
POLARIZATION MAINTAINING AND
SPECTRAL FILTERING PROPERTIES OF
HOLLOW-CORE OPTICAL FIBERS FOR

NEAR-INFRARED REGION

a thesis submitted to

the graduate school of engineering and science

of bilkent university

in partial fulfillment of the requirements for

the degree of

master of science

in

materials science and nanotechnology

By

Muhammad Zain Siddiqui

August 2024



POLARIZATION MAINTAINING AND SPECTRAL FILTERING

PROPERTIES OF HOLLOW-CORE OPTICAL FIBERS FOR

NEAR-INFRARED REGION

By Muhammad Zain Siddiqui

August 2024

We certify that we have read this thesis and that in our opinion it is fully adequate,

in scope and in quality, as a thesis for the degree of Master of Science.

Mustafa Ordu(Advisor)

Bülend Ortaç
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ABSTRACT

POLARIZATION MAINTAINING AND SPECTRAL
FILTERING PROPERTIES OF HOLLOW-CORE

OPTICAL FIBERS FOR NEAR-INFRARED REGION

Muhammad Zain Siddiqui

M.S. in Materials Science and Nanotechnology

Advisor: Mustafa Ordu

August 2024

Negative curvature hollow-core fibers (NCFs) offer attractive properties like ultra-

low losses, broad bandwidth, low latency, low nonlinearity, and a high damage

threshold. Additionally, NCFs can overcome the inherent optical transparency

limitations posed by solid-core fibers, which restrict their application to specific

wavebands, thus enabling more flexible usage of NCF. These qualities make NCFs

suitable for their utilization as polarization-maintaining (PM) fibers. In this the-

sis, the PM properties of NCFs are investigated through two different design ap-

proaches. In the first part of the thesis, a new design of polarization-maintaining

and spectral filtering NCF tailored for the telecommunication bands in the near-

infrared region is presented. The optical fiber, consisting of a six-tube silica

structure, incorporates nested tubes anchored radially by pole structures in the

vertical direction. Meanwhile, in the horizontal direction, nested tubes without

pole anchors are employed, making the fiber structure asymmetric, which encoun-

ters birefringence. This unique fiber design not only preserves the polarization

states of light but also exhibits frequency selective transmission exclusively in the

vertical direction due to the pole structure. Through numerical modeling, trans-

mission losses below 0.1 dB/km for spectrally filtered wavelengths are achieved,

with birefringence on the order of 10−5 within the spectral range of 1.45µm to

1.60µm. These results demonstrate significant improvements in terms of bire-

fringence, distinct loss separation between horizontally and vertically polarized

states, and a reduced number of spectrally filtered wavelengths compared to pre-

viously reported findings. The proposed fiber design holds untapped potential

for applications requiring selective transmission with specific polarization. The

second part of the thesis focuses on the effect of ellipticity on the polarization-

maintaining performance of NCFs. The nested tube NCF is stretched vertically

and compressed horizontally with the same ellipticity of 5%, 8%, and 10% to
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introduce ellipticity through the entire cross-section of the fiber. Through these

modifications, the fiber successfully exhibits orthogonal polarization states com-

pared to the original fiber with no ellipticity. Further investigations into the

fiber with 8% ellipticity involve coupling it with bi-thickness (t1 and t2) and a

manipulated nested tube diameter (dnx) along the horizontal axis of the fiber.

The findings reveal that ellipticity has a limited effect on the improvement of

the birefringence and polarization extinction ratio (PER) in NCFs, but it can be

used as a complementary fine-tuning process. This suggests that ellipticity has

the potential to be utilized as an additional mechanism for enhancing the overall

polarization-maintaining characteristics of NCFs.

Keywords: Hollow-core negative curvature fibers (NCFs), Polarization maintain-

ing fibers, PM fibers, Spectral filtering, Selective transmission.
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ÇEKİRDEKLİ OPTİK FİBERLERİN POLARİZASYON

KORUNUM VE SPEKTRAL FİLTRELEME
ÖZELLİKLERİ

Muhammad Zain Siddiqui

Malzeme Bilimi ve Nanoteknoloji, Yüksek Lisans

Tez Danışmanı: Mustafa Ordu

Ağustos 2024

Delik çekirdekli negatif eğrilikli fiberler (NCF), düşük kayıplı ışık iletimi, geniş

bant açıklığı, düşük gecikme süresi, düşük doğrusal olmayan optik etkiler ve

yüksek hasar eşiği gibi ilgi çekici özellikler sunmaktadır. Ayrıca, NCF’ler, katı

çekirdekli fiberlerin belirli dalga boylarındaki doğal optik iletim sınırlamalarının

üstesinden gelebilir ve böylece NCF’lere daha esnek bir kullanım imkanı tanır.

Bu özellikler, NCF’leri polarizasyon-korumalı (PM) fiberler olarak kullanımı için

uygun hale getirmektedir. Bu tezde, NCF’lerin PM özellikleri, iki farklı tasarım

yaklaşımı üzerinden incelenmektedir. Tezin ilk bölümünde, telekomünikasyon

bantlarına yönelik polarizasyon korumalı ve spektral filtreleme özelliklerine sahip

yeni bir NCF tasarımı sunulmaktadır. Altı borulu silika yapıdan oluşan op-

tik fiber, dikey yönde çubuk yapılarıyla radyal olarak sabitlenmiş iç içe geçmiş

borular içermektedir. Bu esnada, yatay yönde çubuk bağlantısı olmayan iç

içe geçmiş borular kullanılmaktadır. Bu, fiber yapısını asimetrikleştirir ve çift

kırınım oluşturur. Ortaya çıkan özgün fiber tasarımı, ışığın polarizasyon durum-

larını korumakla kalmaz, aynı zamanda dikey çubuklu yapısı sayesinde yalnızca

dikey yönde frekans seçici bir iletim gösterir. Sayısal modelleme yoluyla, spek-

tral olarak filtrelenmiş dalga boyları için 0.1 dB/km’nin altında iletim kayıpları

elde edilmiş, çift kırınım ise 1.45µm ile 1.60µm spektral aralığında 10−5 mer-

tebesinde gerçekleşmiştir. Bu sonuçlar, çift kırınım, yatay ve dikey polar-

ize konumları arasında belirgin kayıp ayrımı ve önceki bulgulara kıyasla spek-

tral olarak filtrelenmiş dalgaboylarının sayısında azalma açısından önemli iy-

ileştirmeler göstermektedir. Önerilen fiber tasarımı, belirli polarizasyonlar ile

seçici iletimler gerektiren uygulamalar için keşfedilmemiş potansiyele sahiptir.

Tezin ikinci bölümü, eliptikliğin NCF’lerde polarizasyon koruma performansı
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üzerindeki etkisine odaklanmaktadır. İç içe geçmiş borulu NCF, fiberin tüm kesiti

boyunca eliptiklik oluşturmak için dikeyde esnetilmiş ve yatayda sıkıştırılmıştır.

Bu değişikliklerle fiber, eliptikliği olmayan orijinal fiberle karşılaştırıldığında

başarılı bir şekilde ortogonal polarizasyon durumları sergilemiştir. Fiberde

%8’lik eliptiklikle yapılan incelemeler sonucunda, fiberin yatay ekseni boyunca

çift kalınlık (t1 ve t2) ve manipüle edilmiş iç içe geçmiş boru çapı (dnx) ile

eşleştirilmesini içermektedir. Sonuçlar, eliptikliğin NCF’lerde çift kırılma ve po-

larizasyon sönümlenme oranına (PER) kısıtlı fayda sağladığı, bunu yanında genel

polarizasyon koruma özelliklerinı artırmak için tamamlayıcı bir ince ayar süreci

olarak kullanılabileceğini ortaya koymaktadır. Bu, eliptikliğin NCF’lerde ek bir

mekanizma olarak kullanılma potansiyeline sahip olduğunu göstermektedir.

