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ABSTRACT

DEVELOPMENT OF ALL DIGITAL INTERFEROMETRIC
CLOSED-LOOP FIBER OPTIC GYROSCOPE WITH YTTERBIUM
DOPED SUPERFLUORESCENT FIBER SOURCE

Keskin, Hakan
Doctor of Philosophy, Physics
Supervisor : Prof. Dr. Hakan Altan

January 2023, 145 pages

In this thesis, the development of a Fiber Optic Gyroscope (FOG) driven by
Ytterbium (Yb) doped Amplified Spontaneous Emission (ASE) Source that has
broad spectral bandwidth allowing for sensitive measurements is investigated. The
first emphasis is given to the development of a Yb-doped ASE. This ASE operates
at around lum wavelength with broad spectral bandwidth. Different ASE
configurations such as single-pass forward (SPF), single-pass backward (SPB),
double-pass forward (DPF), and double-pass backward (DPB) are compared in terms
of spectral bandwidth, power, central wavelength stability and power stability.
Additionally, mean wavelength stability is measured between the temperature of -
40/+60°C to assess potential applications. Afterward, a 1um all-fiber closed-loop
optical gyroscope is demonstrated. Stable operation is achieved by using a fiber coil
using PM fiber and the most stable ASE in terms of power and spectrum. Finally,
theoretical and experimental results are compared including angular random walk
(ARW) sources of a FOG.

Keywords: Superfluorescent, ytterbium, fiber, gyroscope, ASE
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0z

YTTERBIUM KATKILI SUPERFLORESAN FiBER KAYNAKLI TAM
DIiJITAL INTERFEROMETRIK KAPALI DONGU FiBER OPTIiK
DONUOLCER GELISTIRILMESI

Keskin, Hakan
Doktora, Fizik
Tez Yoneticisi: Prof. Dr. Hakan Altan

Ocak 2023, 145 sayfa

Bu tezde, iterbiyum (Yb) katkili siiperfloresan fiber kaynagi (SFK) ve bu 1sik
kaynagi ile tiimlesik fiber optik déniidlger (FOD) incelenmistir. 11k olarak, Yb katkilt
stiper floresan fiber kaynagi ele alinmistir. Bu 151k kaynag1 genis bir spektral bant
araligina sahip olur 1um dalga boyuna sahiptir. Cesitli 151k kaynagi tasarimlari
spektrum bant genisligi, gili¢, merkez dalga boyu ve gii¢ kararliligi parametreleri
iizerinden karsilastirilmistir. Ek olarak, farkli sicakliklarda merkez dalga boyu
kararlilig1 test edilmistir. Ardindan 1um dalga boyunda ¢alisan kapali dongii fiber
optik donii dlger incelenmistir.  Ozel bir tip fiber ve en kararli 151k kaynag
kullanilarak, kararli yapiya sahip bir sistem kurulmustur. Daha sonra, FOD giirtilti

kaynaklar1 lizerinden teorik ve deneysel sonuclar karsilastirilmistir.

Anahtar Kelimeler: Siiperfloresan, iterbiyum, fiber, dontidlger, ASE
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CHAPTER 1

INTRODUCTION

Imagine an observer is located inside a black box. The black box is moving and
rotating freely. At the same time, the observer cannot interact with its surroundings
because the black box blocks all types of interactions such as visual contact, light,
magnetic, etc. However, it is required to measure the exact position and rotation of
the observer. Global Navigation Satellite System (GNSS) or other positioning
systems such as barometer, magnetometer, magnetic compass, etc. is not allowed.
At this point, the observer has no choice but to use inertial sensors. Inertial sensors
such as accelerometers and gyroscopes allow us to measure linear acceleration and

angular velocity using the physical laws of motion.

As a crucial class of sensors, inertial sensor applications are continuously growing
as they were first used in aerospace and military applications. Gyroscopes which are
also named gyro measure the rotational rate of a body around a linear axis that is
fixed with respect to an inertial space. Gyroscopes are named inertial sensors after
this operational principle.

Mainly, three types of gyros have been designed and developed based and angular
momentum conservation, the Sagnac effect and the Coriolis effect in the last five
decades.

Mechanical gyros were the first types of gyroscopes. They have a mass namely a
rotor spinning very rapidly and steadily around an axis. The rotor keeps its direction
of rotation due to the conservation of the angular moment principle. The dynamically
Tuned Gyroscope (DTG) and the Control Moment Gyroscope (CMG) were



developed using such principle and also used in space missions [1]. Mechanical

gyroscopes have delicate and moving parts that lower the reliability of systems.

Although mechanical gyroscopes have great historical importance in terms of
performance, their size and initial production and maintenance cost raised a need for
smaller and low-cost versions of gyroscopes. The first response to this need was in
optics. The invention of lasers enabled to development of optical gyroscopes such as
Ring Laser Gyroscopes (RLG) [2]. RLG was designed based on the Sagnac effect
which is the phase shift due to rotation between two counter-propagating waves in a
rotating ring interferometer. Classical RLGs have a mechanical dithering system
which is a moving part in the sensor. Consequently, the complication and price of
the RLG sensor increase.

While the mass production of RLG enabled the gyroscopes to be used in various
applications, the size of RLG-based systems still was an issue. Hemispherical
Resonator Gyro (HRG) which is a vibrating gyro was invented in the 1980s [3].
Vibrating gyroscopes are based on the Coriolis effect. This effect creates a coupling
between two resonant modes of a mechanical resonator. HRG consisting of a fused
silica hemispherical shell sensing element has a great rotational sensing
performance. However, it is still an expensive sensor. This results in the development
of another vibrating gyro names as Micro-Electro-Mechanical System (MEMS)
gyroscopes. Silicon and quartz MEMS gyros are highly miniatured and used in many
applications since their invention [4]. Low-cost is a very attractive characteristic of
MEMS gyroscopes despite low-grade performance.

Requirement of a compact, low-sized, low-cost, reliable and highly sensitive rotation
sensing element. Another photonic gyroscope type met all of these requirements.
Fiber Optic Gyroscope (FOG) has a solid-state sensing element namely fiber optics.
This increases the reliability of the sensors. Fiber optic-based telecommunication
systems enabled to have compact and low-cost components. Additionally, the
sensitivity of a FOG is directly proportional to its fiber coil length and effective



diameter which enables to design and manufacture of navigation-grade to strategic-

grade sensitive sensors [5].

1.1  Principles of Optical Gyroscopes

1.11 Review of Wave Optics

Optical calculations in optics are mainly done with two techniques; raytracing and
wave optics. Ray optics gives a general view of an optical system. On the other hand,
optical phenomena such as diffraction and interference are omitted in ray optics.
When the dimensions of the system are comparable with the wavelength of light
waves as in single-mode fiber cables, raytracing is not sufficient enough to describe
the system. Hence, wave optics is required to define the physics of fiber optic

gyroscope.

Optical waves in a medium can be defined as an electromagnetic wave and Maxwell
equations of electromagnetism are used to derive differential wave equation which

defines the propagation of light thought the medium [6].

