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ABSTRACT

FABRICATION OF POLARIZATION-MAINTAINING
OPTICAL FIBER WITH ULTRA-LOW
BENDING-DEPENDENT POLARIZATION
EXTINCTION RATIO DETERIORATION

Samet Akc¢imen
M.S. in Materials Science and Nanotechnology
Advisor: Biilend Ortag
February 2023

Polarization-Maintaining Optical Fiber (PM) is a unique-designed fiber that pre-
serves and utilizes the polarization state of the light transmission that is launched
into it. With this aspect, our biaxial PM fiber is adequate for different applica-
tions, including interferometers, fiber optic gyroscopes (FOGs), telecommunica-
tion, and all-PM fiber lasers by maintaining single polarized light transmission
against the environmental perturbation. A biaxial PM fiber, which was found to
possess high polarization extinction ratio (PER) values over 30 dB among two
orthogonal axes, is composed of the unique geometry that is the combination
of elliptical core and Panda-type PM fibers. Even under environmental temper-
ature conditions, from -55 °C to 485 °C, the PER values were obtained to be
maintained. During the bending dependent PER measurements, it was observed
that the PER values at relatively small diameters from 12 mm to 5 mm were
not altered compared to the biaxial PM fibers not bent. PER deterioration was
determined as 0.5%. We measured the group beat lengths which were 1.40 mm
for one axes and 1.45 mm for the other at 1550 nm to confirm the biaxial PM
property. The optical loss of the biaxial PM fiber was measured with an opti-
cal time-domain reflectometer (OTDR) and the loss was found to be below 1.5
dB/km for over 3 km of fiber length. Along two polarized axes, the mode field
diameter (MFD) and the numerical aperture (NA) values were also determined.
This novel PM fiber addresses a need for the Panda and elliptical core type (PM)
fibers which are essential for integrated fiber based sensors and instruments, such

as fiber optic gyroscopes.

Keywords: Optical Fibers, Polarization Maintaining (PM), High-Birefringence,
Beat Length, Elliptical Core, Panda-type, Fiber Optic Gyroscopes (FOGs).

il



OZET

COK DUSUK BUKULMEYE BAGLI POLARIZASYON
SONUMLENME ORANI KAYBIYLA QIFT EKSENLI
POLARIZASYON KORUMALI FIBER URETIMI

Samet Ak¢imen
Malzeme Bilimi ve Nanoteknoloji , Yiiksek Lisans
Tez Danigmani: Biilend Ortag
February 2023

Polarizasyon-korumali optik fiberler ic¢ine eslestirilen 151g1n polarizasyonunu fiber
boyunca koruyan ve diiglik kayipla ileten 6zel tasarima sahip fiberlerdir. PM fiber-
lerin bu tasarimsal 6zelligi ile elde edilen fiber boyunca tek bir polarize 1s1k iletimi
interferometreler, fiber optik jiroskoplar, telekomiinikasyon ve tiim PM fiber laz-
erler gibi PM fiber uygulamalarinda ihtiya¢ duyalan énemli bir gereksinimdir.
Iki ortogonal eksen arasinda 30 dB’lik yiiksek polarizasyon séniimlenme oranina
(PSO) sahip yeni bir tiir ¢ift eksenli PM fiber iiretildi. Tasarlanan bu fiber elip-
tik ¢ekirdek ve Panda tipi fiberin kombinasyonuna sahiptir. PSO degerlerinin -55
°C ile 485 °C arasinda cevresel sicaklik kogullarinda korundugu goézlemlenmistir.
Biikiilmeye bagh kayip olciimleri, ¢ift eksenli PM fiberin, 12 mm’den 5 mm’ye
kadar cesitli biikiilme caplarinda ¢ok diigiik biikiilmeye bagli PSO bozulmasina
(0.5%) sahip oldugunu gostermistir. Cift eksenli PM 6zelligi, grup atim uzunlugu
Olciimleriyle de desteklenmis olup, 1550 nm’lik dalgaboyunda bir eksen icin 1.40
mm ve diger eksen igin 1.45 mm oldugu elde edilmistir. Optik zaman alanh
yansitict (OTDR) olgtimleri, ¢ift eksenli PM fiberin optiksel kaybimin 3 km’lik
uzunluk boyunca 1.5 dB/km’nin altinda oldugunu gostermektedir. Mod alan
capt (MFD) ve sayisal agiklik (NA) degerleri de iki polarize eksen boyunca rapor
edilmistir. Bu yeni PM fiber, entegre fiber tabanli sensorler ve ekipmanlar icin
kullanilan eliptik ve Panda tipi PM fiberler igin bir ¢oztim sunmaktadir.

Anahtar sozcikler: Optik Fiberler, Polarizasyon-Koruma, Yiiksek Cift Kirinim,
Atim Uzakhg, Eliptik Cekirdek, Panda-tipi, Fiber Optik Dénit Olger.
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Chapter 1

Introduction

Fibers are classified based on the types of refractive index profiles of the fiber
core and the number of modes of propagation of light in the fiber. The im-
provement in propagation properties is considered another way to classify optical
fibers [1]. Thus, polarization-maintaining (PM) fibers can be given as an exam-
ple of a special type of single-mode fiber. Although polarization maintenance
may be proven in any single-mode fiber under controlled circumstances as long
as the fiber is preserved sufficiently short, straight, and protected from any form
of environmental perturbation, problems are likely to occur when the fiber is
employed in real-world applications [2]. At this point, PM fibers have attracted
a great deal of interest and become critical optical fibers that transmit and de-
liver light along fiber by conserving the polarization state of light without being
affected by environmental influence such as mechanical stress-related caused by
micro-bending or macro-bending, temperature fluctuations, etc. [3,4]. PM fibers
become a greater concern when polarization maintenance is required for the ap-
plications of telecommunication, fiber optic gyroscopes (FOGs), biomedical field,
and all-PM fiber lasers [3,5-7], especially in harsh environmental conditions.
Therefore, we provided high modal birefringence, which is considered the ability
of preserving the polarization state and known as the effective index difference
between the orthogonal polarization modes, based on both stress birefringence

and geometrical birefringence. The stress birefringence is generated by the stress



rods while the geometrical birefringence is related to the asymmetry in the struc-
tural design of the core and the refractive index difference between the core and
cladding [5].

Creating birefringence between the axes parallel and perpendicular to the
direction of stress-applying parts (SAPs), where they generate a difference
between the propagation constants of two orthogonally polarized eigenmodes
(AB = By — By), can be considered a method for overcoming probable perturba-
tions that fiber may encounter. In this way, the polarization modes are forced
to propagate at different velocities. In other words, as the applied stress in-
creases, the difference in propagation constant between the two axes increases.
This difference induces a permanent PM property on the fiber, resulting in sig-
nificant birefringence without a significant deviation (£ 2 dB) so that optical
energy cross-coupling becomes extremely difficult even under harsh environmen-
tal conditions [8,9]. It is feasible to produce this difference in order to eliminate
the degeneracy between the two polarization modes by modifying the azimuthal
symmetry of PM fibers, such as by making the core highly elliptical shape to pro-
vide high-birefringent (Hi-Bi) property [2]. As the characteristic properties, such
as mode field diameter (MFD), attenuation, and numerical aperture (NA), of the
Panda-type PM fibers are taken into account, it is evident that the Panda-type

PMFs match well with single-mode fibers (SMFs) used in telecommunications.

On the other hand, the symmetrical boron-doped stress-applying rods were
placed independently within two drilled holes in the preform before the drawing
process. A significant amount of B,O3 (> 14 mol%) in the stress-applying rods
(SARs) are used for the creation of stress difference between the SAPs and the
fused silica cladding [10]. However, we used 5 mol% GeOa-doped silica along the
core and 20 mol% B,0Os-doped silica along the SARs.

The fabrication of elliptical core fiber can be provided during the collapsing
process of the preform fabrication in the MCVD process. The inner walls of the
collapsing preform will have some degree of perturbation leading to ellipticity
since the surface tension forces within the collapsing preform are not precisely

balanced by applying pressure to the substrate. Therefore, the highly elliptical



core optical fiber preform can be obtained by removing the circularizing effect of
the lathe’s rotation and collapsing it under vacuum [11]. However, we formed the
core of the fiber as a circular, elliptical, and highly elliptical core by adjusting the
temperature as Ty = 1950 °C, Ty = 1970 °C, and T3 = 1990 °C respectively in the
initial part of the fiber drawing process. This indicates that the shape of the PM
fiber core can be changed and controlled by applying different temperatures while
all other drawing parameters (drawing speed of 15 m/min, etc.) are maintained
constant. In this way, we could obtain the combination of conventional Panda-
type PM fiber and elliptical core, including the SAPs with a diameter of @gap
~ 25 pm. Thus, it can be concluded that not only the maximum lateral stress
level established in this study is greater compared to that represented in the
preceding article [10] but also the biaxial birefringence values around two orders

of magnitude are higher than the birefringence calculated [12].

Consequently, in this thesis, a Hi-Bi biaxial PM fiber possessing the properties
of both Panda-type and elliptical-core PM fiber was proposed to preserve the
polarization state of transmitted light against external perturbations along the
so-called slow axis and prevent cross-coupling between this axis and the fast axis.
This thesis also analyzes the development of a biaxial PM fiber with SAPs and an
elliptical core by cautiously controlling the fabrication parameters. This caution
enabled the PERs along two-orthogonal axes to be maintained over 30 dB over
a fiber length of 110 m at harsh temperature conditions from -55 °C to 485 °C

with ultra-low PER deterioration.



Chapter 2

Theoretical Background

In this chapter, I will describe the general principles of optical fibers and waveg-
uides, as well as the working principle of the process of total internal reflection
(TIR), the most prevalent fiber types, the effect of polarization and interference
in optical fibers, and the application field of PMF.

2.1 Basic principles of optical fibers

An optical fiber consists of a unique-designed geometry. The layered structure
contains a core, cladding, and plastic protective coatings [13] which all have differ-
ent refractive indices. The inner portion of the fiber called the core is surrounded
by a transparent material called the cladding, as illustrated respectively in Fig.
2.1a and 2.1b as a schematic illustration of the side view and cross-sectional area
of optical fiber. The core region has a higher refractive index than the cladding
region, as the Fig. 2.1c points out. To preserve the waveguide property, the
glass rod structure (rode and cladding) is coated with low-index acrylic polymer.
Therewith, as a final step, the mechanical property is provided by re-coating the
entire structure with high-index polymer in order to maximize fiber strength and

micro-bending resistance [2].
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Figure 2.1: (a) The schematic representation of side view of optical fiber (b) cross-
sectional area of the fiber core, clad, and coating from the inside out respectively
(c) the refractive index profile of the fiber.