Anahtar sözcükler : Delik-Çekirdekli Negatif Eğrilikli Fiberler, Polarizasyon-

Korumalı Fiberler, Spektral Filtreleme, Seçici İletim.
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Chapter 1

Introduction

1.1 Hollow-core optical fibers (HCFs)

Optical fibers have excelled as waveguides for long-distance light transmission.

Conventional solid-core optical fibers are broadly used in various applications,

including telecommunications, high-power beam delivery, fiber lasers, and sens-

ing [1, 2, 3, 4, 5]. They have a higher refractive index material core at the center

and a lower refractive index material cladding surrounding the core for effective

light guiding through total internal reflection. The guided modes in these fibers

have an effective refractive index in between the refractive indices of cladding and

core [6]. Hollow-core fibers (HCFs) have gathered great interest among the fiber

optics community due to their remarkable properties like ultra-low loss, high data

transfer rate, low non-linearity, and high optical damage threshold [7, 8, 9, 10].

In HCFs, air (sometimes other gases or liquids) is used mostly in the hollow-

core region with a refractive index lower than the surrounding cladding material.

Therefore, the light-guidance mechanism in HCFs differs from that of solid-core

fibers. Fig. 1.1 shows a schematic illustration of the difference between the guid-

ance mechanisms of solid and hollow-core fibers. Different theories have been pro-

posed in the literature for light guidance in HCFs. Based on those light guidance

mechanisms, HCFs are divided into two types: hollow-core photonic bandgap
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fibers (HC-PBGFs), which relies on the photonic bandgap effect to guide the

light, while hollow-core antiresonant fibers (HC-ARFs) relies on a combination

of antiresonant reflection optical waveguide (ARROW) model, and the inhibited

coupling (IC) mechanism.

Figure 1.1: Comparison of solid-core fibers with hollow-core fibers (HCFs).

1.1.1 Hollow-core photonic bandgap fibers (HC-PBGFs)

A hollow-core photonic bandgap fiber (HC-PBGF) confines the light through the

photonic bandgap effect, which is formed by periodic variations of high and low

refractive index materials [11]. A bandgap signifies that certain frequencies of

light cannot propagate through HC-PBGF. Only when the frequency of light

falls within the bandgap range can the periodic cladding structure confine the

light within the central hollow core. HC-PBGFs offer low-loss light transmission

with low non-linearity, low latency, and a higher damage threshold than solid-core

fibers [11, 12]. The first single-mode HC-PBGF was demonstrated in 1999 after

it gathered much attention in the 1990s due to its exceptional properties that

overcame the limitations of traditional step-index fibers [13]. Despite the narrow

bandwidth offered by HC-PBGFs, they possess reduced transmission losses com-

pared to conventional solid-core fibers. Further reduction in transmission losses

for HC-PBGF is constrained due to the presence of surface modes at the nodes

formed by the micro-structured cladding membranes [14]. A scanning electron

microscope (SEM) micrograph of the HC-PBGF cross section is shown in Fig.

1.2(a).

2



Figure 1.2: SEM images of various HCFs (a) HC-PBGF [15], HC-ARFs (b) and
(c) Kagome fibers with straight core surround and hypocycloid core surround [16].

1.1.2 Hollow-core antiresonant fibers (HC-ARFs)

A hollow-core antiresonant fiber (HC-ARF) is known for its low loss and broad-

band guidance [17, 18]. HC-ARF depends on the antiresonant reflection optical

waveguide (ARROW) model and inhibited coupling (IC) mechanism for light

guidance. The ARROW model states that the high refractive index layer sur-

rounding the hollow-core region serves as a Fabry-Pérot resonator [19], and the

transverse field is reflected back at the core in antiresonance frequencies. In other

words, the dielectric layers produce constructive back reflections to the hollow-

core region within a specific frequency range, functioning like a mirror, and the

reflectivity is determined by the refractive index and thickness of the dielectric

layers. Meanwhile, the inhibited coupling (IC) mechanism refers to the strong

confinement of the fundamental core mode within the core region, achieved by sig-

nificantly preventing coupling between the core and cladding modes. This reduc-

tion in coupling is accomplished by creating a large effective index mismatch and

minimizing the field overlap integral between the core and cladding modes [10].

Kagome fiber was among the first HC-ARFs demonstrating broadband low-loss

transmission [20]. Although Kagome fibers exhibit higher transmission loss than

HC-PBGFs, they provide a broad bandwidth with tunable dispersion [21, 22].

An SEM image of a cross-section of a Kagome fiber is illustrated in Fig. 1.2(b).
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1.1.2.1 Negative curvature hollow-core fibers (NCFs)

More research on Kagome fibers led to the finding that a hollow core surrounded

by negative curvature in HCFs can achieve more efficient light confinement. This

leads to ultra-low loss transmission with broad bandwidth. Fig. 1.2(c) depicts

an SEM image of a Kagome fiber with a negative curvature core surround. This

revelation started the development of a new promising type of HC-ARFs known as

negative curvature hollow-core fibers (NCFs) [10, 23, 24, 25, 26, 27, 28]. It is worth

mentioning that in the literature, NCFs are sometimes referred to as inhibited

coupling HCFs (IC-HCFs), hollow-core photonic crystal fibers (HCPCFs), or

hollow-core antiresonant fibers (HC-ARFs). In this thesis, NCFs will be used

to refer to these fibers for simplicity.

Figure 1.3: SEM images of (a) nested antiresonant nodeless fiber (NANF) [29]
and (b) double nested antiresonant nodeless fiber (DNANF) [30].

NCFs offered broadband reduced transmission losses, many other desirable op-

tical properties, and simplified fabrication compared to HC-PBGFs. Therefore,

NCFs became the ideal candidate for future fiber optics development. The break-

through NCF design of nested antiresonant nodeless fiber (NANF) in 2014 by F.

Poletti [25] showed promising capabilities of NCF to lower the propagation losses

below the fundamental limit of solid core fibers, which is 0.15 dB/km. In 2018,

the first NANF was fabricated, which showed the lowest loss of 1.3 dB/km at

1.45µm achieved by any HCF [29]. Further optimization of NANF design leads

to double nested antiresonant nodeless fiber (DNANF), which was fabricated in

2022 and showed the lowest loss of 0.174 dB/km across the C-band [30]. Just

recently, DNANF was fabricated with extensive optimization of geometry, which
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showed the lowest propagation loss < 0.11 dB/km at 1.55 µm ever achieved in an

optical fiber [31]. SEM images of NANF and DNANF are shown in Fig. 1.3(a)

and Fig. 1.3(b), respectively.

These remarkable advancements in NCFs highlight their potential for further

development in specialized optical fibers, particularly for applications requiring

precise propagation control for the polarization state of light. Such specialized

optical fibers are called polarization-maintaining (PM) optical fibers. In the fol-

lowing sections, we will delve deeper into the details of PM fibers.

1.2 Polarization maintaining (PM) optical fibers

In single-mode fibers, the fundamental core mode is a degenerate combination

of two orthogonal polarization modes [32]. These orthogonal polarization states

can be regarded as horizontal and vertical polarizations along the x and y axes of

the fiber, respectively, as shown in Fig. 1.4. In conventional telecommunication

type fibers (non-PM), these two states possess the same propagation constant

(transmit at the same velocities through fiber). Consequently, optical energy can

easily cross-couple from one polarization state to another if these fibers undergo

any perturbation or disturbance. In an ideal non-PM fiber having perfect ra-

dial symmetry, the input polarization state remains unchanged as it propagates

along the fiber. However, non-PM fibers experience unavoidable disruptions, like

bending, environmental temperature variations, pressure effects, etc., which break

the fiber’s rotational symmetry, causing different propagation constants for the

orthogonal polarization states. Therefore, the fiber exhibits polarization mode

dispersion (PMD), or we can say birefringence is induced into the fiber [32].