—

V-D=p (1.1)
V-BE=0 (1.2)
., 9B
VXE = —— (1.3)
ot
oD
H=7+— (1.4)
VxH ]+6t

Here, E is electric field strength [V/m], His magnetic field strength [A/m], D is
dielectric displacement [As/m?], B is magnetic induction [Vs/m?=T], J is current

density [A/m?], p is charge density [As/mq].

Generally, propagation in a vacuum is studied first, however, the process inside the

material should be studied considering fiber materials. Parameters such as



polarization (13), magnetization (1\7f) and conductivity (p) define material
characteristics effected by electromagnetism. Polarization and magnetization are
related to the shift of atomic orbitals when they are subjected to electromagnetic
waves. The flow of only electrons can be defined by conductivity whereas there are
no magnetic charges. Relation to dielectric displacement, magnetic induction and
current density are as follows [6].

D=eE+P (1.5)
B = puy(H + M) (1.6)
j=oF (1.7)

Here, €, is the permittivity of vacuum and , is the permeability of the vacuum.

Mainly, there are three approximations for air or a medium such as silica glass such

as there are no free charges, there are no currents and there is no magnetization.
p=]=M=0 (1.8)

These approximations yield equations influenced by only polarization effects.

V-D=0 (1.9)
V-E=0 (1.10)
. 0B
VxE =—— (1.11)
at
o oD
VxB = tyg— (1.12)
X Ho ot

The cross product of Equation (1.11) is calculated in order to derive the wave
equation.

L 0B
VXVXEZVX<—E> (1.13)

Using the property of a cross product;



- - a —
V(VE)-VE = —= (VxB) (1.14)

Put Equations (1.12) and (1.5) into (1.14);

FY_V2F = — -
V(V-E)-V?E = Ho€os5 E—tog5 P (1.15)
The final wave equation is derived as:
S L. 10% a2P
V2ZE—-V(V-E) == (1.16)
(v-E) 2oz THhge

Wave equation for a magnetic field can be derived similarly.

Silica glass has a homogeneous structure and the material is polarized parallel to the
field strength. Therefore;

L 10% 92p

Here, polarization is a material characteristic. Assuming that response polarization

to field effect is instantaneous, polarization can be written as;

P = eo(xVE + yPE? + y®E3+...) (1.19)

In general, ' the term is a tensor however for homogenous materials such as silica
it is a scalar term. Assuming only having linear relation between polarization and

field strength and using Equation (1.5);

P = EOX(l)E (120)
D = eE(1+xM) (1.21)
Relative dielectric constant (€) is related to terms inside parenthesis.
(1) ' a) 1.22
6=(1+)( )=(n+l%a) (1.22)



Here, n is the refractive index and a is the absorption coefficient. Assuming in a

very low loss medium such as silica (SiO2), « is so small for wavelengths around

1550nm as given in Figure 1.1 that the relative dielectric constant is real.

Attenuation coefficient o (dB/km)

€ = n? (1.23)
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Figure 1.1. Graph of power loss in fiber versus wavelength [7]

Using Equations (1.18), (1.20) , (1.22) and (1.23), we get simple wave equation.

1.1.2

- n?d*E

2p M OE (1.24)
ViE c? dt?
.,  n®0*H

o L (1.25)
viH c? ot?

Interference of Waves

Optical waves have a very high rate of frequency. It is not possible to direct measure

the phase of electromagnetic waves. Therefore, indirect measurement methods of

optical power or intensity using interference are required. A fiber optic gyroscope is



a rotation-sensing interferometer in which light input is split into two waves.
Counterpropagating waves are recombined at the output. Resulting superposition of
waves (E(7,t)) is the vectorial sum of split waves (E; (7, t), E,(#,t)) propagated
along different paths [7].

E(,t) = E\(F,t) + E, (7, ) (1.26)
E;(7,t) = Ejpel@t+dd) (1.27)

Here, E;, is the maximum amplitude of fields. ¢; is a respective phase of fields and

depends on a total propagated optical path.

$i _Lop (1.28)
21 A

Here, A is the wavelength of light in a vacuum. The intensity of a wave is the square

of the field however the sum of the superposition of two waves is calculated as

proportional to the temporal averaging of the scalar square of the field.
< EE* >=<EE! > +< E,E; > +< E\E} > +< E,E} > (1.29)
Result of Equation (1.29);
I =1+ 1 + 2/II;cos (Ag) (1.30)

Here, I; is the intensity of input waves, A¢ is the phase difference of the waves which
is related to the optical path difference. It is important to mention that the state of

polarization of both incoming waves is the same. Otherwise, the orthogonal state of
polarization would yield no interference because the scalar product of E, - E; and

Ez . E{ are equal to zero. This would result in the direct addition of intensities.

1.1.3 Sagnac Effect

Sagnac Effect is observed as a phase shift that occurs when two rays traveling in

opposite directions travel different paths at different times under a certain rotation in



a closed and fixed-length waveguide as shown in Figure 1.2. The Red dashed line,
green dashed line and blue solid line are clockwise (CW), counter clock-wise (CCW)

and waveguide, respectively.

Figure 1.2. Sagnac effect in a CW rotating in a closed ring-shaped waveguide

When the waveguide is at rest with respect to an inertial frame, the distance traveled
by CW and CCW waves is equal to each other. In the case of a rotation of 2, they
arrive at the finishing point at different times. Time of rotation beams inside the

closed waveguide with a radius R is tg,

2R
th = — (1.31)
C
During this time, starting point moves to the finishing point and travels
Al = QRtg (1.32)

Co-propagating CW beam is subjected to a slightly longer path. Similarly, the
counter-propagating CCW beam experiences a shorter path. Therefore, the total path
difference between the two beams becomes:

2
4mQR (1.33)

AL = LCW - LCCW = 2Al = ZQRtR =

Corresponding time delay and phase shift for N number of turns of optical path are

given as:



(1.34)

2mc 8m?R?
A¢p = 2nfAtN = — AtN = NQ (1.39)

A Ac
Here, f is the optical frequency, and the total optical path is equal to 2rRN. The

resulting phase shift between counter-propagating waves can be calculated after

some simplifications using [5];

_ 2wLD

— (1.36)

A¢: Phase difference due to rotation
0: Rotation rate

L: Total fiber length

D: Fiber coil diameter

A: Wavelength

c: Speed of light

Using Equation (1.36), it can be deduced that a longer optical path creates a bigger
phase difference between counter-propagating beams for a unit angular rotation rate
increasing the sensitivity of the gyroscope. Similarly, the final phase shift is
proportional to the optical frequency of the beam; i.e., inversely proportional to the
wavelength of the light source. Hence, shorter wavelengths yield higher sensitivity

which is one of the main topics of this study.

Scale factor (SF) determines the relation between input and output which are rotation
rate and phase shift due to rotation, respectively.

A¢p  2mLD
P2 _ 1.37
S 3 - (1.37)

For a sensitive gyroscope, it is expected to measure Earth rotation (15 °/hr=7.3x10°

rad/s) in a static state. For example, when L= 1000m, D=10cm, A=1550nm values

are used as the fiber optic gyroscope (FOG) parameters, the SF value is calculated



as 1.4s using Equation (1.37). In this case, the phase difference that a FOG
photodetector measuring earth rotation must detect is derived from Equation (1.36)
and is found as A¢ = SF -2 =9.8x10" rad. The average power change that the
obtained Sagnac phase difference value in the photo detector is calculated using
Equation (1.38).