2.1.1 Optical fibers as a waveguide

2.1.1.1 Transmission

In fiber optics, light is transmitted in the form of rays [14]. The refractive index
difference between the core and cladding serves the ray of launched light not to
escape from the core to the cladding region [15]. When a ray of light propagates
in an optical fiber, it follows Snell-Descartes’ law which states that the ratio of
the sines of the angles of incidence and refraction is a constant as given in Eqn.
2.1 [16-19].

nysint; = nysinbs (2.1)
|
|
|
\:
1
™
n;
02

Figure 2.2: A light ray moving from a medium with an index of refraction n; into
another with an index of refraction ns.



The light in an optical fiber hits the interface from the region with the higher
refractive index and is completely reflected inside the optical fiber by the phe-
nomenon of total internal reflection (TIR). It occurs when the incidence angle 6,
is more the critical angle 6. which is the case of corresponding to 90° angle of
refraction (#3=90°), as shown in Eqn. 2.2 and 2.3. A ray of light, therefore,
is preserved in the core, captured, and transmitted all along the fiber. Besides,
at the critical angle, the light only propagates through the interface of the two

mediums, as in Fig. 2.3a.

nysinb, = nysin90° (2.2)

0. = arcsin <@) (2.3)

ni

When the critical angle 6, is exceeded, the entire light energy remains propa-
gating in the medium with the higher optical density, and none of it is refracted
in the other medium [20] as in Fig. 2.3b.

Figure 2.3: The schematic design of the light propagation inside the optical fiber
(a) at the interface between the two media (b) when total internally reflected.



2.1.1.2 Numerical aperture

Each fiber is capable of gathering light through its core. The maximum accep-
tance value of the entrance angle of fiber 0,,,,, however, is restricted by the limit
between reflection and refraction. As stated in the previous chapter, this limit is
determined by the critical angle, which is related to a parameter known as the

numerical aperture (NA), as given in Eqn. 2.4. and 2.5.

NA=/n2,. —n?,; = sind (2.4)

, 1
0 = arcsin <—) n2e — N0 (2.5)

No
where 6 represents the angle of an imaginary acceptance cone. It defines

the maximum angle of incidence and how much light will be gathered by the

fiber [21,22]. The full acceptance cone is defined as 26 as it is shown in Fig. 2.4.

Figure 2.4: The corresponding drawing of the fiber’s acceptance angle.



2.2 Types of optical fiber

Optical fibers vary in their modes of propagation of light, refractive index, and

materials used.

Optical Fiber

( Multi-mode —I Single-mode

Step-Index Graded-Index PM

Figure 2.5: Types of optical fiber

2.2.1 Multi-mode fiber

Multi-mode fibers have a larger core diameter compared to single-mode fibers.
Thus, the higher-order modes can propagate through the waveguide. The index
of refraction of the core is higher than that of the cladding. Multi-mode fibers,

also, provide an easier way of coupling the light into the fiber core [1].

2.2.1.1 Step-index Multi-mode fiber

The refractive index of Step-index Multi-mode fibers is uniformly distributed
along the core of the fiber, as indicated by its name. The light guided along the
optical fiber follows the phenomenon of total internal reflection (TIR). As long
as the incidence angle of light () is more than the critical angle (6.), the entire
light energy remains propagating in the medium with higher optical density i.e.,

the core of the fiber.



Figure 2.6: The representation of Step-index Multi-mode Fiber

2.2.1.2 Graded-index Multi-mode fiber

Graded-index multi-mode fibers have a special fiber design where the refractive
index is highest in the fiber core. As it refers to the fact that the refractive
index gradually decreases from the center of the core to the outer of the core and
reaches its lowest value at the interface between the cladding and the core. As a
result, the light rays near to interface travel faster. However, the radial reduction
of refractive index causes light rays that propagate through the relatively less
refractive index of medium to bend back towards to center of the core [23]. Unlike
the step-index multi-mode fiber, the graded-index multi-mode fiber follows a
serpentine path rather than the phenomenon of total internal reflection (TIR).
Therefore, it is concluded that all modes reach the end of the fiber at about the
same time by reducing modal dispersion considerably compared to step-index
multi-mode fibers [4].

Figure 2.7: The representation of Multi-mode Graded-index Fiber




2.2.2 Single-mode fiber

The term single-mode refers to the fact that a single-mode fiber transmits only
the fundamental zero-order mode of propagation, LPy;. It is maintained in the
V number (the normalized spatial frequency) of the waveguide is less than 2.405

which is the single-mode operation threshold value for an optical fiber [2,24].

Figure 2.8: The representation of Single-mode Step-index Fiber

The V number is related to the acceptance angle and numerical aperture of

the fiber expressed by,

2 2
V= %&sinﬁ - %GNA (2.6)

where a is the core radius of the fiber. Step-index single-mode fiber is also

characterized by the cutoff wavelength, as defined in Eqn. 2.7.

2mniav 2/

)\th —
¢ 2.405

(2.7)

where n, is the refractive index of the core and A is the relative index difference
between the core and cladding. The theoretical cutoff wavelength, A\, of a
single mode fiber is the wavelength above which only the fundamental LPy; mode
propagates [25]. In other words, it is the wavelength above in which a fiber acts
as a single-mode fiber [26,27]. Below the cutoff wavelength, LP;; and other

higher-order modes propagate, and fiber becomes a multi-mode fiber.

10



The single-mode fibers have a significantly smaller core size and are utilized for
long-range signal transmission. Unlike in the multi-mode fibers, the dispersion
caused by multiple modes are not occurred in the single-mode fibers [4]. Thus,

they are capable of carrying higher bandwidths.

2.2.2.1 Polarization Maintaining Fiber

Polarization-maintaining fibers are mostly considered a special type of single-
mode fibers (only in rare cases few-mode fibers [28]), where the linear polarization
of the linearly polarized light is preserved during propagation. Most commercially
available PM fibers consist of three different stress-birefringent geometry cate-
gories: bow-tie, PANDA, or elliptical core fiber. The three versions, as presented
in Fig. 2.9, all serve the same primary function of preserving the polarization by
generating sufficient birefringence so as to reduce the optical power interchange

between polarization modes [29)].

Fast Axis Fast Axis Fast Axis

-~ -~ F'S

4._'_._. Slow Axis —.—.—‘——» Slow Axis < > Slow Axis

Bow-Tie PANDA Elliptical Core

Figure 2.9: Cross-section of Bow-Tie, PANDA, and Elliptical Core PM fiber
geometries respectively

The fiber core maintains birefringence induced by tension while the fiber pre-
form is drawn. The direction of the applied stress results in the formation of two
distinct refraction indices. A higher index is parallel to the direction of the stress,

and a lower index is perpendicular to it [2].

11



2.3 Polarization and Interference Effect in Op-

tical Fiber

Light is a special kind of electromagnetic energy whose propagation through
space can be described by wave motion [30]. As light waves are electromagnetic
waves, they are comprised of two components: electric fields and magnetic fields
whose components of amplitudes oscillate periodically through time and space,
as presented in Fig. 2.10. The direction the wave propagates is at a right angle

to the direction of the electric and magnetic fields [4].

y %

J V
SN

Figure 2.10: Electric and magnetic field vectors of the polarized light wave trav-
eling along the x axis.

The solutions of the wave equation of a plane wave, propagating in the direction

of the vector E, can be described as;

E = Eycos(k.Z — wt + ) (2.8)

— —

B = Bycos(k.T — wt + ¢p) (2.9)

where Ey and By are constant vectors, ¢ is a constant phase, w is the angular

frequency, and k is the wave vector.

12



Polarization is an important phenomenon induced by the wave nature of elec-
tromagnetic radiation, and it defines the geometrical orientation of the oscilla-
tions [31]. Polarization is the phenomenon in which the vector vibrations of light
are confined to a particular direction in a plane. The direction of the electric
field (and magnetic field) vector that oscillates perpendicularly to the direction
of propagation is defined as the polarization direction. The polarization of the
light waves, therefore, is referred to as transverse waves. In contrast to the non-

transverse waves, they are limited to wave propagation [32-34].

Polarized and unpolarized light are two significant forms of light. If light
consists of electromagnetic waves all aligned in one direction compared to the
propagation of light, such light is called as linearly polarized light as shown in
Fig. 2.11a. In addition to linear polarization, if light consists of waves that are
all continuously rotating in the same direction with an exact 7/2 phase difference
between the oscillation of the two orthogonal field components, it is referred
to as circularly polarized light, as presented in Fig. 2.11b. Besides, circularly
polarized waves can be considered to be composed of two linearly polarized waves
oscillating perpendicularly [35]. If the phase difference between two plane waves
differs from 7/2, then the light is referred to as elliptically polarized light as the
Fig. 2.11c points out. The elliptical light can alternatively be conceived as the
sum of linearly and circularly polarized waves [35]. On the other hand, if a light
is formed of electromagnetic waves that are oriented in all different directions, it

is referred to as unpolarized light and is presented in Fig. 2.11d.

As the light propagates through the fiber, the polarization state of the light is
not normally maintained by a single-mode optical fiber, resulting in the fiber being
extremely sensitive to any perturbation that the fiber encounters. Therefore,
due to the lack of single-polarization fibers, research has focused on identifying
the various birefringence mechanisms that can exist or be induced in a fiber
[36]. Single-mode fibers allow two orthogonally polarized modes that have nearly
identical propagation constants, meaning they propagate at the same velocity
[37,38]. Therefore, the optical energy transition from one mode to the other would
be easy if the light faced any form of perturbation or asymmetry within the fiber.

At this point, the importance of polarization-maintaining fibers emerges since
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Figure 2.11: The representation of types of light polarization (a) linearly polarized
light (b) circularly polarized light (c) elliptically polarized light (d) unpolarized
light

the two orthogonally polarized modes are forced to possess different propagation
constants [12]. The cross-coupling of optical energy becomes very difficult due
to the mismatch in velocities; therefore, the state of polarization (SOP) of the
transmitted light is maintained as the light was initially coupled to one of the

principal axes of the fiber.