Fiber optic gyroscopes [33], fiber sensors [34], spectroscopy [35], and PM op-

tical amplifiers [36] are applications that require the polarization state of light

to be preserved to provide a consistent output signal for better sensing accuracy.

Since conventional non-PM fibers cannot be protected from external perturba-

tions and cannot retain their polarization state, PM fibers are purposely designed
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Figure 1.4: Horizontal and vertical polarization states in a single mode fiber.

with an anisotropic core. Consequently, two orthogonal polarization states must

propagate with different propagation constants. Therefore, PM fibers have built-

in high birefringence, ensuring that the input polarization state is maintained

throughout the fiber.

Traditional solid core PM fibers introduce high birefringence in the core

through stress and form anisotropy. Stress elements are equipped in stress

birefringent fibers to achieve high birefringence, like in PANDA and Bowtie

fibers [37, 38]. While an elliptical core [39] is used in form birefringent fibers.

A schematic illustration of solid core PM fibers is shown in Fig. 1.5. Due to

their solid structure, these PM fibers pose several fundamental limitations, such

as material absorption, low damage thresholds, and optical nonlinearity. These

limitations have restricted their applications to spectral bands where glass is

transparent and to low enough optical power to avoid unwanted nonlinearity and

dielectric damage [40]. To counter these limitations, HCFs are ideal candidates

that offer low bend losses [41], ultra high bandwidth [42], and high damage thresh-

old [43]. In addition, an NCF design double nested antiresonant nodeless fiber

(DNANF) has recently achieved ultra-low loss [31]. Moreover, HCFs offer long

propagation lengths for gas-light interaction, enabling interesting new linear and

nonlinear applications [44, 45]. Negative curvature hollow-core fibers (NCFs) will

remain the focus for polarization preservation throughout this thesis.
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Figure 1.5: Typical solid core PM fibers inducing birefringence through (a) stress
and (b) form.

1.2.1 Polarization maintaining negative curvature hollow

core fibers (PM-NCFs)

NCFs provide the flexibility to engineer the refractive index of core by introducing

various structural configurations using geometry modifications or incorporating

different materials, thereby inducing birefringence in the fiber for PM operation.

Birefringence is dependent on the light material interaction, and this interaction

is found more in solid core fibers. NCFs confine light in the low refractive index

air core region, where interactions with the glass inevitably occur. Consequently,

as environmental perturbations do not affect air, only the interaction of light with

the cladding elements forms the basis for radial asymmetry in the NCFs. These

interactions provide a way to introduce birefringence in NCF [46]. However, bire-

fringence in NCFs involves a trade-off between transmission losses, bandwidth,

dispersion, and polarization extinction ratio.

The traditional approach of using stress elements to induce birefringence in

solid core PM fibers is not applicable in NCFs. Therefore, the core symmetry in

NCFs must be broken in different ways for PM operation. A symmetric core NCF

consists of uniform material, uniform geometry or microstructure, and circular

core resulting in equal effective indices (Nx = Ny) for orthogonal polarizations.

Thus, any sort of change to these factors will lead to asymmetric core NCF causing
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unequal effective indices (Nx ̸= Ny) for the orthogonally polarized modes. Fig.

1.6 represents a generic illustration of a uniform simple six-tubular NCF and how

an asymmetric core NCF is formed by altering tube thickness t1 and t2, cladding

tube diameters d1 and d2, using elliptical cladding tubes to make elliptical core,

application of different materials with refractive indices n1 and n2, and using

combination of any of these factors. Consequently, birefringence is introduced in

NCFs.

Figure 1.6: A simple six-tube NCF is depicted with a symmetric core and shows
how an asymmetric core NCF is produced through variations in orthogonal di-
rections of fiber cross section by using different thicknesses t1 and t2, different
cladding tube diameters d1 and d2, use of elliptical cladding elements to form an
elliptical core, applying different material with refractive indices n1 and n2, and
combination of any of these factors.

One of the first PM-NCF designs used bi-thickness tubes [40]. The use of high

refractive index material together with bi-thickness silica tubes has been shown to

produce high birefringent PM-NCF [47]. In addition, elliptical cladding elements

were employed with strut thickness variations, resulting in high birefringent NCF

with low losses for both fundamental modes [48]. Moreover, a semi-circular tube

PM-NCF with different silica thicknesses was fabricated, exhibiting strong PM
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characteristics [49]. These are some of the initial developments in PM-NCFs.

1.3 Objective

A wide range of applications like interferometry, fiber optic gyroscopes, spec-

troscopy, and fiber sensors essentially require an optical fiber to guide and pre-

serve the input polarization state. While conventional solid-core PM fibers have

been in application for a long time, their usage is limited to specific frequency

bands and modest optical power due to high material absorption, low damage

threshold, and high optical nonlinearity. Negative curvature hollow-core fibers

(NCFs) present a viable substitute that can overcome these constraints.

In this thesis, polarization maintaining negative curvature hollow-core fibers

(PM-NCFs) are numerically designed and optimized. The research is focused on

the following two main objectives;

1. Enhancing polarization maintenance and spectral filtering in neg-

ative curvature hollow-core fibers: A six-tube PM-NCF design with

pole supports is systematically developed for simultaneous polarization

maintenance and spectral filtering. The study is focused on achieving po-

larization and wavelength filtering, maintaining birefringence ≥ 10−5, and

filtered wavelength losses below 0.1 dB/km.

2. Exploring ellipticity effects on polarization maintenance of neg-

ative curvature hollow-core fibers: In this study, a nested tube neg-

ative curvature hollow-core fiber is first optimized, and then ellipticity is

induced in the whole fiber structure, which makes the core, all cladding

tubes and outer tube elliptical with same ellipticity ratio. The polarization-

maintaining performance of the fiber is then analyzed in terms of birefrin-

gence and polarization extinction ratio.
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Chapter 2

Enhancing Polarization

Maintenance and Spectral

Filtering in Negative Curvature

Hollow-Core Fibers

2.1 Introduction

1Hollow-core fibers (HCFs) have gained significant attention in the scientific com-

munity due to their exceptional properties, such as ultra-low loss transmission,

low non-linearity, higher propagation speeds, and high laser-induced damage

threshold. Among various types of HCFs, negative curvature hollow-core fibers

(NCFs) that possess hypocycloid cladding elements surrounding the core have led

to remarkably low transmission losses. NCFs, besides utilizing an anti-resonant

reflection mechanism, exhibit inhibited coupling between fundamental core modes

and cladding modes due to a mismatch of effective refractive indices together with

1The work has been published in Photonics and Nanostructures - Fundamentals and Ap-
plications (© 2023 Elsevier) titled ”Enhancing polarization maintenance and spectral filtering
in negative curvature hollow-core fibers.” The author has taken appropriate permission to add
the published work to the thesis.
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minimum field overlap; thus, they enable efficient light confinement [10]. As a

result, NCFs are anticipated to outperform solid-core silica fibers. Although

achieving the ultimate goal of ultra-low loss NCF was a challenge, recent ad-

vancements in NCF designs based on a double nested tube structure DNANF

have shown a transmission loss of 0.174 dB/km in 2022, approaching the lowest

loss of solid core fibers across the C-band [30]. With further geometric opti-

mization of DNANF structure, the lowest loss < 0.11 dB/km optical fiber ever is

achieved at 1.55 µm [31].