(P) = %[1 + cos Ag] (1.38)

(P): Average power of the interfering waves.
P,: Detector power when there is no phase difference.

Since the value obtained in this calculation based on the Earth's rotation is quite
small, it is difficult to measure the changes in this value under rotation. However,
with the developing optics and optoelectronic technology, it is possible to measure
very sensitive values. Depending on the applications, the architectural design,

components and parameters of the FOG optical path can be optimized.

As a priority to optimization, in order to prevent linear and non-linear errors that may
occur along the FOG optical path at the most basic level, it is important to comply
with the rule of reciprocity (mutual symmetries). This means that the numbers of all
transmissions (transmittance) and reflections (reflectance) are equal in the optical
path starting from the light source to the detector.

1.2 Gyroscope Types

All optical gyroscopes depend on the Sagnac effect however their measurement
techniques differ from each other. Ring laser gyroscope (RLG) consists of a mono-
block glass-ceramic resonator and active gas medium. Inside the cavity, emitted
counter-propagating beams have interfered with the output mirror. The beat
frequency of a signal is correlated to the rotation rate. There are mainly tree fiber

optic gyroscope types consisting of interferometric (IFOG), resonant (RFOG) and
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Brillouin (BFOG). All of them depend on fiber optic technology. Although IFOG
uses a multi-turn of fiber optic coil to create phase shift due to rotation, RFOG and
BFOG include a resonator that shifts the frequency of counterpropagating beams
instead of phase. RFOG and BFOG differ in the light source that they use. RFOG is
simply a passive resonator that uses an external light source while BFOG is a fiber

optic version of RLG.

The mechanical dithering is used to mitigate the RLGs lock-in effect which is
insensitivity to low-level rotation due to scattering inside the cavity. This dithering
degrades theoretical noise performance by at least one order of magnitude [8].
RFOG and BFOG have coherence-related noises. IFOG technology has a noise level
very close to its theoretical limit. It is possible to design and produce IFOG with a

better noise level than the others.

IFOG operates over a few fringes with about zero phase difference which eliminates
the requirement of the light source with narrow spectral bandwidth. On the contrary,
RLG, RFOG and BFOG create a light with a narrow spectrum that causes coherence

noises. This is the main advantage of IFOG compared to other technologies.

121 Ring Laser Gyroscope

For one round trip in a single optical path, the phase difference due to rotation is so
small that it is not measurable. A ring laser cavity was used as a multi-pass medium
that escalates the Sagnac effect in the early 1960s [5]. In the 1980s, RLG was well-
developed technology [8]. RLG has been a very useful and reliable tool for inertial
navigation systems. Even today, it is one of the most commonly used rotation-

sensing elements.

The emitted wavelength is an integral multiple of the laser cavity as in the Fabry-
Perot cavity. In Figure 1.3, a ring cavity can be used to create an optical resonance

condition.

11
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Figure 1.3. RLG schematic [5]

The laser cavity consists of at least two mirrors with high reflectivity and one output
mirror that has a low transmission used as output. Inside the cavity, a gas mixture is
used as a gain medium. Electrically excited atoms emit light in both directions. When
there is no rotation, the optical path of both lights is the same. Therefore, counter-
propagating lights have the same wavelength (or frequency). When the cavity is
subjected to a rotation, light traveling in the same direction experience a longer
optical path while counter-propagating light travels a shorter path. The resulting

frequency difference due to the Sagnac effect is given as [8]:

4A
=— 1.39
My =7 O (139)

Here, A is the total area enclosed by the ring resonator, L is the perimeter of the

cavity, and A is the wavelength when there is no rotation. The lateral component of
Earth’s rotation at a latitude of approximately 45° is 100/ o (=4.9x10°Tad/ () For

an RLG with an equilateral triangular cavity of 13.2 cm for each side and a HeNe
laser operating at a wavelength of 633nm, the frequency shift is 5.9Hz.

12



RLG has a resonant cavity with a high finesse that creates a laser emission with a
very narrow bandwidth. Equation (1.39) uses a single frequency for calculation. The
performance limit of an RLG is determined by its capability to distinguish the
frequency of the counter-propagating beams. The bandwidth of the beams
determines the performance limit so called the fundamental limit of RLG. Therefore,

it is curial to have a narrow bandwidth laser source as in HeNe lasers [8].

The Sagnac frequency difference is measured via interfering two counter-
propagating beams. Interference creates a beat frequency at the output mirror and the
signal is detected using a photodetector. The relation between the frequency

difference and the resulting phase shift is given as:

Ad = 2mAfyt (1.40)

and the interference intensity I is modulated at the beat frequency Af:

I =1,[1+ cos(mAfrt)] (1.42)

Here, I, is the maximum amplitude of the interference signal.

1.2.2 Fiber Optic Gyroscope

1221 RFOG

In RFOG, a passive cavity with an external light source is used as an alternative
design to active sensor RLD. The aim is to overcome the lock-in (limits sensitivity)
and ion flow (creates bias signal) inside RLG. An external source is directed to the
fiber cavity that acts as a Fabry-Perot interferometer and the angular rate creates a
frequency shift between counterpropagating two beams inside the cavity. An

architecture example for RFOG is given in Figure 1.4
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Figure 1.4. RFOG architecture [5]

RFOG design has the advantage of using a shorter length of the optical fiber when
compared to IFOG. Complex calibration methods have been developed to suppress
temperature effect. Although, shorter wavelengths are more effected by Faraday
effect, using soft ferromagnetic alloy with very high permeability shields against
magnetic field [9]. However, shorter fiber will significantly reduce the
environmental effect such as temperature changes, and external magnetic field and
fiber losses will be less affected which requires lower optical power [10].
Additionally, smaller volumes and mass will be available due to the compact design
[11].

RFOG technology is still under development process and there is no commercially
available product yet. However, it attracts the attention of many research groups due

to its mentioned advantages [5].

1222 BFOG

BFOG has a simple architectural design and high dynamic range which makes them
attractive for many applications. The optical power of the light source is needed to

be very high in order to enhance stimulated Brillouin scattering inside the resonator.

14



Rotation of the system results in frequency shift for counterpropagating beams.
Beams are combined and create a beat frequency [12], [13]. Figure 1.5 shows a
BFOG schematic.

B2 P2 P1 Bl
Bl P1 P2 B2
RESONATOR

Figure 1.5. BFOG architecture [13]

BFOG suffers from a lock-in phenomenon similar to RLG. A variety of techniques
are required to overcome the problem such as mechanical dither, inter-cavity phase

modulation, and intensity modulation of the light source [14]

1.2.2.3 IFOG

A basic FOG consists of a light source, a coupler, a fiber coil and a photodiode. The
output of the light source is split into clockwise (CW) and counter-clockwise (CCW)
directions via a coupler. During the rotation of the system, CCW and CCW waves
experience a phase shift. Phase shift creates a change in inference output at the
coupler. Power chance is received at the photodiode. This passive interferometer

system is illustrated in Figure 1.6.
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Figure 1.6. Basic schematic of FOG [15]

The rotation-induced phase shift is called as Sagnac Effect and it is the basic
principle of all types of optical gyroscopes. Phase shift and rotation rate relation is

given as[5]:

2mLD
AP, = i N (1.42)

Ady, is rotation-induced phase shift, L is total fiber length, D is fiber coil diameter,

A is the wavelength of a light source, c is the speed of light, 25 is rotation rate.