On the other hand, interference of light can be described as the variation of
the intensity where multiple light waves superpose to form the resultant wave at
a given position and time [39]. Numerous contemporary fiber optic components,
such as Bragg gratings, wavelength-division multiplexing (WDM), optical filters,

and so forth, exploit the phenomenon of interference.
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If two light waves combine perfectly, i.e., they have the same wavelength and
are in phase, they construct a wave that is the sum of the amplitudes of the

incident waves. This phenomenon is known as constructive interference as shown

in Fig. 2.12.
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Figure 2.12: The schematic representation of constructive interference of two

waves

If two waves are out of phase, let’s say one is m-shifted, they cancel each other

out. This is referred to destructive interference, as illustrated in Fig. 2.13.
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Resultant Wave
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Figure 2.13: The schematic representation of destructive interference of two waves

So herewith, the polarization and interference phenomena, which affect the

behavior of light, have the importance of taking up modern fiber optic components

comprehensively.
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2.4 Applications of PMF

PM fibers have a wide range of industrial uses that include telecommunications,
medicine, and sensors. These applications are often interferometric and utilize
the ability of the fiber to prevent signal loss in a way of sustaining that light
traveling in the interferometer’s signal and reference arms always are recombined
with the same polarization state, resulting in optical constructive. However, the
situation would be different, if the standard single-mode fiber (SMF) was utilized
since the polarization state of the light propagating through each arm of the
interferometer would range independently with respect to time and it would result
in the recombination of the signal being faded [11]. For instance, a liquid level
sensor based on PM fiber modal interferometer with waist-enlarge-splicing has
been fabricated and showed the relations between wavelength shift and liquid level
for three different refractive indices of liquids, as proposed in [40]. Also, D-shaped
PM fiber can be used as a fiber optic sensor for the simultaneous monitoring of
strain and the surrounding temperature, as presented in [41]. Furthermore, the
tapered PMFs can be utilized as a high-sensitive acoustic sensor based on a

microfiber Mach-Zehnder interferometer (MMZI), as stated in [42].

2.4.1 Interferometric Fiber Optic Gyroscope (IFOG)

One of the most commercial successes and extensive usage areas of PM fibers is
the fiber optic gyroscope [43]. Interferometric Fiber Optic Gyroscope (IFOG) has
been under development for several decades. They are utilized as rotation and
rotation-rate sensors [2,44,45]. Three coils of PM fiber and three accelerometers
constitute the inertial measurement unit (IMU) which is the system that estimates

position, angular velocity, and linear acceleration [46].
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2.4.1.1 Principle of the Fiber-Optic Gyroscope

The working principle of FOG is based on the Sagnac effect as presented in
Fig. 2.14a. The Sagnac effect states that if there are two light waves counter-
propagating through the closed loop, a phase difference is produced by rotation
[47]. If there is no rotation applied to the system, two light waves propagating
through the fiber coil in opposite directions will appear simultaneously at the end.
Their paths taken are also equal in length. However, the light waves experience
different fiber path lengths and different propagation times relatively as the fiber

coil rotates about its symmetry axis as presented in Fig. 2.14b.

Q rot

.Y,

AL

Ad
= CW beam

CCW beam

b)

Figure 2.14: (a) Sagnac’s original setup of a ring interferometer (b) Schematic
diagram of Sagnac Effect under rotation €2

The relative phase difference A¢ is proportional to the rotation rate {2 which
is externally applied to the system. This phase difference creates a shift in the
pattern of fringes detected by photo-detector [48]. One can define the path lengths
taken by clockwise and counter-clockwise beams due to rotation as L., = 27R +
RQt., and L.., = 27R - RQt.., respectively. Therefore, the difference in time

required for each wave to complete one turn will be,
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b = W) (2.10)

21 — Qt
tccw - R( T ch) (211)
C

where R is the radius of the fiber coil, ¢ is the velocity of light in vacuum, 2
is the rotation rate, and t., and t.., are travel times of clockwise (CW) and

counter-clockwise (CCW) waves respectively.

One can solve t.,, and t.., separately and infer that the transit times differ by,

Ab =t —togy (2.12)
Q
At = 472 (R—) (2.13)
& C

Taking the wave transmission times with a coil of N turns into consideration,

At — 42N (R—Q> (2.14)

By substituting coil length L. = 27RN, coil diameter D = 2R, and A¢ = wA¢t
where w is the angular frequency of a light wave as denoted w = 27c/ A, the phase

difference between the waves owing to the Sagnac effect is derived in Eqn. 6.6.

2rLD
AQZSS'agnac: —)\C Q (215)

As it is seen in the above-stated equation, the relative phase difference A¢
is proportional to the rotation rate 2 with a constant. The ratio between the
change in sensor output and the relevant angular velocity variation is named as
Sagnac Scale Factor (SF) [49]. This linear coefficient is denoted by,
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2.4.1.2 IFOG construction and components

A rotation rate sensing setup consists of a light source to create light waves, a
coupler to direct and split the light waves, a fiber coil to observe the Sagnac effect,
a multifunctional integrated optical chip (MIOC) to enable phase modulation,

and a photodetector to sense the optical power.

In the fundamental IFOG architecture, it is essential to ensure the reciprocal
configuration between CW and CCW waves. In contrast, two light waves at the
photo-detector exhibit a phase shift of 7 when the system is at rest since the beam
splitter induces a phase shift of 7/2 between transmitted and reflected beams.
This criterion can be achieved by adopting the so-called reciprocal configuration
to the optical system, as presented in Fig. 2.15. Two optical signals, therefore,
have the same amount of reflections and transmissions. Consequently, they end

up arriving at the photodetector in phase [50].

Light
source
cwW
MIOC
Coupler Single Mode
< PM Fiber
/y’ T Coil
Photo —
Detector CCW

The feedback loop generating
the modulating signal

Figure 2.15: The most basic reciprocal configuration of IFOG
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The use of a broadband light source with a short coherence length, such as
superluminescence diode (SLD) [51] or a back-scattered amplified spontaneous
emission (ASE) source with Er™ doped fiber with an emission around 1550 nm
and a pump of 980 nm [9], is the key important occurrence for IFOG to reduce
errors caused by optical non-linearities [52]. Especially rare-earth doped fiber
ASE sources provide a very high amplification gain, a high scale factor accuracy
with wavelength stability, and high-power broadband emission since rare-earth
energy levels are much more stable than those of semiconductors [43, 53, 54].

Hereby, Rayleigh-back-scattering noise can be considerably minimized.

It is noticeable that conserving a linear state of polarization against external
perturbations and preventing cross-coupling from the slow axis to the fast axis
are the essential steps toward a compact and practical IFOG device [43]. This
functionality can be provided in IFOGs by employing PM fibers with stress-
induced birefringence [9]. With the use of a broadband light source, as already
stated and polarization-maintaining fiber, the residual birefringence-induced bias
errors are reduced by careful gyroscope design that is crucial for good performance
[55].

One of the essential components of IFOG is the couplers used for directing,
splitting, and recombining the waves propagating in the IFOG system. The pur-
pose of the first coupler in Fig. 2.15 is to direct optical power generated by the
light source toward to integrated optical circuit which separates light into CW
and CCW waves to the traverse loop and recombines the returning waves in back-
ward paths. Multi-functional integrated optic chip (MIOC) performs as a second
Y-coupler (Lithium niobate, LiNbOjs-based Y junction waveguide structure) to
ensure the reciprocal configuration. Besides, MIOC serves as a phase modulator,
and a polarizing waveguide to eliminate the polarization non-reciprocity error.
The working principle of MIOC is based on the electrical-optic effect of the crys-
tal. For the modulation process, the electric field is applied to the substrate and
withdrawn again which results in changing the refractive index of the crystal.
The transmission characteristics of the substrate, therefore, are influenced. This
modulation is regarded as the response to the closed loop feedback signal of the
system [49, 56].
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The result of the interference between two counter-propagating waves is pro-
cessed as an optical signal at the photodetector to detect the Sagnac phase shift.
The optical power is converted by the detector into electrical power. When consid-
ered from this point of view, the detector quantum efficiency, n = N, / Np (where
N =dN /dt is any flow yielding a random counting, Np is the flow of photons per
second, and N, is the number of primary current of electrons per second), must

be as close as possible to 1 in order have high quantum efficiency [43].

2.4.1.3 Optical Difficulties of IFOG and Solution Techniques

It is stated that encountering crucial optical problems in the operation of IFOG
systems is inevitable, even in a perfectly reciprocal system [43]. These optical
difficulties can be caused by other nonreciprocal effects, such as the Shupe effect,
the nonlinear Kerr effect, or the magneto-optic Faraday effect. As it is required to
have higher gyroscope performance grades, error sources and limitations should

be explored conscientiously.

The Shupe effect is considered one of the main performance limitations af-
fecting the accuracy of the fiber-optic gyroscopes. It is occurred by a thermally
induced nonreciprocity in the fiber coil when there is a time-dependent tempera-
ture gradient along the fiber [57,58]. Since this effect results in the CW and CCW
waves traversing a slightly different effective path and creating a thermal distur-
bance, a nonreciprocal phase shift is generated that becomes indistinguishable
from the phase shift caused by rotation. However, the proper thermal modeling
of the fiber coil by taking the efficient winding procedures (cylinder, symmet-
ric, dipole, quadrupole, and octupole) into consideration provides to suppress
the Shupe error as it enables to control the strain distribution through the fiber
coil [59-61]. Selecting and controlling the coil geometrical factors, including the
coil potted length, the adhesive layer thickness, the number of turns per layer,
and the number of layers based on desired IFOG constraints elaborately serves
to prevent any non-homogeneity created during the winding procedure [62,63].
In addition to that, one can surround the fiber with insulating material to reduce

thermal influences on the sensing fiber [64].
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The Faraday effect is another major source of bias error in IFOGs, which causes
the phase drift of the counter-propagating light waves passing through the fiber
coil [43]. In an ideal optical fiber gyroscope positioned in a magnetic field that
is perpendicular to the sensitive axis of the fiber coil, the fiber loop itself acts as
a Faraday device [65]. Since the ideal circular single-mode fiber has uniformly
rotated polarization along its entire length, the IFOG becomes completely insen-
sitive to arbitrary magnetic fields. The phase difference between the CW and
CCW light waves, therefore, is never generated [66]. In an actual IFOG with a
single-mode fiber loop, however, the state of polarization changes unpredictably
along the fiber. Thus, the phase difference appears due to polarization nonre-
ciprocity (PNR) error induced by the Faraday effect in the fiber of coil [67]. The
addition of polarization-maintaining fiber (PMF) and magnetic shield structure
with a high shielding efficiency could be considered a reduction technique for the
Faraday nonreciprocity [68,69]. In order to suppress the magnetic sensitivity, PM
fibers can be utilized to provide the optical compensation in the dual-polarization
[FOGs [70]. With the opposite polarities of the fluctuation between two orthogo-
nal polarization states, which are mutually canceled by summing up their optical
intensities, PNR errors are optically eliminated if the two polarizations have the

same intensity and no coherence [71-75].