In optical fiber networks, a broad range of frequency bands or wavelength in-

tervals that leverage polarization-dependent properties require a polarized state

of light to be preserved, including fiber optic gyroscopes [33], atom spectroscopy

[50], optical amplifiers [51], fiber sensors [52, 53], and polarization beam split-

ters [54, 55]. To conserve and propagate polarized light, polarization-maintaining

(PM) fibers are intentionally designed with an asymmetric core by introducing

either different materials or geometry to obtain birefringence between two orthog-

onal fundamental modes (FM). However, introducing birefringence in PM-NCFs

requires alternative approaches since the birefringence mechanism in conventional

solid core PM fibers, like the use of stress rods, is not applicable to NCF. One

of the initial PM-NCF designs employed a bi-thickness tube structure to achieve

high birefringence [40]. Over the years, PM-NCF designs and structures have

progressed by the adoption of the anisotropic core through microstructures, el-

liptical cores, the addition of high-refractive-index cladding elements, or combi-

nations thereof [47, 48, 56, 57].

Frequency-selective transmission in optical fibers is desired for applications in

optical communication, sensing, and lasers, and it is mainly studied in solid-core

fibers. Fiber bandpass filters find widespread use in wavelength division mul-

tiplexing (WDM) optical communication systems [58], temperature & pressure

sensors are built based on fiber Bragg gratings (FBG) [59, 60], chirped fiber Bragg

gratings (CFBGs) which are modified FBGs serve as optical pulse generators [61],

and photonic crystal fibers (PCFs) have been employed for multi-wavelength las-

ing application in erbium-doped fiber lasers [62]. However, the spectral filtering

capabilities in NCFs still remain unexplored.
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In this study, a systematic development of a novel polarization maintaining and

spectral filtering NCF design is presented. The designed six-tube silica PM-NCF

supported with pole structure exhibits a wavelength selective transmission loss

profile specifically for the vertically polarized state, attributed to the presence of

pole structure that radially positions the nested tube in the vertical direction,

while nested tubes without a pole structure are utilized in the horizontal direc-

tion. The filtered wavelengths demonstrate transmission losses below 0.1 dB/km,

accompanied by a birefringence level ≥ 10−5. These results represent significant

improvements compared to previously reported findings [63, 64]. The optimized

fiber offers a bandwidth of 150 nm, an improved polarization extinction ratio, and

a reduced number of spectrally filtered wavelengths. The proposed fiber design

holds considerable potential for applications that require simultaneous polariza-

tion maintenance and spectral filtering.

2.2 Fiber design and simulation method

The cross-sectional schematic of the proposed pole-supported nested tubular po-

larization maintaining NCF (P-PMNCF) structure is depicted in Fig. 2.1a. The

P-PMNCF structure is designed with silica glass and incorporates a pole NCF

structure (Fig. 2.1b) in the vertical direction, while an NT-NCF structure (Fig.

2.1c) is presented in the horizontal axis to generate two orthogonal polarization

states. The designed fiber features a six-tube structure with a core diameter, D.

The outer cladding tubes have a thickness, t2, in the horizontal direction, while

all the remaining cladding elements have a uniform thickness, t1. The inclusion of

different cladding tube thicknesses in the horizontal and vertical axes is essential

to induce high birefringence, which is a key requirement for a PM fiber. The outer

cladding tubes’ diameter is denoted as d1, while the nested tubes’ diameters in

the horizontal and vertical directions as d2 and d3, respectively. The pole length,

Lp, controls d3 according to the following relation:

d3 = d1 − 2Lp − 2t1 (2.1)
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Figure 2.1: (a) Cross-sectional schematic of pole supported nested tubular
polarization-maintaining NCF (P-PMNCF) structure, showing the core diam-
eter, D ; outer cladding tubes’ diameter, d1; nested cladding tubes’ diameter in
the horizontal and vertical axes, d2 and d3, respectively. The thickness of outer
cladding tubes in the horizontal and vertical directions, t2 and t1, respectively;
and the pole length, Lp. Design of (b) the pole-linked negative curvature fiber
(Pole-NCF) and (c) the nested tube negative curvature fiber (NT-NCF).

The numerical simulations were performed based on a finite element-based elec-

tromagnetic wave frequency domain (EWFD) solver in COMSOL Multiphysics

in a two-dimensional space. To execute numerical studies in COMSOL, the re-

fractive index was defined in the electric displacement field. Since air is regarded

as a non-dispersive medium, all studies employed a constant refractive index

of 1. Silica is implemented as a cladding material. Only the real part of the

wavelength-dependent refractive index for silica is employed for confinement loss

calculations since material absorption and surface scattering losses have a neg-

ligible contribution to the performance of the NCFs in near-IR region [65, 66].

In order to achieve accurate results, necessary boundary conditions were used for
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the fiber. A perfectly matched layer (PML) was applied at the outer cladding re-

gion to reduce the computational power of simulations [67]. Whereas at the outer

perimeter of the fiber, a scattering boundary condition was employed. PM-NCF

does not have a symmetric core in terms of effective refractive index; therefore,

the full geometry of the fiber was used every time for simulations.

Figure 2.2: Convergence studies for (a) the PML thickness and (b) the mesh size
parameter m.

Initially, convergence studies were carried out to optimize the mesh size

and thickness of perfectly matched layers (PMLs) for precise and valid results.

Through these studies, the optimum thickness of PML was found to be 10 µm
while the optimized maximum mesh size λ/4 was determined, ensuring that nar-

row regions of the cladding contained a minimum of five elements. The effect

of PML thickness and mesh parameter m on confinement loss is shown in Fig.

2.2(a) and Fig. 2.2(b), respectively.

Birefringence, one of the most important characteristics of PM Fibers, can be

calculated as [47]:

B = |NH −NV | (2.2)

where NH and NV are the effective refractive indices for horizontal and vertical

polarization states, respectively.

The confinement loss is a dominant loss mechanism in the near-IR region for

silica NCF, which is calculated by the following formula in decibels per meter
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(dB/m) [47]:

Lc = 8.686×
(
2π

λ

)
× Iimagine(Neff ) (2.3)

where Iimagine is the imaginary part of effective refractive index (Neff ) and λ is

the wavelength of operation in µm.

The thickness, t1, is already optimized in our earlier studies for the targeted

spectral region [63, 64]. In this study, we focus on optimizing the structural pa-

rameters, namely t2, d2, Lp and D to achieve a target transmission loss below 0.1

dB/km for the spectrally filtered wavelengths, while maintaining a birefringence

level exceeding 10−5.

2.3 Results and discussions

2.3.1 Optimization of wall thickness (t2)

The study was initiated by analyzing the effect of cladding tube thickness, t2,

on the fiber performance at the wavelength vicinity of 1.55µm, with parameters

D = 30µm, t1 = 0.4µm, d1 = 25µm, d2 = 15µm, and Lp = 4.6µm. Fig. 2.3(a)

and Fig. 2.3(b) illustrate the impact of varying wall thickness, t2, on confinement

loss and birefringence, respectively. As shown in Fig. 2.3(a), the vertical polar-

ization loss exhibits a range of t2 values with confinement losses below 0.1 dB/km,

reaching the lowest loss when t2 equals t1 = 0.4µm, while horizontal polarization

experiences higher losses. Moving to the larger thickness values towards the res-

onance region from this point, the losses gradually increase. Further, Fig. 2.3(b)

demonstrates an increasing trend in birefringence as t2 approaches the resonance

points. To achieve high birefringence and target losses for vertical polarization,

it is necessary to set t2 closer to the resonance region.

