Figure 5, the color of each frame depicting the modes in x
polarization corresponds to the color of the loss curve’s lines.
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Figure 7. (a) The CT-PCF’s loss characteristics, encompassing both fundamental and
higher-order modes (HOMs), are examined in relation to wavelength. (b) The higher-order
mode extinction ratio (HOMER) of the CT-PCF is evaluated for y polarization across a
range of wavelengths. It is worth noting that EH11 exhibits the lowest loss among the
higher-order modes in this instance. In Figure 5, the color of each frame illustrating the
modes in ypolarization corresponds to the color of the lines in the loss curve.

at least 10 over a wide bandwidth to ensure robust single-mode performance. The
proposed CT-PCF approach strives for the highest achievable HOMER across an
extensive range of wavelengths. As portrayed in Figure 7(b), the maximum
HOMER for CT-PCF at the 1550 nm operating wavelength is about 10%, main-

taining values exceeding 10 throughout both communication windows.

4.4. Effective Area and Nonlinearity

Figure 8 shows the greatest effective area values for the CT-PCF for x and y po-
larization at 1550 nm, which are 2.657 um?* and 2.397 pum?, respectively. Figure 9
depicts the nonlinearity curve of the disclosed CT-PCF at optimal pitch of the
design parameters.
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Figure 8. The graph depicting the effective area in relation to wavelength for the
proposed CT-PCF under optimal design parameters is shown separately for both xand y
polarizations.
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Figure 9. The curve illustrating the nonlinear coefficient in relation to wavelength for the
recommended CT-PCF under optimal design parameters is presented for both x and y

polarizations.

At a wavelength of 1550 nm, the nonlinearity values were recorded as 45.77
W-km™ for x polarization and 50.74 W~"km™ for y polarization, as shown in
Figure 9. The outcomes demonstrate that the suggested design of the CT-PCF
offers favorable characteristics in terms of effective area and nonlinearity, mak-

ing it suitable for applications involving nonlinear effects.

4.5. Confinement Loss

Confinement losses are caused by the leaky nature of modes and faults in the de-
sign of a PCF fiber. These losses lead to a loss that varies with wavelength, in-
fluencing the mode propagation. This modulation is controlled by factors such
as the count of air hole rings and the dimensions of the air holes within the fiber
structure. The confinement loss in the O to L telecommunication bands varies
from 1078 to 1072 order, which is relatively low for this wavelength range. Figure
10 displays the proposed CT-PCF fiber’s wavelength-dependent confinement

loss.
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The optimal confinement loss value of CT-PCF x and y polarizations at the
working wavelength 1550 nm is 3.07 x 107 and 3.957 x 10~* dB/m, respectively.
The graph clearly shows that the confinement loss increases as the wavelength
increases. This graph trend demonstrated that as the fundamental field distribu-
tion of the recommended PCFs increased with respect to wavelength, so did the
leaky nature of the mode. The same logic applies to the fact that x polarization
has a smaller confinement loss than y polarization. Table 1 compares the para-

meters of the proposed CT-PCF to those of earlier PCF waveguides at 1550 nm.
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Figure 10. The graph portraying the relationship between confinement loss and
wavelength, employing the optimal design parameters, is shown separately for x and y
polarizations in the CT-PCF.

Table 1. Modal property comparisons of the proposed CT-PCF and other designs.

Pri Dispersion Birefri Confinement
rior irefringence,
Cladding structure D) & loss,
references B=|n:— ny
s/(nm-km c m
[ps/(nm-km)] L:(dB/m)

Ref. [3] Octagonal —588 1.81 x 1072 <10

Ref. [4] Octagonal -239.51 1.67 x 1072 3.2x 107

Ref. [5] Spiral -400 1.60 x 1072 -

Ref. [7] Defected core circular -331 2.75 x 1072 -

Ref. [8] Square-core octagonal -294.1 2.13 x 1072 0.42
Ref. [10]  Elliptical air hole hexagonal =~ —156 + 0.5 1.94 x 1072 10~
Ref. [11] Asymmetric core circular —345 2.78 x 1072 <1072
Ref. [12] Modified square shape —2357.54 1.42 x 107 0.89875
Ref. [13] Hexagonal —2885 0.121 -
Proposed Defected core hybrid

—3534 2.372x 102  3.071x10°

CT-PCF (Hexagonal-decagonal)
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5. Conclusion

This study successfully demonstrates the creation of a Core-Tune photonic
crystal fiber (CT-PCF) with notably high birefringence and substantial negative
dispersion. Employing a modified broadband dispersion compensating struc-
ture, the CT-PCF functions effectively across the O to L telecommunication
bands, spanning wavelengths from 1280 nm to 1790 nm. Specifically, at an oper-
ating wavelength of 1550 nm, the proposed CT-PCF design achieves an elevated
birefringence value of 2.372 x 107%, surpassing conventional PCF structures. For
assessing the single-mode performance of CT-PCF, the Higher Order Mode Ex-
tinction Ratio (HOMER) method is employed. Remarkably, the CT-PCF records
a maximum HOMER value of 10* at 1550 nm, attesting to its single-mode profi-
ciency. In terms of dispersion properties, the CT-PCF exhibits a y polarization
dispersion coefficient of -3534 ps/(nm-km) at 1550 nm, alongside a notably high
nonlinear coefficient of 50.74 Wkm™. The suggested CT-PCF stands out by
excelling in performance metrics and optical attributes when compared to exist-
ing systems. With an impressively low confinement loss of 3.071 x 10° dB/m
across the broadband communication bands, the proposed CT-PCF emerges as
an ideal candidate for diverse applications, encompassing sensing and high-bit-rate
transmission, offering minimal signal degradation. As we reflect on the limita-
tions of this study, it is important to acknowledge that while our CT-PCF design
represents a significant advancement, further research is needed to explore its
practical implementation and scalability. The fabrication and deployment of
such specialized fibers may pose challenges that need to be addressed in future
investigations. Additionally, the integration of our CT-PCF into real-world
communication systems and its performance under various environmental con-
ditions warrant further exploration. Finally, our research gives us new avenues
for the creation of high-performance optical fibers with a wide variety of appli-

cations.
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