The Kerr effect is another important nonreciprocal effect that is originated by
third-order electric polarization [76]. The intensity-dependent perturbations of
the nonlinear index changes are defined as the optical Kerr effect. It is responsible
for a significant rotation-rate error in the fiber-optic gyroscopes by causing an
imbalance between the power levels of CW and CWW waves [77-79]. Due to
the changes in propagation nonlinearity through the medium of the fiber core,
CW and CWW waves may not have identical optical powers. Therefore, the
unequal phase delay for counterpropagating waves appears as resulting from the
different propagation constants that depend on the states of polarization of two
counterpropagating waves [43,49]. This interference between counterpropagating
waves produces a standing wave. If the counterpart of this standing wave could
be generated through some process, the cancellation of the Kerr nonreciprocity

would be possible. A broadband light source, i.e., a low-coherence source, such
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as superluminescent diodes (SLD) is one way for the Kerr effect compensation.
Using MIOC square-wave modulation to bias the FOG for maximum signal-to-
noise ratio by adding an optical gate at the output of the laser is a further method
for eliminating the Kerr-induced drift [80].
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Chapter 3

Numerical Studies

A conventional Panda-type PM fiber and a PM fiber with an elliptical core are
the two most common designs of PM fiber, as illustrated in Fig. 3.1a I and II.
The SAP in a typical Panda-type PM fiber (Fig. 3.1a.I) serve a crucial role
in the sense that they extend all around the core, which causes the fiber core
to be subjected to a significant amount of stress. SAPs are located in a typical
Panda-type PM fiber, where polarized light propagates more slowly along the so-
called slow axis. The axis orthogonal to the slow axis, along which light travels
relatively at a faster velocity, is referred to as the fast axis. On the other hand,
when polarized light is released along the major axis (slow axis) of the elliptical
core of PM fiber (Fig. 3.1a.Il), the light propagates at a slower velocity than if
it was launched along the minor axis (fast axis). Therefore, we combined these
two geometries providing as the design of biaxial PM fiber (P, and P,), as given
in Fig. 3.1a.IlIl. In this way, we anticipated that such PM fiber showing both
a Panda-type and an elliptical core will possess the characteristics of these two

designs.
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In the case that the aforementioned geometries are combined, polarized light
launched along the axis in which SAPs are positioned will be compelled to prop-
agate at a slower velocity. When the polarized light is launched along the major
axis of the elliptical core of PM fiber, however, then it will be forced to propagate

relatively at a slower velocity through this axis, which is orthogonal to SAPs.
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Figure 3.1: (a) The schematics of the biaxial PM fiber (III) formation by com-
bining Panda-type (I) and elliptical core (II) PM fiber (b) the schematics of a
cross-sectional image of the biaxial PM fiber with 80 um cladding and the re-
spective refractive index profiles along two axes
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We performed the finite element method (FEM) using COMSOL to simulate
the numerical studies. FEM is utilized to discretize the problem, divide it into
smaller discrete parts (subdomains), named as elements, and thus have the ge-
ometrical model meshed, as presented in Fig. 3.2. In other words, this task of
having a system or a structure relatively in much smaller pieces is often called
meshing. However, several features and functionality, such as sequence type,
element type, element order, element quality, specified size and distribution of
elements, and mesh quality, should be taken into account during mesh building
to ensure that the model geometry is properly and efficiently resolved for com-

putation. Some important parameters used in numerical studies is also reported
in Table 3.1 and 2.
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Figure 3.2: The representation of discretizing the model of proposed biaxial PM
fiber into the finite shape of free triangular elements

The ellipticity of the biaxial PM fiber core is 0.6 which is determined using

the equation expressed by,

e=1-— (31)

a
b

where a and b are values of the minor and major axes, respectively.
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The initial biaxial PM fiber parameters, including a Hi-Bi Panda-type PM fiber
design with a diameter of 25 um of the SAPs that are highly doped B5Os3, cor-
responding to a doping value of approximately 20 mol% were used for numerical
simulations by taking the fiber optic gyroscope applications generally operating
at a wavelength of 1550 nm into consideration. The cladding diameter of the
biaxial PM fiber is 80 pum. The SAPs must be adequately separated from the
core to reduce transmission loss. Furthermore, it is also required that SAPs must
be as close to the core as possible to produce high birefringence [29]. Thus, the
distance between the SAPs and the highly elliptical core was chosen as 6 pm.
The region, where the fused silica buffer layer surrounds the SAPs, is sensitive
to mechanical deformation under conditions of high-temperature drawing in a
vacuum environment. As the region is subjected to drawing circumstances, its
shape can be altered, especially in the direction of the fiber core. Therefore, we
assumed that the strain is independent of the fiber cladding diameter along the
z-direction. With this assumption, the diameter of the fiber, the tension of draw-
ing, and temperature in the generalized plane strain formulation were maintained
constant until the significantly elliptical core was detected during the manufactur-
ing process. Since the polarization properties of Hi-Bi fibers are strongly sensitive
to chemical composition, the trend of the refractive index (RI), which varies with
different amounts of BoO3 into the SiO, glass network, and variations in the co-
efficient of thermal expansion (CTE) were studied well [81]. In the simulations
for SAPs, a corresponding RI change of 7.9 x 1072 and a CTE of 2.35x 107° 1/K
were applied. Moreover, an elliptical and a relatively high GeO,-doped silica core
of 5 mol% with an index difference around 1% (NA ~ 0.20) were used to provide
biaxial PM properties with Hi-Bi in Fig. 3.1b.
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3.1 Hi-Bi Biaxial Panda Type Fiber Parameters
and Modal Properties

Mechanical stress in optical fibers is a significant issue in fiber development and
research since the intrinsic stress has an effect on the optical and mechanical
properties of optical fibers and thus influences their modal behavior [10]. If this
stress was sufficient to induce significant changes in the refractive index profiles
of the different glass components (e.g. core and cladding) in the optical fiber, it
became possible to create the optical anisotropy [82] that leads to birefringence.
Therefore, we have investigated the effect of the lateral stress distribution using

the finite-element method.

We applied the general linear stress-optical relation for PM fiber to calculate
the stress-induced refractive index (RI) changes by using tensor notation [83], as

follows:

Ang; = =Bijuom = nij — noly; (3.2)

where ny is the stress-free RI of the materials, I,; is the identity tensor, Bjjj; is
the stress-optical tensor, and oy; is the stress-tensor. As cylindrical symmetry is
considered, the non-diagonal parts are not involved. Therefore, two independent

stress-optical coefficients B; and B, as follows:

ng =ng — Bioy, — Ba(oy +0) (3.3)
ny = ng — Bioy — Ba(o, +0,) (3.4)
n, =ng — Byo, — By(o, + 0y) (3.5)

28



where B; and B are inserted from [84] respectively 0.65 x 1075 MPa™! and
4.2 x 107 MPa~!. The lateral stress distribution of the proposed PM fiber is
represented in Fig. 3.3a. The biaxial modal birefringence is demonstrated in
Fig. 3.3b as well. The modal birefringence along two orthogonal axes is found
about 1.37 x 107 whose maximum and minimum values are 1.42 x 1072 for Axis

1 and 1.16 x 1073 for Axis 2 respectively, through the edges of the fiber core.

Table 3.1: The parameters used in numerical studies

Ng; 1504 An Ncore
3.5 1.444 0.0075 1.4575
Vs; VSiOs B1 (1/Pa) Bg (1/Pa)
0.19 0.17 6.5 x 10713 4.2 x 10712
ag; (1/K) O./Sio2 (1/K) ESi (Pa) ESi02 (Pa)
2.5x 1076 3.5x 1077 1.1 x 10 7.8 x 1010
psi (kg/m?) psio, (kg/m?) Ty (K) Ty (K)
2330 2203 2253.2 293.15
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Figure 3.3: (a) The lateral stress distribution (b) the biaxial modal birefringence
values of the proposed biaxial PM fiber.
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Table 3.2: The MFDs and the difference of the propagation constants two axes

Launched Axis MFD (pm) ApB (rad/m)
Axis 1 3.87 6.6 x 10*
Axis 2 3.88 6.5 x 10*

The change in the stress distributions along the edge of the fiber core causes
the difference in the modal birefringence along two axes. The result of the modal
birefringence, which was calculated in Fig. 3.3b, is greater than that of the
majority of the typical all-glass-based PM fibers reported in [85]. The relation
between modal birefringence and thickness of the stress-applying part, as reported
in [12,86] indicates that high modal birefringence values can be obtained till a
diameter of Fgap ~ 60 pm. Therefore, the further improvement in polarization
extinction ratio (PER) values is enabled by considering that we possess the com-
bination of conventional Panda-type PM fiber and elliptical core, including the
SAPs with a diameter of @gap =~ 25 um. Thus, it can be concluded that not only
the maximum lateral stress level established in this study is greater compared to
that represented in the preceding article [10] but also the biaxial birefringence
values around two orders of magnitude are higher than the birefringence calcu-
lated [12].

The simulation results of the biaxial PM fiber parameters, such as the mode-
field-distances (MFDs) and the propagation constant, are given in Table 3.2 as

the light is launched along two orthogonal axes.

In conclusion of the numerical results, it can be stated that the intrinsic stress
generated by the proposed PM fiber design leads to a fairly significant variability
difference between the propagation constants of two orthogonal polarized modes,
(AB = Bazist — Bawis2) in rad/m, when the light is launched along Axisl. More-
over, the exhibited results indicate that the phase birefringence along the two
axes is nearly identical with a minor difference along the fiber core’s edges result-
ing from the fact that the stress increases along Axisl or decreases along Axis2
in Fig. 3.3b.
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Chapter 4

Fabrication of the Biaxial PM
Fibers

The fiber preform with a diameter of 50 mm was obtained by the plasma-enhanced
chemical vapor deposition (PCVD) fabrication process [87]. In order to have high
birefringence in PM fibers, high doping concentration in the SARs, which were
placed independently within two drilled holes in the preform, is required above
16% mole [9]. The finished preform was controlled for clarity, concentricity, and
critical dimensions. High birefringence is particularly important in gyroscope
applications where environmental conditions can degrade this property. There-
fore, the performance of PM fibers under such environmental conditions including

temperature changes must be tested.

In order to have drawing conditions, a dummy preform with the same geometry
of the real PM fiber preform was utilized. The drawing parameters, such as
fiber drawing temperature and speed, preform feed speed, primary and secondary
polymer pressure and temperature, and the sizes of coating dyes were determined.
High-temperature fiber drawing tower (Fig. 4.1) was aligned one day before the
real drawing, pre-determined dyes were inserted into the fiber drawing tower,
and the polymer tanks were heated to 30 °C. In the day of drawing the PM fiber,

the preform was also aligned with respect to the center of the high-temperature
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Figure 4.1: High-temperature fiber drawing tower

furnace. High-temperature fiber drawing was started when the preform tip at the
center of the heating zone was melted and dropped via the gravitation through
the end of the furnace and the first capstan. When the capstan was closed, the
diameter of the first drop was decreased to the requested size of the PM fiber
cladding around 80 pum. After this point, the fiber was fed downstairs where the
polymer coating units were present. After the insertion of the PM fiber through
coating units and the second capstan, the first capstan was closed. And then,
the primary and the secondary polymer coating processes were started. The fiber
diameter was kept at the target diameter of 80 um during the fiber drawing
process. At the end of the process, the entire fiber was coated with double UV-

acrylic polymers to provide mechanical protection and maximize fiber strength.