The phase shift due to rotation is measured by comparing two main counter-
propagating beams. In the real world, spurious reflections especially at the spice
point of fibers. These reflections create a disturbance in the interaction of the main
beams. High-sensitivity IFOG includes a special type of fiber called polarization
maintaining (PM) fiber in order to suppress this mitigation. Details of operational
principles are given in Section 2.1.2. High birefringence which is a refractive index
difference between the orthogonal axes of PM fiber interrupts the temporal
coherence between main counter-propagating beams and spurious beams. As a

result, this acts as a temporal filter.

Additionally, the importance of light source and noises are explained in detail in the

next sections
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1.3  Digital Scheme

As explained in previous sections, the optical signal output at the photodetector is
the outcome of the interference of the two-counter propagating optical waves.
Optical power is time dependent parameter and is converted to digital quantity via

digital conversion.

According to Equation (1.38), the IFOG has low sensitivity at low angular rate values
(i.e., Ag issmall). Output signal has maximum sensitivity with respect to the angular
rate at A¢ equals to +m/2. Therefore, it is possible to add a phase modulation (A¢,,)
additional to phase change due to rotation (A¢g) [5].

P =2 [1+ cos (Ade + Ay (L.43)

In this case, the gyroscope will be operating at a significantly higher point sensitivity.
In the general case, an optical phase modulator is added after the coupler in Figure

1.6 and the modulation is applied to both CW and CCW signals simultaneously.

Phase modulation is applied using various methods and signal profiles. Two main
operational methods are used such as open-loop and closed-loop operations.

131 Open Loop Operation

Mainly, two signal forms can be applied in order to create phase modulation such as
square wave and cosine or sinus modulation. A phase modulator applies square wave
phase modulation that creates about +m/2 phase difference between counter-

propagating waves as shown in Figure 1.7.
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Figure 1.7. Square wave modulation scheme [1]

In the case of rotation, a phase difference is a further shifter and a voltage difference
is obtained at each modulation level. The difference between these levels is
proportional to the rotation rate. If the gyroscope is at rest, the output signal will be

ideally zero.

For the sinus or cosine modulation technique, a phase modulator with a flat
frequency response is not required which lowers the system price. An alternating
modulation can be applied as given in Equation (1.44) [5].

App (8) = Ppmcos(2mfpt) (1.44)

Here, ¢,, is modulation depth and f;,, is modulation frequency. The modulation and

corresponding output signal are shown in Figure 1.8.
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Figure 1.8. Cosine modulation [5]

After several mathematical steps including cosine and Bessel function expansion,

odd harmonics that includes biased response can be derived as:

P = PyJ1(¢pm)sin (A) (1.45)

The output response signal is given mainly by the first odd harmonic of the Bessel

function as in Figure 1.9.

P P

response—__

/15t harmonic

Figure 1.9. Cosine modulation with rotation [5]
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1.3.2 Closed Loop Operation

IFOG contains an additional feedback loop in the closed-loop configuration as

shown in Figure 1.10.
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=
—_— o }
= 3
k=) £
n

b e A

rotation
S —

signal

Figure 1.10. Closed-loop architecture [5]

This feedback loop aims to generate a feedback phase shift (A¢y;,) that nullifies
phase shift due to the rotation. So, a phase shift between the two interfering signals

in closed-loop operation which is time dependent is calculated as:

Ap = Apg + Ay — Mgy, (1.46)

The closed loop starts with reading the output voltage of the photodiode with an
analog-to-digital converter (ADC). A digital processor calculated the feedback phase
shift and the data is converted to an analog signal via a digital-to-analog converter
(DAC). Then the analog signal is added to the modulation signal and applied to the

phase modulator. Finally, the calculated rotation rate is delivered via a digital

processor.
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The closed loop method may be executed with a square-wave modulation consisting
of two-level and four-level modulation. Several modulation levels depend on
modulation points on the interferometer response curve. The half-period of both
modulation techniques is equal to the total flight time inside the fiber coil (Az,). The
relation between flight time and eigenfrequency of the fiber coil is given as:

1
fp - ZATg (147)

Two level-modulation output with and without rotation is given in Figure 1.11.
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Figure 1.11. Two-level modulation output response [5]

The difference between the values of two-level modulation gives the rotation rate.

However, the values of the corresponding point may vary due to temperature effects.
The stability of the gain-control feedback loop is significantly increased using four-

level modulation whose output characteristic is given in Figure 1.12 and Figure 1.13.
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Figure 1.12. Four-level modulation output response [5]

2A1g t

Figure 1.13. Four-level modulation output response with rotation [5]
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1.4  State of the Art in Rare-Earth Doped FOG

Many applications require a narrow-band source. On the other hand, interferometry-
based applications and several sensors such as gyroscopes require sources having
broad bandwidth to suppress coherent errors in addition to high power requirements.
At least 5nm broad spectral bandwidth eliminates coherent errors due to Rayleigh
backscattering [16], polarization cross-coupling [17], and the Kerr effect [18].
Phenomena of interferometry require single operation as in single-mode fibers.
Depending on the application, several milliwatts of the light source are required for
an improved signal-to-noise ratio. One of the most critical parameters is mean
wavelength stability with respect to temperature change or other environmental
effects. The stability of the spectrum determines the stability of the relation between

input rotation and output of the gyroscope.

Although, there are studies that use lasers as a source in IFOG, Amplifies
Spontaneous Emission (ASE) sources are the most common choice for IFOG light
sources [19]. Especially, fiber sensors such as IFOG motivated scientists to further

development of Er-doped superfluorescent fiber sources (SFS) in this manner.

Superluminescent laser diode (SLD) is another attractive source in IFOG [20]-[22].
Miniaturized size and broadband spectrum make them suitable for many
applications. However, they have a high-temperature dependency on mean
wavelength in the order of hundreds of ppm. This results in the requirement of high-

temperature stability which may not be so practical.

Using an ASE source is advantageous under stringent environmental conditions and
broad operating temperature ranges. Rare-earth doped fiber-driven ASE sources are
optimized in terms of broad spectrum, optical power, and mean-wavelength stability
[23]. Many design configurations have been studied in order to further improve
power and wavelength stability performance under different temperature ranges
[24], [25]. As detailed in Section 3.3, the white noise of a FOG is generally limited
by optical noises. A broader optical spectrum decreases the optical noise
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contribution. In this manner, new methods such as gain flatting have been developed
[26]. Optical noise namely excess relative intensity can be reduced by monitoring
the noise and subtracting it from correlated signal power [27]. Besides, stabilizing
the central wavelength is another critical task for improved FOG performance. Some
portion of the emission spectra of rare-earth element doped fiber is enhanced for

further spectral stabilization [28].