To further explore the confinement losses and birefringence over the wave-

length spectrum, parametric sweeps were performed for t2 ranging from 0.55µm

to 0.66µm. Contour plots shown in Fig. 2.3(c), Fig. 2.3(d), and Fig. 2.3(e)
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Figure 2.3: (a) Impact of t2 on the confinement loss of horizontally (H) and
vertically (V) polarized states at 1.55 µm wavelength. (b) Impact of t2 on bire-
fringence at 1.55 µm wavelength. (c) Contour plot of vertical polarization (V)
loss from 1.38 µm to 1.8 µm wavelength spectrum as a function of t2. (d) Con-
tour plot of horizontal polarization (H) loss from 1.38 µm to 1.8 µm wavelength
spectrum as a function of t2. (e) Contour plot of birefringence from 1.38 µm to
1.8 µm wavelength spectrum as a function of t2.
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depict these parametric sweeps. Fig. 2.3(c) illustrates the characteristic spectral

filtering regions with alternating low and high loss regions for the vertical po-

larization. The dark blue regions represent the filtered wavelengths, exhibiting

losses below the threshold of 0.1 dB/km. Conversely, Fig. 2.3(d) demonstrates

high losses (≥ 10−5) for the horizontal polarization. Increasing t2 reduces the

number of filtered wavelengths as the resonance points shift towards 1.55µm

wavelength as demonstrated in Fig. 2.3(c). Simultaneously, the birefringence

of the fiber increases, as shown in Fig. 2.3(e). The optimum thickness, t2 =

0.62µm, was found after careful evaluation, resulting in three filtered wavelength

ranges: 1.488–1.494µm, 1.542–1.550µm, and 1.604–1.612µm, while maintaining

birefringence in close proximity to 10−5.

2.3.2 Optimization of nested tube diameter (d2)

In pursuit of achieving the lowest vertical polarization losses for filtered wave-

lengths, high horizontal polarization losses, and high birefringence, the fiber per-

formance was investigated using the effect of nested tube diameter, d2. A para-

metric sweep on d2 was run at a wavelength of 1.55µm using the fiber parameters:

D = 30µm, t1 = 0.4µm, d1 = 25µm, t2 = 0.62µm, and Lp = 4.6µm. Fig. 2.4(a)

and Fig. 2.4(b) depict the behavior of confinement loss and birefringence of the

fiber, respectively, as d2 varies. As shown in Fig. 2.4(a), increasing d2 leads to the

attainment of minima in the confinement losses, with the horizontal polarization

loss reaching its minimum ahead of the vertical polarization loss. This obser-

vation suggests that by moving to the right from the point of lowest horizontal

loss, it is possible to achieve simultaneous vertical polarization losses below 0.1

dB/km and higher horizontal polarization losses exceeding 1 dB/km, ensuring a

high polarization extinction ratio for PM operation. Additionally, Fig. 2.4(b)

demonstrates that birefringence gradually decreases with increasing d2 and then

abruptly reduces near the resonance points on the right.

The behavior of confinement losses and birefringence was examined over a

wavelength range of 1.3µm to 1.8µm, by varying d2 from 13µm to 19µm, based
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Figure 2.4: (a) Impact of d2 on the confinement loss of horizontally (H) and
vertically (V) polarized states at 1.55µm wavelength. (b) Impact of d2 on bire-
fringence at 1.55µm wavelength. (c) Contour plot of vertical polarization (V)
loss from 1.3µm to 1.8µm wavelength spectrum as a function of d2 (d) Contour
plot of horizontal polarization (H) loss from 1.3µm to 1.8µm wavelength spec-
trum as a function of d2. (e) Contour plot of birefringence from 1.3µm to 1.8µm
wavelength spectrum as a function of d2.
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on insights gained from Fig. 2.4(a) and Fig. 2.4(b). Contour plots for confinement

loss, shown in Fig. 2.4(c) and Fig. 2.4(d), corroborate the findings of Fig. 2.4(a),

but now considering a constant wavelength region. Progressing in the longer

wavelength direction, three distinct regions of selective transmission with losses

below the target for vertical polarization are observed in Fig. 2.4(c). On the

other hand, when moving along the vertical axis within the filtered wavelength

region, it can be seen that the losses reach a minimum at d2 = 16µm, and then

start to increase again, exceeding 0.1 dB/km at d2 = 19µm. Fig. 2.4(d), the

contour plot for horizontal polarization loss, assists in determining the optimum

d2 level. It is found that higher values of d2 enable us to achieve the highest

possible horizontal polarization loss while maintaining the vertical polarization

loss for filtered wavelengths below 0.1 dB/km. Although the overall birefringence

(see Fig. 2.4(e)) decreases with larger d2 values, but the change is not significant.

After careful consideration, d2 = 18µm was finalized, which allows us to achieve

the desired losses and birefringence close to the target for further examination of

P-PMNCF design.

2.3.3 Optimization of pole length (Lp)

To delve deeper into fiber characterization, the effect of pole length, Lp, on con-

finement loss and birefringence was explored. The parametric sweep was run

for Lp at 1.55µm wavelength with fiber parameters D = 30µm, t1 = 0.4µm,

d1 = 25µm, t2 = 0.62µm, and d2 = 18µm. The effect of Lp on confinement

loss and birefringence is shown in Fig. 2.5(a) and Fig. 2.5(b), respectively. The

vertically polarized state shows alternate high and low loss regions featuring a

spectral filter, which is different from the horizontally polarized state loss profile

as illustrated in Fig. 2.5(a). This observation proves that frequency selective

transmission characteristic for vertical polarization of P-PMNCF is due to the

pole anchors. In Fig. 2.5(a), as Lp is increased the filtered wavelength is shifting

to the right. The filtered wavelengths close to the resonance regions show higher

losses, while those residing in the anti-resonance region display the lowest losses.
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Nine different ranges of pole length were found for filtered wavelengths bear-

ing losses below 0.1 dB/km; A: 3.45–3.47µm, B: 4–4.04µm, C: 4.54–4.6µm, D:

5.12–5.16µm, E: 5.66–5.72µm, F: 6.2–6.27µm, G: 6.78–6.82µm, H: 7.34–7.36µm,

and I: 7.88–7.9µm. The lowest loss points of Lp among each of these ranges were

selected to run a wavelength sweep in order to further inspect the effect of pole

length on confinement loss over the wavelength spectrum. The trend of con-

finement loss over wavelength spectrum can be easily understood with three Lp

values (A) 3.46µm, (E) 5.7µm and (I) 7.89µm as depicted in Fig. 2.5(c), Fig.

2.5(d) and Fig. 2.5(e). The filtered wavelength spectrum for vertical polarization

loss is narrower for 3.46µm and broader for 7.89µm, suggesting that the filtered

wavelength spectrum is broadening as pole length is increased. Moreover, the

pole lengths 3.46µm and 7.89µm show high vertical polarization losses as com-

pared to 5.7µm while horizontal polarization losses do not have any noticeable

change. On the other hand, Fig. 2.5(b) shows a declining effect on birefrin-

gence as pole length is increased. This outcome is well supported by Fig. 2.5(f)

which shows birefringence behavior over wavelength sweep for pole lengths (A)

3.46µm, (E) 5.7µm and (I) 7.89µm showing the highest birefringence over the

wavelength spectrum for 3.46µm while the lowest birefringence is observed for

7.89µm pole length. The decrease in birefringence is not very significant. Af-

ter analysis, we found Lp = 5.7µm as the optimum point, which has the lowest

filtered wavelength losses below 0.1 dB/km for vertical polarization with broad

filtered spectrum while the birefringence is lower but still close to 10−5.