The biaxial PM fibers with a length of over 3 km were drawn under a vacuum
at 1 mBar. Throughout the fiber drawing process, a near-infrared pyrometer
with a sensitivity of 15 °C was used to control and measure the temperature.
The core of the fiber was formed as a circular, elliptical, and highly elliptical
core by adjusting the temperature as T; = 1950 °C, Ty = 1970 °C, and T3 =
1990 °C respectively in the initial part of the drawing, as illustrated in Fig. 4.2.
This indicates that the shape of the PM fiber core can be changed and controlled
by applying different temperatures while all other drawing parameters (drawing

speed of 15 m/min, etc.) are maintained constant.
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Figure 4.2: Schematic of the biaxial PM fiber drawing at different temperatures
over 1950 °C demonstrates its controlled formation

The backscattered SEM image of PM fiber was obtained to determine the
exact sizes of the core along minor and major axes and SAPs, as presented in
Fig. 4.3b. The combination of a Panda-type PM fiber and an elliptical core PM
fiber was manufactured as a novel geometry with a cladding diameter of 80 pm.
Along the orthogonal axis (Axis 2) to the axis (Axis 1), where the stress-applying
parts (SAPs) are placed, the ellipticity with a length of 6.3 ym and 2.8 pm along
minor and major axes, respectively, was generated. The core, SAPs, and cladding
differ by brightness due to variations in elemental distributions such as Ge-doped
core, B-doped SAPs, and pure SiO, cladding, respectively. Wavelength dispersive
X-ray spectroscopy (WDS) measurements confirmed these differences, including
5 mol% GeOs-doped silica along the core and 20 mol% ByO3-doped silica along
the SAPs.
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Figure 4.3: (a) An image of the PM fiber preform when conducting the biaxial
PM fiber drawing (b) the cross-sectional optical image of 3 km end face of the
biaxial PM fiber with 80 um cladding. In the inset, a back-scattered SEM image
is provided (c) The entire production of the biaxial Hi-Bi PM fiber coils with a
length of 100 km
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Chapter 5

Characterization and

Performance Tests

Once the cladding diameter stabilized at 80 pm 4 1 pm during the fiber preform
drawing, we began to use an optical microscope (Model: Zeiss Axio) to scan the
structural changes during the drawing process. After the drawing process was
completed, a length of fiber was taken as a sample and cleaved by an optical fiber
cleaver (Model: Fujikura CT105+) and the fiber’s cross-section was coated with
a 10 nm Au-Pd coating before collecting scanning electron microscope (SEM)
images. Then, the back-scattered SEM images, as given in Fig. 4.2b, were
collected using a high-resolution SEM (Model: FEI NanoSEM) at 20 kV poten-
tial. The wavelength dispersive X-ray spectroscopy (WDS) measurements were
also performed utilizing a spectrometer (Model: Oxford Instruments), which was
mounted within the SEM.

With the use of two-point bending measurements (Model: FiberSigma) and a
micromechanical tester (Model: Instron 5900 Series), the mechanical character-
istics, such as the minimum diameter and the fiber breaking point, of the biaxial
PM fiber were determined to demonstrate the fiber’s performance. The results
are listed in Table 5.1 and they are compatible with the typical Hi-Bi PM fibers.
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Table 5.1: The mechanical properties of the biaxial PM fiber

Biaxial PM Fiber

Two-point Bending Measurement < 1.5 mm (no breaking occurred)

Micromechanical Tester (Breaking Force) 3.9 + 0.2 GN/m? (= 565 kpsi)

In measurements of two-point bending, the instrument’s minimum bending
diameter is 1.5 mm, and the biaxial PM fiber was not broken until this point. On
the other hand, during the tensile test, the fiber is stretched from both sides. The
breaking force is measured as the fiber was completely broken from the center of
the tested fiber. These measurements have been conducted a minimum of three

times.

The optical time-domain reflectometer (OTDR) (Model: AFL FLEXSCAN)
measurement, was performed for the determination of the optical loss, as given
in Fig. 5.1. The measurement indicates that the optical loss at the wavelength
of 1550 nm is approximately 1.42 £+ 0.08 dB/km, with a homogeneity over 3
km length, which can be considered to be compatible with the commercial fibers
fabricated by Coherent/Nufern (Product: PM1550G-80/170-5) [88] and Corning
(Product: RC PM 1550) [89], as tabulated in Table: A.1.

e

Optical Loss (dB)

|

A Bkr-—-\—-—-

2500 5000
Fiber Length (m)

Figure 5.1: The OTDR measurement for the determination of the optical loss at
1550 nm along over 3 km length between the points A and B
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Moreover, the NAs and the MFDs of the output polarized light along two axes
were determined by spatially recording the light intensity distribution at different
angles, as given in Fig. 5.2, employing a conventional technique known as direct
far-field scan [90]. The measurements were performed separately for the fast and
slow axes of the biaxial PM fiber. It is very important to ensure that the center
of the photodetector’s detection area is located directly opposite the fiber end at

0°. The angle of scanning was increased until the photodetector read no light

intensity.
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Figure 5.2: The optical setup configuration to determine the NAs and MFDs of
the test biaxial PM fiber
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The sinf values were calculated, as shown in Fig. 5.3, for the determination

of NA values along two PM axes and also outlined in Table 5.2.
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Sino
Figure 5.3: Normalized light intensity collected at the output of the biaxial PM

fiber at various angles for the determination of its NAs and MFDs in two different
incident light launch conditions along Axis 1 and Axis 2.

Moreover, the Petermann II formulization [91,92], which is referred to as a

ratio of integrals from the far-field intensity distribution, is utilized as follows:

M2 [ [iF Pr(6)sincos6dd) | *

MFD = 3
T | J7 Pr(8)sin® 0 cos 6df

(5.1)

where Pr(#) is the far-field intensity distribution, A is the wavelength in pum
and 6 is the angle in the far-field measurement from the axis of the fiber. The
MEFED values, as reported in Table 5.2, were determined to be close to the ex-

perimental error (£ 0.5 pm) of the numerical studies’ results.
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The characterization of step-index single-mode PM fiber was also examined by

considering the relation between V-number and cut-off wavelength expressed by,

2ma 2ma

VLN (5.3)
C V :

where a is the mode field radius. The cut-off wavelengths for each axis (Axis
1 and Axis 2) were determined using the MFD and NA values from Table 5.2
and presented in Fig. 5.4. The cut-off wavelengths were measured at about
1028.5 nm for Axis 1 and 995.5 nm for Axis 2. At these and longer wavelengths,
our proposed biaxial PM fiber behaves as a single-mode fiber since only the

fundamental mode propagates through it.
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Figure 5.4: The cut-off wavelengths of PMF for Axis 1 and Axis 2
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For the measurement of the polarization extinction ratio (PER), the in-house
built set-up was performed, as shown in Fig. 5.5. An incident 35 dB polarized
light launched from a laser source was coupled to the core of the test biaxial PM
fiber in between two polarizing beam splitters with the help of optical components
given in the schematic. Cladding light stripper (CLS) components were also
implemented at both ends of the test biaxial PM fiber. In this way, the unwanted

residual pump power is removed from the system [93].

Laser at
1550 nm

A
Er-doped Lens 2 Llens
Fiber WDM BS Single
) -.-II- — Mode
PM Fiber
CLs Coil
Laser at ﬂ window

980 nm

P°Wer|:|_ CE -
meter
cLs
A Llens window
Photo
Detector

Figure 5.5: The optical setup configuration of PM fiber characterization

OSA

The x-and y-mode polarization modes, as illustrated in Fig. 5.6, at the
entrance and exit of the fiber could be selected by using a pair of half-wave
plates, which serve as polarizers and analyzers, and polarization beam splitters.
A power meter (Model: Coherent FieldMax II) was also utilized to measure the
power values of each polarized beam. Therefore, the light, which is coupled to the
PM fiber and propagates through the test biaxial PM fiber, is said to determine

to what extent the polarization of the light is maintained.
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Figure 5.6: Launching light with linear polarization (~35 dB) along parallel (Axis
1) and perpendicular (Axis 2) to SAPs conducted in the PER measurements

With the use of a 980/1550 nm wavelength division multiplexer (WDM) with
HI1060 fiber connectors, we pumped 1.5 m of an Er-doped fiber (Model: Liekki
Er80-8/125) to generate a back-scattered amplified spontanecous emission (ASE)
source. At the other end of the WDM, the ASE was launched through the test
biaxial PM fiber for the interference spectra, which were collected by using an op-
tical spectrum analyzer (OSA), as presented in Fig. 5.5, along two polarization-
maintaining axes. The high PM property is provided for both axes (Axis 1 and
Axis 2) due to the novel combination of Panda-type and elliptical core PM fiber.
As the SAPs enable PM property along the axis (Axis 1), which is conventionally
called the slow-axis, Axis 2 possesses an additional high PM property created by

the elliptical core geometry when the light is launched along this axis.
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In order to verify the accuracy of the numerical results, the PER measurements
were first carried out independently along these two axes at room temperature.
The PER values of the test biaxial PM fiber length of 110 m along Axis 1 and Axis
2 are given in Fig. 5.7a, and Table 5.2 provides the experimental results along
two axes that validate the biaxial PM properties of greater than 30 dB along
both axes. Our results were observed to be compatible with the commercial
fibers manufactured by the companies such as, Coherent/Nufern (Product No:
PM1550G-80/135-2HP and PM1550G-80/170-5) [88], Corning (Product No: RC
PM 1550) [89], and YOFC (Product No: PM1550 80-18/135) [94].
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Figure 5.7: (a) The PER measurements at different operating temperatures from
-55 °C to +85 °C (b) The bending diameter dependent PER deterioration along
two axes (¢) The interference spectra of the biaxial PM fiber as a function of
wavelength with the polarizations oriented at 45° to the polarization axes Axis 1
and Axis 2
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Table 5.2: The experimental modal properties at the wavelength of around 1550
nm

Biaxial PMF NA MFD (um) PER (dB) BpGroup (mm) Béroup

Axis1  0.181 4.35 31.7 £ 1.3% 1.40 (1.12 +£ 0.33) x 1073

Axis2  0.176 433 30.5 £ 0.5% 1.45 (1.07 £ 0.32) x 1073

The PER measurements were not just completed in a room temperature envi-
ronment. They were also conducted in harsh temperature conditions, where the
differences in the PM property between Axis 1 and Axis 2 are +0.5 % and £1.3 %
approximately, respectively. Firstly, the test biaxial PM fiber was placed inside a
furnace (Model: NUVE EVO18) to conduct the PM properties at temperatures
from 25 °C to 85 °C. Secondly, the PM properties were examined in a container
filled with liquid nitrogen at temperatures ranging from 25 °C to -55 °C while the
thermocouple continuously measured the temperature. We kept the fiber sample
for several hours at these temperatures and at a storage temperature of -20 °C for
over a day. Eventually, there was almost no degradation observed in the PER val-
ues along both axes. Besides, fiber optic based sensors [95], particularly PM-fiber
optic based sensors [96], are commonly employed for environmental monitoring,
in which the fiber is exposed to a wide range of temperatures. Moreover, at three
different bending diameters (& = 5, 8, and 12 mm), the bending performance of
biaxial PM fiber was tested in terms of loss in the PERs along two axes. As the
Fig. 5.7b demonstrates, the maximum loss in the PERs along two axes is less

than 0.5 % for all bending diameters examined.