Yb-doped gain medium has many attractive features including a broad gain
spectrum, higher efficiency and more radiation resistance comparted to Er-doped
fibers [23], [29], [30]. Radiations creates point flaws in amorphous silica (a-SiO>)
through ionization which increases. Additionally, energy level lifetimes of rare-
earth-doped fiber versus doses of various radiation types is affected drastically.
Energy level of Yb-doped fiber is less effected compared to Er-doped fiber especially
for high loss of radiation which is critical for future long-term operations [31], [32].
However, Er-doped fiber has been commonly used due to its lower propagation
losses, low-cost telecom components. An optical spectral region around 1pum was
used in FOG in order to increase sensitivity [33]. However, the advantages of a Yb-

doped ASE source operating at 1030nm were demonstrated in this study.

In this thesis, a novel interferometric fiber optic gyroscope is demonstrated. During
the study, a Yb-doped fiber-based ASE source is used as the light source of IFOG.
The ASE source has a broad spectrum in order to suppress coherent errors and higher
power for enhanced signal-to-noise ratio (SNR). Central wavelength and a broad
spectrum of light sources enable to have better sensitivity. A novel control loop
inside the ASE structure is used for further improvement in SNR with respect to
optical power. There are four main chapters in this dissertation including the

Introduction chapter.

Chapter 2 examines IFOG architecture including active and passive optical
components. Fiber types, optical components optical sources and optoelectronic
components are explained in detail. Additionally, emphasis is given to Yb-doped

fiber-driven ASE sources including simulation and test results of the source for
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various fiber lengths and pump power levels. Performance is tested at a temperature
range of -40/+60°C.

In Chapter 3, the noise characteristic of IFOG is analyzed. First, specific noise types
for a gyroscope are explained. After the noise output of an IFOG is characterized,
various noise sources of Angular Random Walk (ARW) which is one of the main
noise components are examined in detail. Theoretical analysis is given for ARW and
SNR performance in the final sections.

The last chapter includes experimental test results of IFOG including specifications
components used. The fiber optic coil which is the heart of the gyroscope is also
characterized. Finally, ARW is investigated using the Allan variance analyze

method.
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CHAPTER 2

IFOG ARCHITECTURE

2.1  Fiber Types

The fiber types used in fiber optic gyroscope technology depending on the
application area and requirements can be divided into three groups such as single
mode (SM), polarization maintaining (PM) and active fibers.

211 Single Mode Fiber

As in the telecom industry, standard SM fibers are also used in fiber optic
gyroscopes. It is preferred due to its low price and easily adaptable structure to the
systems. Fiber structure basically; consists of a core, cladding and coating. Standard
SM cables are available in the market. The most commonly used and low-cost SM
fibers are SMF-28e+ and HI1060.

’,//\\ Claddlng n2< nl b
J—r—/ Y
B j Core n S
T\ N
N4

Figure 2.1. Fiber cable [7]

2.1.2 Polarization Maintaining Fiber

In ordinary single-mode fibers, the beam travels with two polarization modes

perpendicular to each other. Ideally, the beam travels at the same speed in these two
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modes. However, these two modes cannot propagate at the same speed due to the
roughness, temperature, vibration and bending that occur in the production of the
fiber. For this reason, one mode travels faster or slower than the other and there is a
phase difference between these two modes. This phenomenon is called Polarization
Mode Dispersion (PMD).

Before 1980, the polarization modes of light traveling through a single-mode fiber
could not be controlled due to a lack of technology. Due to birefringence, the beams
in different modes reach the detector at the end of the optical path. This introduces
phase differences. The polarization control problem creates non-reciprocity in the

system which results in measurement errors.

/\ Fast mode /\

Sfow mode

a)
[\ Fast mode Q :j\
Slow mode m

b)

Figure 2.2. PMD effect a) without and a) with mode coupling [34]

There is no method to discard PMD. Therefore, the method of increasing the phase
difference between two orthogonal modes is preferred. PM fibers increase the
birefringence of the fiber to increase PMD so that the mode on the fast axis can travel
normally along the fiber, while the mode on the slow axis is delayed and separated

over time.

There are two methods to increase the birefringence of fiber material: Geometrical
effect and stress-induced effect. The geometric effect is created with the production
of the fiber center in an asymmetrical structure. The stress effect is obtained by

producing the structures around the fiber center with asymmetric refractive indices.

28



PM fibers with geometric effects have more optical losses due to their structurally
large refractive index difference and deformities of the center. Stress-induced PM

fibers have low optical losses and low cross-talk.

The polarization extinction ratio (PER) is the ratio of the powers of the beam
traveling along the fiber path along the vertical axis and the beam traveling along the
horizontal axis. It is expressed in units of [dB] [34].

P (L)

llin

PER(L) = =hlL (2.1)
P, (L): Vertical polarization mode

Pyin: Parallel axis input polarization mode

h: h-parameter

L: Fiber length

The h-parameter in commercial PM fibers is typically between 10 and 10*/m [3].
The PER value of a 1km coil is about 30dB.

Different types of PM fibers are given in Figure 2.3. Their names are derived by
analogy with their shape. The most preferred types for fiber optic gyroscopes are
Panda and bow-tie types with stress bars. Bow-tie fibers are more difficult and

expensive to manufacture than the Panda type but have better PER control.

t ¥ Stress bars t ¥

Figure 2.3. PM fiber types a) panda b) bow tie c) elliptical [34]
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In panda and bow-tie type PM fibers, refractive index differences are created axially
around the center where the light travels, with the effect of stress bars. The axis with
stress has a low index and the axis without stress has a high refractive index. The
difference in refractive index between the axes creates birefringence which is

displayed in Figure 2.4.
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Figure 2.4. Fast and slow axes with the effect of stress bars in PM fiber [5]

The birefringence characteristic of PM fibers depends on their beat length. PM fibers
with short and long beat lengths are available. The beat length is shown in Figure

2.5.

Slow mode

Fast mode

Figure 2.5. PMD, decoherence length and beat length [5]
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Beat length is a cycle of periodically changing polarization along the PM fiber and
is calculated as [5]:

A=—— (2.2)
A: Beat length
Any: Birefringence

An;, = Nfast axis — MNslow axis (2.3)
Typically, An,=5x10"*. When operating at a wavelength of 1550 nm, the beat length

(A) becomes 3.1mm.

Depolarization is the loss of correlation between the phase difference between the
beam modes traveling at different speeds due to the difference in the refractive index

between the axes. The decoherent length (L,.) depends on the light source used.

/12

Lae (2.4)

B A/1FWHM
Here, AAryuy the bandwidth of the light source at full-width half maximum.

Depolarization length (L;) and decoherent length (L,.) are proportional to beat

length and wavelength.

ALy

1 Ly, (2:5)

Accordingly, L;.=300 um and L,;=60 cm formed by a light source with a wavelength
of 1550 nm and a bandwidth of 8 nm. With the depolarization length, the fiber length
(L) in the coil can be modeled using the equation L = N - L. N is the number of

depolarization lengths [5].
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Figure 2.6. Symmetrical depolarization lengths [5]

Birefringence maintains linear polarization in the fiber. The axial power change
depending on polarization grows linearly through the path. The average power
transfer rate from one polarization to another in the fiber is expressed as the

parameter h. h parameter of a PM fiber is 3x10°/m to 1x107°/m typically [5].