2.3.4 Optimization of core diameter (D) and core elliptic-

ity (Dx)

Reduction in core size increases the confinement loss and birefringence [40]. Thus,

a trade-off is required in order to achieve desired birefringence with acceptable loss

levels. Fig. 2.6a illustrates the effect of changing core diameter D on confinement

loss and birefringence at 1.55µm wavelength with fiber structure t1 = 0.4µm, d1

= 25µm, t2 = 0.62µm, d2 = 18µm and Lp = 5.7µm. It is evident from Fig. 2.6(a)

as the core diameter is decreasing, confinement losses for both polarizations and
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Figure 2.5: (a) Impact of Lp on the confinement loss of horizontally (H) and ver-
tically (V) polarized states, nine ranges of Lp (A to I) showing filtered wavelength
losses below the threshold at 1.55µm wavelength, (b) impact of Lp on birefrin-
gence at 1.55µm wavelength, (c) confinement losses at Lp = 3.46µm from 1.3µm
to 1.8µm wavelength spectrum, (d) confinement losses at Lp = 5.7µm from
1.3µm to 1.8µm wavelength spectrum, (e) confinement losses at Lp = 7.89µm
from 1.3µm to 1.8µm wavelength spectrum, and (f) birefringence from 1.3µm
to 1.8µm wavelength spectrum.
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birefringence are increasing. In order to have losses below 0.1 dB/km for filtered

wavelengths in vertically polarized state, the D value needs to move to the right

of 29µm while to achieve birefringence in 10−5 range, the value of D needs to

travel to the left of 28.15µm. So, the targets for filtered wavelength losses and

birefringence cannot be met simultaneously by reducing the core diameter. Then,

ellipticity was introduced in the fiber keeping Dy constant at 30µm and changing

Dx as demonstrated in Fig. 2.6(b). The fiber has a circular core at Dx = 30µm

and as it is moved to the smaller values more and more ellipticity is induced in the

fiber core. Since Dy is kept constant and Dx is decreasing, the losses for vertically

polarized state are shifted down as compared to the impact of decreasing core

diameter in Fig. 2.6(a). Therefore, a range of Dx from 27µm to 28.45µm gives

the desired filtered wavelength losses and birefringence as evident in Fig. 2.6(b).

Parametric wavelength sweeps were run using Dx 27µm, 27.75µm, 28.45µm

and 30µm for confinement losses and birefringence as presented in Fig. 2.6(c) and

Fig. 2.6(d), respectively. Fig. 2.6(c) shows as Dx value is dropped from 30µm,

the resonance points on the longer wavelength side for vertical polarization are

moving to the smaller wavelength values towards 1.55µm wavelength. As a result,

the filtered wavelengths are reduced from three (when the core was circular) to

two with losses below 0.1 dB/km. Further, the operational bandwidth is reduced

to 1.45–1.60µm. Moreover, the birefringence of the fiber is shifted upwards above

10−5 if more ellipticity is introduced in the fiber as demonstrated in Fig. 2.6(d).

The optimum value of Dx is selected as 27.75µm with two filtered wavelength

ranges; 1.482–1.486µm and 1.546–1.552µm having birefringence above but again

still close to 10−5.

Considering that the P-PMNCF fiber was designed on three fundamental cri-

teria, including having the PM property with spectral filtering ability, keeping

the birefringence above 10−5, and filtered wavelength losses below 0.1 dB/km.

So, with the proposed structure, the initial goals were simultaneously achieved,

but having the birefringence in the range of 10−4 while preserving the other pa-

rameters was highly challenging. Therefore, the target for the birefringence was

maintained at 10−5.
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Figure 2.6: (a) Impact of core diameter D on confinement losses (horizontal po-
larization – H and vertical polarization – V) and birefringence at 1.55µm wave-
length, (b) effect of core ellipticity Dx on confinement losses (horizontal polariza-
tion – H and vertical polarization – V) and birefringence at 1.55µm wavelength,
(c) confinement loss profiles with respect to Dx from 1.3µm to 1.8µm wavelength
spectrum, and (d) birefringence with respect to Dx from 1.3µm to 1.8µm wave-
length spectrum.
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2.4 Spectral filtering

The alternate high and low loss regions observed in the vertically polarized state of

P-PMNCF fiber can be described as frequency-selective transmission, as shown

in Fig. 2.6(c). The minima in the loss profile represent filtered wavelengths

with low losses, while the maxima signify unfiltered wavelengths with high losses.

The selective transmission effect is due to the presence of pole anchors aligned

along the vertical axis. Within this unique transmission spectrum, the high-

loss regions result from light coupling with the pole anchors, while there is no

light coupling in the low-loss regions. Therefore, P-PMNCF fiber shows distinct

spectral filtering patterns of fluctuating high and low loss zones exclusively for

vertical polarization, and this phenomenon is directly attributed to the presence

of pole anchors positioned in the vertical direction [63, 64].

2.5 Fabrication feasibility

The fabrication of P-PMNCF fiber will be a highly challenging process, especially

considering the anchored pole structure of the fiber, but it may be realized using

the stack and draw method. There will be several distinct steps in the fabrication

method. First, the preform for the vertical cladding elements with pole anchor

can be stacked using the tubes and flat pieces with the help of small support

capillaries. This preform then undergoes a thermal drawing process in a fiber

draw tower to attain the requisite dimensions for the final stacking of the fiber

preform. Similarly, the same sequence can be used to produce the preform for

horizontal cladding elements without pole anchors using tubes and small support

capillaries. Finally, all prepared cladding elements (four cladding tubes with pole-

anchored nested tubes and two cladding tubes with standard nested tubes) can

be stacked together to prepare the final preform. Subsequently, the fiber can be

drawn in a draw tower using the preform under high temperatures around the

working range of the silica glass. However, practically achieving the proposed

fiber will take a lot of effort, and may require a comprehensive fabrication study.
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Chapter 3

Exploring Ellipticity Effects on

Polarization Maintenance of

Negative Curvature Hollow-Core

Fibers

3.1 Introduction

One of the ways to introduce high birefringence in conventional solid-core PM

fibers is by making the core elliptical [39]. However, using ellipticity in PM-NCFs

does not produce effective results [40]. Meanwhile, elliptical cladding elements

were used together with circular tubes, making the core elliptical to produce

high birefringence with low transmission losses for both orthogonal polarization

modes [48]. The impact of ellipticity on polarization maintaining performance of

PM-NCFs has not been thoroughly studied.

This chapter is dedicated to investigating the polarization-maintaining prop-

erties of PM-NCFs under the effect of ellipticity. A six-tube silica nested tube
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negative curvature fiber (NT-NCF) is first optimized. Afterward, the whole NT-

NCF structure is subjected to ellipticity, which causes an anisotropic core to be

formed in the fiber. Consequently, the fiber generates two orthogonal polarization

states capable of preserving the input state of polarization.

Figure 3.1: (a) Cross-sectional schematic of nested tube negative curvature fiber
(NT-NCF), showing the core diameter, D, outer cladding tubes’ diameter, d,
nested cladding tubes’ diameter, dn, and the thickness of all cladding tubes’, t,
and (b) design of elliptic NT-NCF, when NT-NCF is elongated by +X% and
contracted by −X% in the vertical and horizontal directions, respectively. The
whole fiber structure, including the core, all the cladding tubes, and the outer
jacket, becomes elliptical.

3.2 Fiber design and methodology

The non-PM nested tube negative curvature fiber (NT-NCF) is illustrated in

Fig. 3.1(a). The fiber employs a six-tube geometry with a core diameter, D,

strut thickness, t, outer cladding tubes’ diameter, d, and nested tubes’ diameter,
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dn. When this fiber undergoes elongation and contraction in the vertical and hor-

izontal axes, respectively, with the same ellipticity ratio (X%), the core, all the

cladding tubes, and the outer fiber jacket of NT-NCF become elliptical. There-

fore, an Elliptic NT-NCF structure is formed, as shown in Fig. 3.1(b), capable

of PM operation.