The PER measurements were also conducted in order to investigate the impact
of drawing conditions on the geometry and PER performance of the biaxial PM
fibers, as presented in Fig. 5.8 and the results are tabulated in Table 5.3.
As the different temperatures (T;= 1950 °C, To= 1970 °C, and T3= 1990 °C)
were adjusted to fiber preform during the initial part of the drawing process, the
core of the fiber was formed as a circular, elliptical, and highly elliptical core.

In this way, it is concluded that the shape of the PM fiber core can be changed
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Table 5.3: The PER values of PM fiber for both axes with different ellipticities
of core radius

Biaxial PM Fiber | PER (dB) | Distance between SAPs (um)

e=0.12 28.5 10.86
e= 0.40 30.5 8.83
e= 0.50 31.7 6.57

and controlled. Conditions for the formation of the Hi-Bi biaxial PM fiber were
obtained. These temperature variations not only resulted in structural changes
to the fiber core but also influenced PER measurements. As the temperature
increases, the boron-doped rods approach each other, and the fiber core becomes
gradually elliptical. The reduction in the distance between the rods causes a
higher intrinsic pressure on the axis due to the stress created on the fiber core,
thus yielding the Hi-Bi property and the PER values over two principal axes Fig.
5.7.

Figure 5.8: (a) The cross-section of PM fiber with an ellipticity of e= 0.12, (b)
e= 0.40, and (c) e= 0.50, respectively

The second method for validating the biaxial PM property involves measur-
ing the beat length values at the polarizations oriented with 45° angles to the
main polarized axis. The Fig. 5.7c shows the interference spectra of the biaxial
PM fiber when the amplified spontaneous emission (ASE) source was launched
at 45° to Axis 1 and Axis 2. In this way, it enables to collect the broad-
band interference pattern between the respective slow and fast axes for each
polarization-maintaining axis that become in and out of phase together. When

light is launched at the polarizations oriented with 45° angles to the major axis of
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the elliptical core, the same technique is applied to the determination of the beat
length. Therefore, there occurs 7/2 difference in angles between launched axes to
determine the beat length for Axis 1 and Axis 2. Thus, A\ values corresponding
to the distance between two consecutive peaks at about 1550 nm were measured.
Then, group beat length is calculated over a particular length of the biaxial fiber

in the following manner [2]:

(ANL

S (5.4)

BL(Group) (mm) -

Then, the group birefringence values for each polarization-maintaining axis

were found as follows:

A2 A

= 5.5
(A/\) L BL(Group) ( )

B(Group) =

As the results along two axes are reported in Table 5.2, the corresponding
group beat length and the group birefringence values are below 1.5 mm and

around 1.1 x 1072 with a standard deviation of 40.33 and #0.32, respectively.

As the difference between phase birefringence and group birefringence of PMF's
is theoretically and experimentally discussed in [97], these differences depend
on the design of the PM fibers. In the shape-induced birefringence PM fibers,
such as the case in elliptical-core fibers, the group and phase birefringence values
are different, and even the group birefringence can be as twice as the phase
birefringence. Beside, the two birefringences of the stress-induced birefringence
PM fibers are nearly identical, as in Panda-type PM fibers. On the other hand,
both stress-induced birefringence and geometry-induced birefringence are present
in the biaxial PM fiber examined in this study. It can be stated that the group

birefringence is one to two times greater than the phase birefringence.
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5.1 Tapering Effect on Hi-Bi PM Fiber

The term "taper” refers to the gradual increase or decrease in fiber core diameter
along the length of the fiber [2]. In this section, the method of taper drawing is
employed to fabricate the microscopic optical fibers with extraordinary diameter
uniformities. To produce the tapered devices, an arc fusion splicer (Model: Fu-
jikura FSM-100M+) was utilized. As it is illustrated in Fig. 5.9, a section of
the fiber was heated and stretched into different cladding diameters (around 45,
31, and 16 pm), as shown in Fig. 5.10, by taking care the transition is adiabatic
as much as possible, to ensure that the test biaxial PM fiber still preserves its
optical properties and the input polarization state of the propagating signal at

the fiber output.

Electrode

y on Untapered Fiber y
[ Taper Length W’
L~ ’lT’ i "lT’ L
[ ./l Taper Waist /1

X X

Diameter

Fiber Diameter

Electrode

Figure 5.9: Schematic diagram of an adiabatically tapered PM fiber

The polarization-extinction ratio (PER) measurements were observed for each
axes (Axisl and Axis2) at different taper waist diameters, as summarized in Ta-
ble 5.4. The PER measurements were repeated two times at different angles 6,
and 6, with an angle difference of 90° difference between them. As the angle
was chosen where the PER value is highest, the beat length measurements were
obtained for each different waist diameter, in Fig. 5.11. After the tapering pro-
cess, it is evident that PER values decreased from over 30 dB, which corresponds
to the degree of polarization (DoP) of 99.9 %. However, even with the minimum
taper waist diameter (around 16.5 pym), the PER values vary from 16 dB (DoP:
97.5 %) to 19 dB (DoP: 98.7 %) which is considered acceptable in the majority
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of instances according to [98].

Distance 45,478 um

Figure 5.10: The optical microscope images of the tapered PM fibers with differ-
ent waist diameters (a) around 45.5 pm, (b) 31 pum, and (¢) 16.5 um, respectively

Table 5.4: The PER values of the tapered PM fibers with different waist diameters

Axis 1 Axis 2
Waist Diameter (um) | PERg; (dB) PERgs (dB) | PERg; (dB) PERg, (dB)
45.5 16.10 16.00 16.09 16.16
31.0 16.92 16.97 17.03 16.85
16.5 18.98 17.83 19.18 17.85

Although the beat length values increased and the birefringence values de-

creased by 23 % respectively in the case of tapered biaxial PM fiber, resulted in

Table 5.5, compared to the untapered case, resulted in Table 5.2, these values

are observed to be superior to that found in the previous reports [5,99]. There-

fore, one can conclude that the biaxial PM property is still validated under the

tapered condition.

Table 5.5: The beat length and birefringence values of the tapered biaxial PM
fiber with taper waist diameters

Taper Waist Diameter (um) | Beat Length (mm) | Birefringence
45.5 1.873 8.25 x 1074
31.0 1.843 8.41 x 1074
16.5 1.806 8.58 x 1074
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Chapter 6

Conclusion

In this study, the fiber preform with a diameter of 50 mm was produced by the
modified chemical vapor deposition (MCVD) fabrication process and the symmet-
rical boron-doped stress-applying rods (SARs) were placed independently within
two drilled holes in the preform. A Hi-Bi biaxial PM fiber was fabricated by
adjusting the different temperatures in order to form circular, elliptical, and
highly elliptical core during the fiber preform drawing. This unique manufac-
turing method has been discovered to contribute to the creation of such Hi-Bi
fibers by reducing the distance between the SAPs and the core. Therefore, the bi-
axial PM fibers with a length of over 3 km were fabricated from the fiber preform.
Also, the biaxial PM feature was confirmed by finite element method studies us-
ing COMSOL. The numerical studies of the initial biaxial PM fiber parameters
were formed by taking the gyroscope applications generally operated at 1550 nm
into account, including a Hi-Bi PM fiber with Panda-type PM fiber design, the
SAPs with a diameter of 25 pum, and 5 mol% GeO,-doped silica along the core and
20 mol% B,03-doped silica along the SAPs. An optical microscope, a scanning
electron microscope (SEM), a wavelength dispersive X-ray spectroscopy (WDS),
two-point bending equipment, an optical time-domain reflectometer (OTDR),
and an optical spectrum analyzer (OSA) were the leading main characterization
tools that have been used. A fiber length of 110 m was tested for the determi-
nation of PER studies. PER values of our biaxial PM fiber were greater than 30
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dB along two axes at different harsh operating temperatures from -55 °C to +85
°C. Along two polarized axes, the mode field diameter (MFD) and the numeri-
cal aperture (NA) values were also determined. Moreover, PER-supporting group
beat length measurements indicated high birefringence values along two PM axes.
The production of the Hi-Bi biaxial PM fiber with an elliptical core perpendicu-
lar to the SAPs necessitates two primary criteria, which were (i) a comparatively
high level of BoO3 doping in the SAPs and (ii) a significantly higher drawing
temperature compared to the conventional Panda-type PM fibers. We achieved
less than 1.5 dB/km of optical loss over a distance of 3 kilometers, with excellent
uniformity. Furthermore, t he results of the micromechanical testing and the
2-point bending measurement techniques indicated that the Hi-Bi biaxial PM
fiber possesses a mechanical property that is consistent with that of conventional
PM fibers. Moreover, the different waist diameters of the tapered elliptical core
Panda-type PM fiber were manufactured with the taper drawing technique, using
an arc fusion splicer. For each waist diameter, the beat length and birefringence
measurements were obtained and observed to be superior to that found in the
other studies. The biaxial PM property, therefore, was still proven even under
the tapered condition. To conclude, this novel PM fiber type can be integrated
into fiber optic systems that use either elliptical core or Panda-type PM fibers

with minimal loss, and high polarization maintenance.

20



Bibliography

1]

T. L. Singal, Optical fiber communications: principles and applications.

Cambridge University Press, 2016.

A. Méndez and T. F. Morse, Specialty optical fibers handbook. Elsevier,
2011.

W. Tong, H. Wang, J. Luo, and D. Liu, “Fabrication of a long-length and
low-loss pmf and measurement of its properties,” in Passive Components
and Fiber-based Devices II, vol. 6019, pp. 120-124, SPIE, 2005.

D. Goff, Fiber optic reference guide. Routledge, 2002.

H. Li, X. Li, J. Wang, M. Rochette, and H. Yang, “High extinction ratio el-
liptical core panda-type polarization-maintaining fiber coil,” Optics Letters,
vol. 46, no. 17, pp. 42764279, 2021.

P. Zhou, L. Huang, J. Xu, P. Ma, R. Su, J. Wu, and Z. Liu, “High power
linearly polarized fiber laser: Generation, manipulation and application,”
Science China Technological Sciences, vol. 60, no. 12, pp. 1784-1800, 2017.

Z. Ding, C.-P. Liang, and Y. Chen, “Technology developments and biomed-
ical applications of polarization-sensitive optical coherence tomography,”
Frontiers of Optoelectronics, vol. 8, no. 2, pp. 128-140, 2015.