Elliptical core fiber is used in tactical fiber optic gyroscopes in the market. It
provides efficient and sufficient polarization continuity in tactical-level products.
However, due to the elliptical nature of the center in such fibers, the birefringent
index difference (An,) is significantly dependent on the wavelength and the power
loss between the core and cladding is greater. Therefore, it is not used for higher

accuracy levels.

Typically, fibers used in the Telecom industry have a core/clad diameter of 125/250
um. PM fibers with a core/clad diameter of 80/170 um are available in fiber optic
gyroscopes. These fibers, named reduced cladding diameter, are used to minimize

the volume in coil design.

2.1.3 Active Fibers

lons of rare-earth elements are doped inside fiber silica and the resulting material is
used as a gain medium of lasers and fiber amplifiers and optically pumped using
pump laser diodes [35]. Active fiber technology has many advantages such as

excellent beam quality, efficient heat dissipation, high energy efficiency and
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compatibility with fiber communication systems. Most commonly used one is

Erbium-doped (Er) fiber. The energy level diagram is shown in Figure 2.7.
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Figure 2.7. Energy level diagram of Er-doped fiber [35]
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The lowest loss for silica fibers is around 1550nm and is emitted when pumped

around 980nm or 1480nm. This makes Er-doped fiber suitable for long transmission

lengths of telecommunication applications. Erbium-doped fiber amplifier systems

(EDFA) have been well developed through C-band and L-band with longer

wavelengths [35]

Ytterbium (Yb) rare-earth element is another commonly used as a dopant,

particularly for high-power fiber lasers where higher efficiency compared to Er-

doped fiber is required. In Figure 2.8 energy level diagram of Yb is given which is

the two-level system.
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Figure 2.8. Energy level diagram of Yb-doped fiber [36]

The energy levels of the ground-state and excited-state are 2F7, and 2Fsp,
respectively. The broad emission spectrum of Ytterbium which will be discussed
further in the next Chapter enables to build highly efficient and tunable system. On
the other hand, Erbium has lower efficiency. The segregation effect limits the doping
concentration of Er to an order of 10®m™ which lower the efficiency. Erbium has
other disadvantages such as excited-state absorption and lifetime quenching.
Different techniques such as co-doping or using new host materials have been

developed in order to overcome efficiency problems.

2.2 Fiber Coil

The refractive index of the silica material constituting the fiber is affected by
environmental temperature and rate of temperature changes. The Shupe effect is the
change of the refractive index of the fiber material due to the sensitivity of the fiber
material due to the temperature change, causing the light to take different paths and
the formation of undesirable phase differences. This effect is dominant in fiber coils
that are a few hundred to kilometers long. In order to minimize this problem, it has

been tried to ensure that the rays traveling mutually along the coil are exposed to this
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effect symmetrically. For this reason, various symmetrical winding techniques have
been developed.

The working principle of fiber winding machines which is shown in Figure 2.9
creates a mutual symmetry. It is the rotation of two arms with equal lengths of fiber
wrapped around the structure called a mandrel in the middle, forming the fiber coil
in turn. The aim is to ensure that the mutually rotating rays travel an equal distance
to the midpoint and center axis of the fiber coil.

Supply Spool B
{Spins with main shaft)

Product

L

| Main Shnﬂ/l
—

Supply Spool A
(Pays out fiber}

Figure 2.9. Representation of windings in order to create winding pattern [37]

After fiber winding, a free-standing coil can be obtained by removing the mandrel in
between. The resulting coil image is given in Figure 2.10. Winding quality is very
important during the winding process. It is necessary not to wind using very high
tension, to keep the degree of tension constant, to wind the fibers with 2% to 5% of
the diameter of fiber between the fibers, to pre-calculate the number of fibers suitable

for the mandrel length and the length of the spaces between them.
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Figure 2.10. Various fiber coils [38]

Many winding methods have been developed so far. These are dipolar [5], crossover-
free [39], double cylinder [40], random wound [40], quadrupole [41] and octupole
[42]. The most common winding techniques used for fiber optic gyroscopes today

are quadrupole and octupole winding techniques.
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Figure 2.11. Quadrupole and octupole winding patterns [5], [42]
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During the winding process, several types of winding defects may occur that result

in gyroscope performance errors. The relation between various defects and

gyroscope errors is given in Figure 2.12.

Defects
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Figure 2.12. Winding errors [43]

Fiber coils can be wound in different lengths and diameters using different winding

techniques in order to provide the performance given in the application area. Fiber

length and coil diameter parameters are critical parameters that affect gyroscope

errors. Details are given in the next chapters.

The fiber material inherently tends to lie flat when released. When the fiber made of

Silica material with a glassy structure is bent as shown in Figure 2.13, bending

increases the stress in the region of T~ while the refractive index decreases in the

region of T* stress. This changes the optimum refractive index between the inner and

outer parts. The smaller the radius R, the greater the probability that the beam will

escape from regions of decreasing refractive index, causing bending-dependent loss

of power.
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Figure 2.13. Fiber subjected to bending stress [10]

The loss to occur in fiber bending is different in fibers with different Numerical

apertures (NA). The following equation can be used to calculate bending loss [44].

2e \? R 1 Aop®
ac = 3x107 (An)~Y/* (A,,R) /2 (—) - exp (—7.1x105 — (An)Z |2.743 — 0.996 —”] > (2.6)

Aop Aop Ae

a .. Constant bending loss,

An: Core/clad refractive index difference,

Aop: Operating wavelength (um),

R: Bending radius

Ac: Cut-off wavelength propagates at LP11 polarization mode (pm).

Bending loss for various NA and coil diameters is given in Figure 2.14.
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Figure 2.14. Bending loss depending on coil diameter and numerical aperture

2.3 Passive Components

In FOG, several types of in-line fiber-coupled passive components are used such as
couplers, wavelength division multiplexers (WDM), optical circulators, fiber Bragg
grating, and isolators.

Various coupler types are used depending on the design of the optical path in the
optical architecture. The working principle of the couplers, which exist in many types
in the market, depends on the mode field diameter (MFD) between the fibers that are

very close to each other as shown in Figure 2.15.
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Figure 2.15. Coupling of two fiber using side polishing [5]

The fiber cable is placed inside the silica block. It is polished to a certain length from
the clad part to near the core. It is welded with another equivalent fiber cable, with
the side of its core by side. Thus, the coupling event occurs along a certain path
between the two centers and the electromagnetic wave density is transferred as it

propagates.

There are different types of couples available in the market. They are named
according to their type and function. There are 2x2 and 1x2 variants of the 50:50
(3dB coupler) divider. They are also called X couplers due to their X-like shape as
given in Figure 2.15.

The optical power of incoming light is evenly or selectively distributed over the two
fiber arms as it travels similarly to a Y-shape that divides 1:99 (Y or 1x2 coupler).
In Figure 2.16, Po is the input power, P: is the radiated power, and P is the power
split into the second fiber. P3 and P4 correspond to a low-level signal (-50, -70 dB
below the entering beam) due to the back reflection and backscatter errors in the

system [3].
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Figure 2.16. Coupler ports

For X coupler: P1 = P> = 0.5 Po. Losses in the coupler can be calculated using the

following equations.