In COMSOL Multiphysics, the electromagnetic wave frequency domain

(EWFD) solver based on the finite element method was used for numerical stud-

ies. The simulation methodology is similar to as described in the section 2.2.

After running the convergence studies for PML thickness and mesh optimization,

the geometry of NT-NCF with a core diameter, D = 30µm was fine-tuned at

1.55µm.

Birefringence and confinement loss are calculated using equations 2.2 and 2.3,

respectively. Meanwhile, the polarization extinction ratio (PER) is defined as the

ratio of the loss of unwanted polarization to the loss of desired polarization [47].

PER =
Horizontal polarization loss

Vertical polarization loss
(3.1)

3.3 Results and discussion

3.3.1 Ellipticity effect on NT-NCF

Through parametric studies, the NT-NCF structure (Fig. 3.1(a)) was optimized

with parameters t = 0.41µm, d = 0.85D, and dn = 0.56d at 1.55µm. The

confinement loss profile of NT-NCF is shown in Fig. 3.2(a) for a wavelength

spectrum 0.9µm to 1.9µm. This fiber with the isotropic core cannot achieve PM

operation. With the introduction of the ellipticity of 5%, 8%, and 10% in NT-

NCF, the fiber exhibited vertical polarization (V) and horizontal polarization (H)

states as shown in Fig. 3.2(b). With the increase in ellipticity, both polarization

states experienced higher losses. Additionally, there was also a shift of resonance
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points from high wavelength to low wavelength regions with increasing elliptic-

ity. Consequently, the bandwidth of the elliptic NT-NCF was reduced with 10%

ellipticity showing the smallest bandwidth while 5% ellipticity had the largest

bandwidth, as depicted in Fig. 3.2(b). Introducing more than 10% ellipticity was

unsuitable since the fiber geometry collapsed during numerical studies.

Figure 3.2: (a) Confinement loss of nested tube negative curvature fiber (NT-
NCF) from 0.9µm to 1.9µm wavelength spectrum, (b) confinement loss of verti-
cally (V) and horizontally (H) polarized states, (c) polarization extinction ratio
(PER), and (d) birefringence at 5%, 8%, and 10% ellipticity from 0.9µm to
1.9µm wavelength spectrum.

The PER of the elliptic NT-NCF experienced an increasing trend with larger

ellipticity values as illustrated in Fig. 3.2(c). Due to the lowest bandwidth for

10% elliptic NT-NCF, the PER was first highest till 1.2µm wavelength and then

decreased to the lowest PER values. In the context of broader bandwidth 8% el-

liptic NT-NCF exhibited better PER. Overall, the PER was lower than 10 which
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is not enough for optimal performance. For a sufficiently long birefringent fiber,

the PER of > 100 is desired to remove any unwanted cross-coupled polariza-

tion [47]. Fig. 3.2(d) shows the effect of ellipticity on fiber birefringence. With

increasing ellipticity, the birefringence was getting higher. At a constant elliptic-

ity, the birefringence first decreased with increasing wavelength values, reaching a

minimum point at around 1.65µm and then followed an increasing trend at larger

wavelengths. The minimum of birefringence was due to the effective indices of

vertical (NV ) and horizontal (NH) polarizations, which approached each other at

1.65µm. The highest birefringence is in the range of 10−6, which is very low com-

pared to commercial PM fibers having birefringence > 10−4. In the subsequent

sections, the effect of 8% ellipticity will be analysed due to its broader bandwidth

and fairly better PER and birefringence.

3.3.2 Bi-thickness effect coupled with ellipticity

Bi-thickness was introduced in the NT-NCF design with a thickness t2 along the

horizontal axis of the fiber on outer cladding tubes as illustrated in Fig. 3.3(a)

while keeping all other parameters constant at D = 30µm, d = 0.85D, dn = 0.56d

and t became t1 = 0.41µm. Through parametric sweep at 1.55µm wavelength,

t2 = 0.65µm was selected for further analysis due to better birefringence with

low confinement losses. Orthogonal polarization modes were generated for NT-

NCF design due to the presence of t2 thickness as depicted in the confinement

loss curve in Fig. 3.3(c), in contrast to the the initial state of NT-NCF, where

single strut thickness t1 = t2 = 0.41µm was used. Further, there was a shift of

resonance points from low wavelength to higher wavelength values, which resulted

in reduced bandwidth for NT-NCF with bi-thickness compared to original NT-

NCF design, as observed in Fig. 3.3(c).

Moreover, from Fig. 3.3(c), it can be seen that the elliptic NT-NCF with

8% ellipticity and bi-thickness experienced higher losses for both polarization

states than NT-NCF with only bi-thickness. In addition, the resonance points in

8% elliptic NT-NCF with bi-thickness have moved from higher to lower spectral
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Figure 3.3: Schematic illustration of the implementation of thickness t2 on outer
cladding tubes along the horizontal direction in (a) NT-NCF design and (b) 8%
elliptic NT-NCF design, (c) confinement loss comparison, (d) PER comparison,
and (e) birefringence comparison between NT-NCF and 8% elliptic NT-NCF
designs with and without t2 thickness implementation from 0.9µm to 1.9µm
wavelength spectrum.
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values, further reducing the bandwidth of the fiber than NT-NCF with t2 =

0.65µm. It can also be deduced from Fig. 3.3(c) that the 8% elliptic NT-NCF

with bi-thickness has higher orthogonal polarization losses and similar resonance

points on the higher wavelength values compared to 8% elliptic NT-NCF without

bi-thickness.

The PER and birefringence graphs are shown in Fig. 3.3(d) and Fig. 3.3(e),

respectively, for NT-NCF and 8% elliptic NT-NCF with and without bi-thickness.

In fibers with induced bi-thickness, 8% elliptic NT-NCF shows more PER than

NT-NCF, as observed in Fig. 3.3(d). In comparison, 8% elliptic NT-NCFs with

bi-thickness and without bi-thickness, the fiber with t2 = 0.65µm initially had a

lower PER than the fiber with t1 = t2 = 0.41µm but later increased to a higher

value at 1.55µm wavelength before achieving minimum. The overall PER values

are still very low. The NT-NCF, due to the effect of t2 showed birefringence in

the range 10−5, which was further increased by 8% elliptic NT-NCF as depicted

in Fig. 3.3(e). This birefringence was almost more than one order of magnitude

higher than the birefringence of 8% elliptic NT-NCF without bi-thickness in the

range of 1.4µm to 1.9µm wavelength spectrum.

3.3.3 Manipulation of nested tube diameter (dnx) coupled

with ellipticity

In order to get more coupling between horizontal polarization core mode and

cladding mode, nested tube diameter dnx was manipulated along the horizontal

direction as shown in Fig. 3.4(a). While all the remaining parameters were kept

same at D = 30µm, d = 0.85D, dn = 0.56d and t = 0.41µm. In Fig. 3.4(a),

when dnx = dn, the NT-NCF was in its original state, as in Fig. 3.1(a), which

was incapable of PM operation. Whereas dnx = 0 and dnx = 0.8d referred to the

absence of the nested tubes and larger nested tube diameter, in the horizontal

axis, compared to all the remaining nested tubes, respectively. This resulted in

generation of orthogonal polarization modes in NT-NCF as illustrated by confine-

ment loss curves in Fig. 3.4(c). The 8% elliptic NT-NCF structure with altered
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dnx is shown in Fig. 3.4(b).