J.-i. Sakai and T. Kimura, “Birefringence and polarization characteristics
of single-mode optical fibers under elastic deformations,” IEEE Journal of
Quantum Electronics, vol. 17, no. 6, pp. 1041-1051, 1981.

51



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

A. Karatutlu, E. Y. Yildinm, E. Kendir, Y. Midilli, S. Ak¢imen, and
B. Ortag, “Fabrication of biaxial polarization-maintaining optical fiber with
ultra-low bending-dependent polarization extinction ratio deterioration,”
Optical Fiber Technology, vol. 69, p. 102836, 2022.

F. Just, R. Spittel, J. Bierlich, S. Grimm, M. Jager, and H. Bartelt, “The
influence of the fiber drawing process on intrinsic stress and the resulting

birefringence optimization of pm fibers,” Optical Materials, vol. 42, pp. 345—
350, 2015.

C. Emslie, “Polarization maintaining,” Specialty Optical Fibers Handbook,
p. 243, 2011.

J. Noda, K. Okamoto, and Y. Sasaki, “Polarization-maintaining fibers and
their applications,” Journal of Lightwave Technology, vol. 4, no. 8, pp. 1071—
1089, 1986.

J. Laferriere, G. Lietaert, R. Taws, and S. Wolszczok, Reference guide to
fiber optic testing, vol. 1. JDS Uniphase Corporation San Jose, CA, USA,
2007.

N. I. Zanoon, “The phenomenon of total internal reflection and acceleration

of light in fiber optics,” International Journal of Computer Applications,
vol. 975, p. 8887, 2014.

C.-A. Bunge, M. Beckers, and T. Gries, Polymer Optical Fibres: Fibre
Types, Materials, Fabrication, Characterisation and Applications. Wood-
head Publishing, 2016.

J. W. Shirley, “An early experimental determination of snell’s law,” Amer-
ican Journal of Physics, vol. 19, no. 9, pp. 507-508, 1951.

M. Born and E. Wolf, Principles of optics: electromagnetic theory of prop-

agation, interference and diffraction of light. Elsevier, 2013.

D. Drosdoff and A. Widom, “Snell’s law from an elementary particle view-

point,” American journal of physics, vol. 73, no. 10, pp. 973-975, 2005.

52



[19]

[20]

[21]

23]

[24]

[25]

[27]

[28]

[29]

J. Metz, “The geometry of snell’s law,” The Physics Teacher, vol. 52, no. 3,
pp. 177177, 2014.

P. Chakrabarti, Optical Fiber Communication. McGraw-Hill Education,
2015.

R. J. Potter, “Transmission properties of optical fibers,” JOSA, vol. 51,
no. 10, pp. 1079-1089, 1961.

N. A. Issa and W. E. Padden, “Light acceptance properties of multimode
microstructured optical fibers: Impact of multiple layers,” Optics Fxpress,
vol. 12, no. 14, pp. 3224-3235, 2004.

R. Nasirifar, M. Danaie, and A. Dideban, “Hollow-core graded index optical
fiber refractive index sensor based on surface plasmon resonance,” Optical
and Quantum FElectronics, vol. 52, no. 7, pp. 1-23, 2020.

Y. Kato, K. Kitayama, S. Seikai, and N. Uchida, “Effective cutoff wave-
length of the lp 11 mode in single-mode fiber cables,” IEEE Journal of
Quantum Electronics, vol. 17, no. 1, pp. 35-39, 1981.

O. Celikel, “Mode field diameter and cut-off wavelength measurements of
single mode optical fiber standards used in otdr calibrations,” Optical and

quantum electronics, vol. 37, no. 6, pp. 587-604, 2005.

D. Bayuwati, T. Waluyo, and I. Mulyanto, “Determination of the effective
cut-off wavelength of several single-mode fiber patchcords,” in Journal of
Physics: Conference Series, vol. 985, p. 012002, IOP Publishing, 2018.

A. A. GHATAK, A. Ghatak, K. Thyagarajan, and K. Thyagarajan, An

introduction to fiber optics. Cambridge university press, 1998.

L. Wang and S. LaRochelle, “Design of eight-mode polarization-maintaining
few-mode fiber for multiple-input multiple-output-free spatial division mul-
tiplexing,” Optics letters, vol. 40, no. 24, pp. 5846-5849, 2015.

N. Shibata, Y. Sasaki, K. Okamoto, and T. Hosaka, “Fabrication of
polarization-maintaining and absorption-reducing fibers,” Journal of Light-

wave Technology, vol. 1, no. 1, pp. 3843, 1983.
53



[30]

[31]

[32]

[37]

[38]

[39]

[40]

[41]

[42]

L. J. Vandergriff and V. McLean, “Nature and properties of light,” Funda-
mentals of Photonics, pp. 1-38, 2008.

J. Shipman, J. D. Wilson, C. A. Higgins, and B. Lou, An introduction to
physical science. Cengage Learning, 2020.

W. L. Stutzman, Polarization in electromagnetic systems. Artech house,

2018.

M. Avadhanulu, A textbook of engineering physics. S. Chand Publishing,
2008.

D. Singh, Fundamentals of optics. PHI Learning Pvt. Ltd., 2015.
G. Konnen and G. Konnen, Polarized light in nature. CUP Archive, 1985.

S. Rashleigh, “Origins and control of polarization effects in single-mode
fibers,” Journal of Lightwave Technology, vol. 1, no. 2, pp. 312-331, 1983.

G. P. Agrawal, “Nonlinear fiber optics,” in Nonlinear Science at the Dawn
of the 21st Century, pp. 195-211, Springer, 2000.

M. F. Ferreira, Nonlinear effects in optical fibers. John Wiley & Sons, 2011.

R. A. Serway and J. W. Jewett, Physics for scientists and engineers. Cen-
gage learning, 2018.

H. Gong, H. Song, S. Zhang, K. Ni, and X. Dong, “An optical liquid level
sensor based on polarization-maintaining fiber modal interferometer,” Sen-
sors and Actuators A: Physical, vol. 205, pp. 204-207, 2014.

H. H. Qazi, A. B. Mohammad, H. Ahmad, and M. Z. Zulkifli, “D-shaped
polarization maintaining fiber sensor for strain and temperature monitor-

ing,” Sensors, vol. 16, no. 9, p. 1505, 2016.

X. Zhu, W. Liu, D. Sun, G. Zhang, L. Zou, Z. Liang, Z. Han, and Y. Shi,
“High-sensitive acoustic sensor based on microfiber mach—zehnder interfer-
ometer with tapered polarization-maintaining fiber,” Fiber and Integrated
Optics, pp. 1-21, 2022.

o4



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[52]

[53]

H. C. Lefevre, The fiber-optic gyroscope. Artech house, 2022.

V. Vali and R. Shorthill, “Fiber ring interferometer,” Applied optics, vol. 15,
no. 5, pp. 1099-1100, 1976.

R. Bergh, H. Lefevre, and H. Shaw, “An overview of fiber-optic gyroscopes,”
Journal of Lightwave Technology, vol. 2, no. 2, pp. 91-107, 1984.

Y. Giinhan, “Ataletsel oOl¢tim birimi hatalarinin = belirlenmesi ve
diizeltilmesi,” 2014.

G. Sagnac, “L’éther lumineux démontré par 'effet du vent relatif d’éther
dans un interférometre en rotation uniforme,” CR Acad. Sci., vol. 157,
pp. 708-710, 1913.

H. C. Lefevre, “Application of the sagnac effect in the interferometric fiber-
optic gyroscope,” Optical Gyros and ther Application. Printed by Canada
Communication Group Inc.(A. St. Joseph Corporation Company), vol. 45,
1999.

M. N. Armenise, C. Ciminelli, F. Dell’Olio, and V. M. Passaro, Advances

in gyroscope technologies. Springer Science & Business Media, 2010.

E. Alagakir, “Modeling of environmental temperature dependency for sen-
sors operated by sagnac effect,” Master’s thesis, Middle East Technical
University, 2019.

P. Marten, K. Petermann, E. Weidel, R. Ulrich, et al., “Low-drift fibre
gyro using a superluminescent diode,” FElectronics Letters, vol. 10, no. 17,
pp- 352-353, 1981.

M. Heimann, M. Liesegang, N. Arndt-Staufenbiel, H. Schréder, and K.-D.
Lang, “Optical system components for navigation grade fiber optic gyro-
scopes,” in Emerging Technologies in Security and Defence; and Quantum
Security II; and Unmanned Sensor Systems X, vol. 8899, pp. 223231, SPIE,
2013.

P. Morkel, “Erbium-doped fibre superfluorescent source for the fibre gyro-
scope,” 1989.

95



[54]

[55]

[56]

[57]

[58]

[59]

[61]

P. F. Wysocki, R. F. Kalman, M. J. Digonnet, and B. Y. Kim, “1.55-um

Y

broadband fiber sources pumped near 980 nm,” in Fiber Laser Sources and

Amplifiers II, vol. 1373, pp. 6677, SPIE, 1991.

A. Cordova, R. A. Patterson, E. L. Goldner, and D. M. Rozelle, “Inter-
ferometric fiber optic gyroscope with inertial navigation performance over

extended dynamic environments,” in Fiber Optic and Laser Sensors XI,
vol. 2070, pp. 164-180, SPIE, 1994.

X. Yi and X. Wen, “Y-integrated optic chip (y-ioc) applied in fiber optic
gyro,” in Advanced Laser Technologies 2005, vol. 6344, pp. 180-186, SPIE,
2006.

D. M. Shupe, “Thermally induced nonreciprocity in the fiber-optic inter-
ferometer,” Applied optics, vol. 19, no. 5, pp. 654-655, 1980.

A. Ohno, S. Motohara, R. Usui, Y. Itoh, and K. Okada, “Development
of fiber optic gyroscope with environmental ruggedness,” in Fiber Optic
Gyros: 15th Anniversary Conf, vol. 1585, pp. 82-88, SPIE, 1992.

N. J. Frigo, “Compensation of linear sources of non-reciprocity in sagnac
interferometers,” in Fiber Optic and Laser Sensors I, vol. 412, pp. 268-271,
SPIE, 1983.

Z. Gao, Y. Zhang, and Y. Zhang, “Modeling for ifog vibration error based
on the strain distribution of quadrupolar fiber coil,” Sensors, vol. 16, no. 7,
p. 1131, 2016.

B. Osunluk, S. Ogut, and E. Ozbay, “Thermally induced bias error due
to strain inhomogeneity through the fiber optic gyroscope coil,” Applied
Optics, vol. 59, no. 33, pp. 10416-10421, 2020.

B. Osunluk, Environmental Effects on Interferometric Fiber Optic Gyro-
scope Performance. PhD thesis, Bilkent Universitesi (Turkey), 2021.