P,
P, + P,

Splitting loss = ( ) X 100% (2.7)

Excess loss = 10log <P1 +0P2> (2.8)
. P;
Insertion loss = 10log 7. (2.9)
J
Ps
Return loss = 10log (P_> (2.10)
0

Figure 2.17. Coupler [45]
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Some couplers divide the power into 3 in a ratio of 33:33:33. It is a common 1x3
coupler suitable for optical architectural design. If it is required to use a single light

source as an input for 3 gyroscopes, a 1x3 coupler can be used.

Figure 2.18. 1x3 coupler [46]

Briefly, couplers can be designed depending on application as MxN as in Figure
2.19.

1x2 Y-coupler

2x2 X-coupler /™~

1xN Tree Coupler —— ==

MxN Star Coupler —Z ===

Figure 2.19. Coupler port types

The couplers produced with SM fiber have a length of approximately 10mm and are
highly resistant to temperature changes. It can also be produced with any PM fiber.
Correct and precise alignment of the stress points of the PM fibers is crucial as shown
in Figure 2.20.
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Figure 2.20. Alignment of stress bars of PM fibers

The fiber optic gyroscope may be designed in many spectral ranges. While the wave
in the 1520-1570 or 1030-1060 nm spectrum is transmitted to the system, the
generation of such wavelength ranges requires 980nm wavelength range pumping.
Wavelength Division Multiplexer (WDM) with single-mode fiber has the capacity
to combine the wave at 980 nm wavelength are used. There are WDM products on

the market designed for different purposes and applications.

WDM products work by multiplying the wavelength (optical multiplexer-mux) in
certain band ranges. By increasing the capacity of a single-mode fiber, they show the
ability to carry many wavelengths. They can combine and separate many signals of

wavelengths to be transmitted.

They can operate at temperatures between -40°C - +85°C. Generally, passive
components can continue to operate outside of the operating temperatures usually
given in their specifications. Their stability does not change significantly. In Table

2.1, various operational wavelength ranges are given.

Table 2.1. Various operational wavelength ranges

Band Description Wavelength Range (nm)
O-Band Original 1260 — 1360
E-Band Extended 1360 — 1460
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S-Band Short wavelength 1460 — 1530
C-Band Conventional 1530 — 1565
L-Band Long wavelength 1565 — 1625
U-Band Ultralong wavelength | 1625 — 1675

Filter DWM (FWDM) can transmit multiplexed or single wavelengths 2-way over a

single fiber. Owing to its filtering feature, it prevents certain returning wavelengths

from continuing on the optical path like an isolator.

Figure 2.21. FWDM [47]

The optical circulator, which is a passive optical component, may have 3 or 4 ports.

A beam that moves sequentially between ports (1 to 2, 2 to 3, 3 to 1) cannot return

from the same direction.

Figure 2.22. 4 port circulator representations [7]

It can be used to give a certain orientation to the light and prevent it from returning.

There are circulators in the market that can only be used for 1550nm wavelength.
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Figure 2.23. Circulator with 3 ports [47]

Fiber Bragg Grating (FBG) is the structure obtained as a result of periodic or
aperiodic differentiation of the refractive index to the fiber waveguide via ultraviolet

(UV) radiation. Its total length is about 8-10mm.

Uniform FBG
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Figure 2.24. FBG refractive index difference [48]

Grating structures show multilayer dielectric mirror properties. These mirrors are
transparent glassy structures covered with a thin dielectric material and their
thickness is equal to each other. It causes the refractive index to be high-low in

sinusoidal variability along the fiber center path. Its surface can reflect 99.99% of
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the wavelength studied. The reflected wavelength is the wavelength used in the FOG

system. The spectrum of rays transmitted through the FBG is not used.

FBGs, which can be designed in different grating periods (A), reflect rays of different

wavelengths according to the Bragg equation [49].

A = 2nSiOZABragg (2.11)
Apragg - Bragg period

ng;o» - Refractive index (= 1.45)
Ag : Reflected wavelength

The FBG period selected for the study at 1550nm wavelength should be Ag,q44
535nm.

The number of periods (N) is inversely proportional to the reflection bandwidth
range A/,Lﬁ [5].
R
My 1
Ar N
According to equation (2.13), FBG with a center wavelength of 1550nm, a period of

(2.12)

535nm and a period of 104 (the grating length corresponds to a 5mm length) is found
as AAgx 0.15nm.

The wavelength of the reflected light changes proportionally with the grating period.
Consequently, as in Figure 2.25, red light requires FBG with a longer period as it has

a longer wavelength.
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Figure 2.25. Reflection of selected wavelength [50]

Owing to the FBG technology, the wavelength stability of the laser diodes can be
increased and the desired wavelengths in the spectrum can be studied. It acts as a
kind of in-line optical filter. There are FBG types with different properties and
purposes such as uniform FBG, chirped FBG, blazed FBG and superstructure FBG
[49].

The grating structure produced with a uniform periodic distribution reflects the
optical signal back for a certain wavelength. This type of FBG is generally used to
provide wavelength stability in front of laser diodes. Although a beam produced in a
laser has a specific wavelength and narrow full width at half maximum (FWHM),
wavelength fluctuations occur due to its internal heating or environmental
temperature effects. The uniform FGB will not transmit the shifted wavelengths

generated during this fluctuation back to the system.
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Figure 2.26. Difference of uniform FBG and periodic refractive index
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Chirped FBG (CFBG) with increasing periodic distribution can be produced with
periods as linear or quadratic functions. With this type of grating, a certain
wavelength range can be reflected back. The wave profile to be studied is the
reflected spectrum. The FWHM and center wavelength of this spectrum can be tuned
with the chirped FBG.
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Figure 2.27. Chirped FBG and periodic refractive index difference

Also called Blazed FBG, Tilted FBG, or Slanted FBG in the market. The variation
of the refractive index in FBG, which has an obligue grating, is at an angle with
respect to the optical axis. The tilt angle affects the reflected wavelength and
bandwidth (FWHM). Its curved structure creates a wave with different amplitude by
overlapping the nonlinear distribution and 2 linear polarization modes (LP01 and
LP11), it has different polarization compared to the first wave and continues on its
way in this way [49]. For this reason, Blazed FBG serves to obtain odd-order
radiation modes. Inclined FBGs are not used in the fiber optic gyroscope application,

since it works in only one mode (LPO1).
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Figure 2.28. Blazed FBG and resulting polarization modes [49]
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Superstructure FBG is formed by fabricating sections with co-refractive indices in
clusters along the fiber path, spaced at fixed intervals or periodically incrementally.
By changing the distance and frequency of the created refractive indices, waveforms

with different phase shifts and amplitudes can be reflected.

@ 9

Figure 2.29. Superstructure FBG

Isolators work unidirectionally with the filters used in their structure. It prevents the
returning beam from propagating on the optical path. It is especially used at the
output light sources. Thus, it ensures that the light source is not damaged or affected

by back reflections.