3.3.3.1 Absence of nested tube along fiber horizontal axis (dnx = 0)

In NT-NCF, when dnx = 0, both polarizations experienced more losses than the

original state of NT-NCF (dnx = dn) as depicted in Fig. 3.4(c). This increase

in loss was due to the enhanced coupling of horizontal polarization and vertical

polarization modes with the cladding modes, which was further increased by 8%

elliptic NT-NCF and showed the highest losses for orthogonal polarizations (see

Fig. 3.4(c)). Further, the NT-NCF and 8% elliptic NT-NCF fibers with dnx = 0

experienced similar PER of around 5 over a broad wavelength range as presented

in Fig. 3.4(d). Moreover, Fig. 3.4(e) shows that very little birefringence (in the

range of 10−7) was produced by NT-NCF without horizontal nested tubes, while

8% elliptic NT-NCF with dnx = 0 had the highest birefringence (in the range of

10−6) which reduced to a minimum point at 1.75µm wavelength and then started

to increase again.

3.3.3.2 Nested tube along fiber horizontal axis with different diameter

(dnx = 0.8d)

Fig. 3.4(c) illustrates that compared to NT-NCF when dnx = dn, NT-NCF

with dnx = 0.8d showed similar losses for vertical polarization, while horizontal

polarization loss was slightly higher due to its enhanced coupling with cladding

modes. When 8% ellipticity was induced in elliptic NT-NCF with dnx = 0.8d,

losses for both polarizations increased due to the movement of resonance points

from larger to smaller wavelengths. It is worth noting that horizontal polarization

showed more coupling with the cladding modes, due to which there is a greater

loss separation between vertical polarization and horizontal polarization in 8%

elliptic NT-NCF with dnx = 0.8d (refer to Fig. 3.4(c)). This observation was well

supported by PER values of more than 10 in between 1µm to 1.6µm wavelength

spectrum reaching the highest PER of 24 at 1.5µm wavelength for 8% elliptic

NT-NCF with dnx = 0.8d as presented in Fig. 3.4(d). Fig. 3.4(e) depicts that
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Figure 3.4: Schematic illustration of the implementation of different nested tube
diameter dnx along the horizontal direction in (a) NT-NCF design and (b) 8%
elliptic NT-NCF design, (c) confinement loss comparison, (d) PER comparison,
and (e) birefringence comparison between NT-NCF and 8% elliptic NT-NCF
designs with dnx = dn, dnx = 0, and dnx = 0.8d from 0.9µm to 1.9µm wavelength
spectrum.
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the birefringence with dnx = 0.8d for NT-NCF was lower (in the range of 10−7)

compared to the higher birefringence of 8% elliptic NT-NCF which was on the

order of 10−6.

Figure 3.5: Effective refractive index (Neff ) graph of horizontal polarization (NH)
and vertical polarization (NV ) effective indices against wavelength spectrum for
8% Elliptic NT-NCF structure with dnx = 0 and dnx = 0.8d. The crossing points
of NH and NV curves (a) at 1.5µm wavelength for dnx = 0.8d and (b) at 1.75µm
wavelength for dnx = 0.

The alteration of dnx coupled with ellipticity led to the lowest losses with

the highest PER for 8% elliptic NT-NCF with dnx = 0.8d (see Fig. 3.4(c) and

Fig. 3.4(d)). This fiber configuration favored more horizontal polarization mode

coupling with cladding modes therefore high PER was achieved. However, the

achieved PER of 24 is still lower than the recommended PER of > 100 [47] for

satisfactory PM operation.

Although the birefringence achieved was on the order of 10−6 by 8% elliptic

NT-NCF with both dnx = 0 and dnx = 0.8d, the fiber with no nested tubes

along horizontal direction showed slightly higher birefringence values (refer to Fig.

3.4(e)). The high birefringence produced by elliptic fiber with dnx = 0 compared

to the elliptic fiber with dnx = 0.8d is because the minimum birefringence for

elliptic fiber with dnx = 0.8d was reached before than the minimum birefringence

of elliptic fiber with dnx = 0 as observed in Fig. 3.4(e). This means that the

NH and NV curves crossed each other at a smaller wavelength for fiber with
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dnx = 0.8d as shown in Fig. 3.5(a), resulting in a smaller difference between

NH and NV at adjacent wavelengths, thus reducing birefringence. In contrast,

for the fiber with no nested tube along the horizontal axis, NH and NV curves

crossed each other at a larger wavelength as illustrated in Fig. 3.5(b), which

led to higher birefringence. The overall birefringence of the fibers is very low

compared to commercial PM fibers’ birefringence level of more than 10−4.
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Chapter 4

Conclusion

In conclusion, the first part of the thesis presented the design and optimization of

a novel polarization-maintaining and spectral filtering negative curvature hollow-

core fiber (NCF). The proposed P-PMNCF structure, with its unique nested tube

arrangement and pole structure, demonstrates excellent performance in terms of

polarization preservation and selective transmission. By systematically varying

the cladding tube thickness, t2, nested tube diameter, d2, pole length, Lp, and

ellipticity, Dx, we achieved improvement in confinement losses and birefringence

levels. The parameters t2 andDx contributed to the enhancement of birefringence

when t2 is increased in the vicinity of the resonance region and Dx is decreased,

respectively. In contrast, the remaining parameters d2 and Lp, when increased,

exhibited a minor negative effect on birefringence. However, the filtered wave-

length losses in the vertically polarized state were still maintained below the

target. The optimized fiber design showed a transmission loss below 0.1 dB/km

for filtered wavelengths and a birefringence on the order of 10−5. Compared to our

previous study [64], this proposed fiber design exhibited improved performance

with reduced losses, better polarization extinction ratio, high birefringence, and a

narrower range of filtered wavelengths. These findings demonstrate the potential

of the proposed P-PMNCF for applications requiring simultaneous polarization

maintenance and spectral filtering. Furthermore, the P-PMNCF fiber is capable
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of sensing chemicals and gases as long as its birefringence aligns with the applica-

tion requirements. However, external factors like pressure or temperature could

affect the performance of the fiber if they lead to major changes that are greater

than the birefringence of fiber. Future work can explore additional design opti-

mization and investigate the practical implementation of fiber design in various

optical systems and devices.

In the second part of the thesis, we explored the effects of ellipticity on polariza-

tion maintaining (PM) operation of nested tube negative curvature hollow-core

fiber (NT-NCF). We started with an optimized design of a six-tube NT-NCF

with an isotropic core, which was incapable of generating orthogonal polarization

modes. Subsequently, the NT-NCF was subjected to elongation and contraction

in vertical and horizontal axes with 5%, 8%, and 10% ellipticity. These alterations

made the entire fiber elliptic, which we termed as Elliptic NT-NCF, causing the

fiber core, all cladding elements, and the outer fiber ring to become elliptic. The

introduction of ellipticity broke the fiber core symmetry, enabling Elliptic NT-

NCF to support PM operation. We further investigated the impact of 8% Elliptic

NT-NCF coupled with bi-thickness (t1 and t2) and altered nested tube diameter

(dnx) on PM properties of the fiber. Our findings indicate that ellipticity has

minor effects on enhancing birefringence and polarization extinction ratio (PER)

in PM-NCFs. Nevertheless, ellipticity can aid in fine-tuning the PM properties.

Moreover, we also learned that the introduction of t2 in the fiber shifted the reso-

nance points residing on lower wavelength points to the higher wavelength points,

whereas ellipticity moved the resonance points on larger wavelengths to smaller

wavelengths. Therefore, similar to the effect of thickness, ellipticity reduces the

bandwidth of fiber. The highest birefringence and PER achieved with 8% Elliptic

NT-NCF was on the order of 10−5 and 24, respectively. Although ellipticity has

a limited impact on obtaining high birefringence and PER, it provides a useful

supplementary tuning mechanism in PM-NCFs.
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