A. Cordova, “Reduction of fiber optic gyroscope vibration and temperature-
ramp sensitivities by controlling coil geometrical parameters,” Dec. 8 1998.
US Patent 5,847,829.

o6



[64]

[66]

[68]

[69]

[70]

[71]

[72]

F. Mohr and F. Schadt, “Bias error in fiber optic gyroscopes due to elasto-
optic interactions in the sensor fiber,” in Second European Workshop on
Optical Fibre Sensors, vol. 5502, pp. 410-413, SPIE, 2004.

K. Hotate and K. Tabe, “Drift of an optical fiber gyroscope caused by
the faraday effect: influence of the earth’s magnetic field,” Applied Optics,
vol. 25, no. 7, pp. 1086-1092, 1986.

S. Ezekiel and H. J. Arditty, Fiber-Optic Rotation Sensors and Related
Technologies: Proceedings of the First International Conference MIT, Cam-
bridge, Mass., USA, November 9—-11, 1981, vol. 32. Springer, 2013.

Y. Zhao, Y. Zhou, D. Zhang, J. Yang, Y. Zhou, S. Shi, X. Shu, and
C. Liu, “Nonreciprocal phase error caused by orthogonal magnetic field in a
polarization-maintaining fiber-optic gyro,” IEEFE Sensors Journal, vol. 15,
no. 9, pp. 5128-5132, 2015.

K. Bohm, K. Petermann, and E. Weidel, “Sensitivity of a fiber-optic gy-
roscope to environmental magnetic fields,” Optics Letters, vol. 7, no. 4,
pp. 180-182, 1982.

M. A. Olson, W. H. Williams, J. A. Vaught, and M. B. McEwen, “Magnetic
shield for a fiber optic gyroscope,” Oct. 4 2005. US Patent 6,952,268.

Z. N. Wang, Y. Yang, P. Lu, Y. X. Li, C. Peng, Z. R. Zhang, and Z. B. Li,
“Optical compensation for compressing polarization nonreciprocity induced

errors in interferometric fiber-optic gyroscopes,” in Applied Mechanics and
Materials, vol. 303, pp. 82-85, Trans Tech Publ, 2013.

P. Liu, X. Li, X. Guang, G. Li, and L. Guan, “Bias error caused by the
faraday effect in fiber optical gyroscope with double sensitivity,” IEEFE Pho-
tonics Technology Letters, vol. 29, no. 15, pp. 1273-1276, 2017.

Y. Yang, Z. Wang, and Z. Li, “Optically compensated dual-polarization
interferometric fiber-optic gyroscope,” Optics Letters, vol. 37, no. 14,
pp. 2841-2843, 2012.

o7



[73]

[74]

[75]

[78]

[79]

[80]

[81]

[82]

Z. Wang, Y. Yang, P. Lu, R. Luo, Y. Li, D. Zhao, C. Peng, and Z. Li, “Dual-
polarization interferometric fiber-optic gyroscope with an ultra-simple con-
figuration,” Optics letters, vol. 39, no. 8, pp. 2463-2466, 2014.

P. Liu, X. Li, X. Guang, Z. Xu, W. Ling, and H. Yang, “Drift suppression
in a dual-polarization fiber optic gyroscope caused by the faraday effect,”
Optics Communications, vol. 394, pp. 122-128, 2017.

A. Yertutanol, O. Akcaalan, S. Ogiit, E. Ozbay, and A. Ceylan, “Fiber-
optic gyroscope for the suppression of a faraday-effect-induced bias error,”
Optics Letters, vol. 46, no. 17, pp. 4328-4331, 2021.

7. Fang, K. Chin, R. Qu, and H. Cai, Fundamentals of optical fiber sensors,
vol. 226. John Wiley & Sons, 2012.

R. A. Bergh, H. C. Lefevre, and H. J. Shaw, “Compensation of the optical
kerr effect in fiber-optic gyroscopes,” Optics Letters, vol. 7, no. 6, pp. 282—
284, 1982.

W. K. Burns, P. F. Liao, and P. Kelley, Optical fiber rotation sensing.
Academic Press, 2012.

K. Petermann, “Intensity-dependent nonreciprocal phase shift in fiber-optic
gyroscopes for light sources with low coherence,” Optics Letters, vol. 7,
no. 12, pp. 623-625, 1982.

J. M. Wheeler and M. J. Digonnet, “A low-drift laser-driven fog suitable for

trans-pacific inertial navigation,” Journal of Lightwave Technology, 2022.

M. Islam and M. R. Saleem, “Composition-property correlation in b203-
sio2 preform rods produced using modified chemical vapor deposition tech-
nique,” Journal of materials engineering and performance, vol. 21, no. 2,
pp. 202-207, 2012.

G. W. Scherer, “Stress-induced index profile distortion in optical waveg-
uides,” Applied Optics, vol. 19, no. 12, pp. 2000-2006, 1980.

o8



[83] F. Rukerandanga, S. Musyoki, and E. O. Ataro, “3d design and analysis
of an electro-optically tunable athermal and polarization-insensitive ring
resonator-based add-drop filter for dwdm systems,” Heliyon, p. e09567,
2022.

[84] Z. Zhang, C. Zhang, and X. Xu, “Stress-induced phase sensitivity of small
diameter polarization maintaining solid-core photonic crystal fibre,” Jour-
nal of Modern Optics, vol. 64, no. 17, pp. 17391743, 2017.

[85] C. Xiao, G. Zhang, S.-y. Ma, W. Ji, L. Rong, Z.-y. Wang, J.-x. Qiu, C.-1.
Xu, and Y.-j. He, “Birefringence of pm laser fibers with different struc-
ture,” in Fifth Symposium on Nowel Optoelectronic Detection Technology
and Application, vol. 11023, pp. 895-899, SPIE, 2019.

[86] T. Hosaka, Y. Sasaki, K. Okamoto, and J. Noda, “Stress-applied
polarization-maintaining optical fibers. design and fabrication,” FElectron-
ics and Communications in Japan (Part II: Electronics), vol. 68, no. 3,
pp. 3747, 1985.

[87] F.Tu, H. Wang, J. Luo, and D. Liu, “Development of pmf for high precision
fiber optic gyroscope by pcvd based process,” in Passive Components and
Fiber-based Devices II1, vol. 6351, pp. 180184, SPIE, 2006.

[88] Coherent/Nufern, “1550 nm pm gyroscope and sensor fibers.”
https://content.coherent.com /pdf/pm1550g_80_135_2hp_spec_202011122146.pdf,
Accessed: February, 2023.

[89] Corning, “Corning/specialty materials/specialty opti-
cal fibers/panda pm pi sheet-m0500017/apr 2014.”
https://corning.com/media/worldwide/csm/documents/PANDA%20PM
%20and%20RC%20PANDA %20Specialty%20Fiber.pdf, Accessed: Febru-
ary, 2023.

[90] S. Thirumeni, P. Poopalan, A. Hassan, and H. Ahmad, “Effects of scan an-

gles in the far-field scanning method on the measurement of the mode field

29



93]

[98]

[99]

diameter,” in ICSE’9S8. 1998 IEEE International Conference on Semicon-
ductor Electronics. Proceedings (Cat. No. 98EX187), pp. 121-123, IEEE,
1998.

E.-G. Neumann, Single-mode fibers: fundamentals, vol. 57. Springer, 2013.

S. Gangopadhyay and S. Sarkar, “Evaluation of modal spot size in single-
mode graded index fibers by a simple technique,” Journal of optical com-
munications, vol. 19, no. 5, pp. 173-175, 1998.

E. Y. Yildirim, A. Karatutlu, E. T. Balk, Y. Midilli, and B. Ortag, “Com-
bined method for the fabrication of high-power cladding light stripper using
a buffered oxide etchant,” Applied Optics, vol. 58, no. 25, pp. 6926-6933,
2019.

YOFC, “Polarization maintaining fibre series (pmf).”
https://en.yofc.com/view/2293.html, Accessed: February, 2023.

B. Culshaw and A. Kersey, “Fiber-optic sensing: A historical perspective,”
Journal of lightwave technology, vol. 26, no. 9, pp. 1064—1078, 2008.

M. Lenner, L. Yang, A. Frank, and K. Bohnert, “Long-term reliability of

ki

fiber-optic sensor components in harsh industrial environments,” in Optical

Sensors, pp. SeW1E-3, Optica Publishing Group, 2017.

L. Teng, J. Yan, Y. Dong, and T. Guo, “Identification the differences of
phase and group birefringence of different polarization-maintaining fibers
with brillouin dynamic grating and sagnac interferometer,” in 2018 IFEE

International Instrumentation and Measurement Technology Conference
(I2MTC), pp. 1-5, IEEE, 2018.

R. Stevens, “Polarisation extinction ratio-measurement requirements for

optical communication systems.,” 2002.

C. Jiang, Y. Liu, and C. Mou, “Polarization-maintaining fiber long-period
grating based vector curvature sensor,” IEEFE Photonics Technology Letters,
vol. 33, no. 7, pp. 358-361, 2021.

60



[100]

[101]

[102]

[103]

[104]

[105]

Thorlabs, “Polarization-maintaining fiber: Panda style.”
https://www.thorlabs.com /drawings /fa3003d9cb5fdd8c-98 B34FA 1-
EF47-9D19-F03CE84D6E79E311/PM1550-XP-SpecSheet.pdf,  Accessed:
February, 2023.

iXblue, “ixblue photonics.” https://www.ixblue.com/wp-
content /uploads/2022/02/IXF-PMG-1550-80-
P019_edB_polarization_maintaining_gyroscope_fiber.pdf, Accessed: Febru-
ary, 2023.

OFS, “Gyrosil® 1550-155 polarization-maintaining optical fiber p/n:
27322.”  https://fiber-optic-catalog.ofsoptics.com/documents/pdf/27322-
GyroSil-1550-155-Polarization-Maintaining-Optical-Fiber-web.pdf, Ac-
cessed: February, 2023.

OFS, “Gyrosil® 1550-135 polarization-maintaining optical fiber p/n:
35889.”  https://fiber-optic-catalog.ofsoptics.com/documents/pdf/35889-
GyroSil-1550-135-Polarization-Maintaining-Optical-Fiber-web.pdf, Ac-
cessed: February, 2023.

N. FiberCore, “Standard gyro fiber.” https://fibercore.humaneticsgroup.com
/products/polarization-maintaining-pm-fiber /pm-gyro-fiber /standard-
gyro-fiber /hb1500g-hi, Accessed: February, 2023.

N. FiberCore, “Radiation tolerant fiber.”
https://fibercore.humaneticsgroup.com /products/polarization-
maintaining-pm-fiber/pm-gyro-fiber /radiation-tolerant-fiber /hb1500g-rt,
Accessed: February, 2023.

61



Appendix A

The specifications of the

commercial PM fibers

The Table A:1 was tabulated by following these information [88,89,94,100-105]
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