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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).
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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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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].

21



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 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>