As in Figure 2.30, the beam coming to the isolator is collected by a collimating lens
and split with the help of a spacer with high double refraction. Its polarization is
controlled with the help of a faraday rotator and half-wave plate. With the help of a
spacer with high birefringence, the rays are collected and their continuity is ensured
in the optical path. The returning rays, indicated by the red arrows, are blocked on

the optical path as they cannot enter in the direction of input.
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Figure 2.31. Isolator [51]

2.4  Types of Light Sources

In FOG products, monochromatic wavelength as well as single-mode fibers are used
in order to measure the phase difference precisely. In order to prevent non-linear
errors that may occur due to the nature of the silica material, a wide FWHM range is
preferred instead of operating in a narrow bandwidth (FWHM) of the light source as
in the laser. Working with a coherent light source increases the possibilities such as
back reflection and scattering. For this reason, light sources with low coherence
levels are preferred.
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There are critical parameters to consider when choosing a light source. These; which
wavelength to work at, FWHM, center wavelength, optical power and stability of the
wavelength. With the development of Erbium Doped Fiber Amplifier (EDFA) light
source technology in the 1990s, the stability of the light source output optical power
has increased. However, with some passive optical components used, FWHM and
center wavelength has become adjustable. Before that, in medium and low-
performance FOG products, working with ASE principles, but not as stable as
Erbium-doped Fiber Source (EDFS); superluminescent laser diode (SLD), Super-
radiant Diode (SRD) and light emitting diodes (LED) light sources were used.

In order to better understand light sources and light sensors, the principle of the diode
should be explained first. After briefly mentioning the concept of a diode, light

source types and light-sensing devices are explained in the next sections.

24.1 Diode

A diode is a semiconductor optoelectronic circuit element that only conducts current
in one direction. Elements whose resistance in one direction is negligibly small, and
whose resistance in the other direction is very large. The direction in which the
resistance is small is called the forward direction or conduction direction, and the
direction where it is large is called the reverse direction. The diode symbol is in the

form of an arrow indicating the direction of the current flow.

Anode l\l Cadhode

(+) L1 )

Figure 2.32. Diode symbol

The most commonly used materials used in the construction of semiconductors are

silicon and germanium. After these substances are purified and active substances are
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added, two different semiconductor substances are obtained P-type and N-type.

Basically, the diode consists of an N and a P-type semiconductor placed side by side

with a barrier between them.

Figure 2.33. (a) Forward biasing of the diode (b) Reverse biasing of the diode

(Black regions represent electron-free regions.)

When the diode is forward biased and the voltage value to overcome the barrier, the

region is applied or exceeded, the current flowing through the diode is called the

conduction current I;. Normally, the diode should not conduct current in case of

reverse polarity. Because the barrier region will become larger with the applied

reverse polarity. However, in practice, a very small leakage current flows through

the diode in the opposite direction during reverse polarity. This leakage current is

called reverse saturation current, I. There is a relationship between the saturation

current and the conduction current as follows.

1,;: Diode current
;. Applied voltage to the diode

n: Ideality factor
V,: Thermal Voltage, V, = kg

I;: Reverse bias saturation current

A typical diode current-voltage variation graph is given in Figure 2.34.
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Figure 2.34. Current flowing across a diode versus the voltage applied

When a diode is forward-biased, the diode voltage turns on after a certain threshold
voltage, acting as a conductor. When the diode is reverse biased, it allows very little
reverse saturation current to pass, even if the voltage increases in reverse. But after
a certain feedback voltage, the structure of the diode deteriorates (breakdown) and

becomes conductive.

Diodes can be used to serve different purposes by using semiconductor technology
and infrastructure. Devices such as laser diode (LD), super bright superluminescent
diode (SLD), and light emitting diode (LED) photodetectors are used to generate or
detect light. Figure 2.35 shows various diode applications. In the next section

document, LD, SLD, LED and detectors will be examined.
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Figure 2.35. Diodes examples [52]

In Figure 2.36, the difference between LD, SLD and LED wavelengths is visualized.
LDs have a fairly narrow bandwidth, while LEDs have a wider bandwidth. These

light sources are used selectively for the purpose of application.
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Figure 2.36. Laser diode, SLD and LED spectrum for InGasAsP/InP devices [7]
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24.2 Laser Diode

A laser diode (LD) is an optoelectronic light source developed with semiconductor
technology and working with diode principles. Spontaneous emission with a broad
spectrum occurs by stimulated emission in a spatial single-mode optical oxidizing
waveguide. With the simultaneous occurrence of these two emissions in the laser
diode, a light beam that is neither as coherent as a laser nor as coherent as an LED is

obtained.

Semiconductor diode lasers emit light like LEDs, but unlike LEDs, semiconductor
lasers consist of a single coherent, strong and straight beam of light. Semiconductor
lasers have a normal diode structure, that is, they have a P-N junction. By applying
voltage, an electron in the p-n-transition is allowed to recombine with a hole. As the
electron falls from a higher energy level to a lower one, radiation in the form of an
emitted photon is produced. This is spontaneous emission. Stimulated emission, on
the other hand, can be produced when the process is continued, and the light thus

produced has the same phase, coherent level and wavelength.

Amplified Spontaneous Emission (ASE) architectures are obtained by the inclusion
of different passive optical components in the configuration of the LDs, since SLDs
and LEDs have a narrower spectrum compared to their bandwidth. The purpose of
these architectures; is to determine the wavelength and optical power stability of the

wave for application.
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Figure 2.37. Laser diode [53]
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2.4.3 Light Emitting Diode

LED is the abbreviation of Light Emitting Diode. LED is a semiconductor, diode-
based, light-emitting electronic circuit element. LEDs can give high brightness light
in various wavelengths such as visible light, ultraviolet and infrared. Low energy
consumption, long life, durability, small size and fast switching on and off have

advantages over traditional light sources such as bulbs or fluorescents.

Anode | /‘/l Cathode

O 0
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Figure 2.38. LED electronic symbol

Its main material is silicon. They emit light by releasing photons when current is
flowing through them. They are produced to give light at different angles.
 [—
Anode

=
Cathode

V R

Figure 2.39. Basic LED circuit

In summary, when we examine it in terms of working principle; When the desired
voltage is applied in the right direction, the energy released together with the
movement of the electrons shown in red in Figure 2.40 to the spaces shown in white
on the opposite side, is the transformation of the energy into a light source called

photon with the effect of chemicals in the chip.
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Figure 2.40. Light generation in PN-type semiconductor technology

The light emitted by LEDs is related to the semiconductor additives inside the LED
chip. In which color the LED is desired to emit light, chemical materials such as
gallium, arsenide, aluminum, phosphate, indium, and nitrite are added to the
semiconductor material at the appropriate rate (GaAlAs, GaAs, GaAsP, GaP,
InGaAlIP, SiC, GaN). Thus, it is ensured that the LED chip radiates at the desired
wavelength. Unlike other light sources, LEDs produce only one color.

In Figure 2.41, the visual of LEDs with different outer coatings for different
applications is given. The plastic lens outside is usually the same color as the light it

emits.

///y\ & - / )

Through-Hole LEDs Surface Mount LEDs Bi-Color LEDs

S R

High-Power LEDs commonanode RGB LEDs (cmnu;vcxmodc Alphanumeric LEDs

“\

Figure 2.41. LEDs of different types and cladding [54]
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The voltage-current graphs of the LEDs are exponential. A small voltage change on
the led at the appropriate operating point causes a large current change. A series
current limiting resistor is connected to the LEDs to prevent deterioration due to high
current. This prevents deterioration of the non-sensitive LED voltage range.

The features and benefits of LEDs are as follows.

« Since the light is in the desired wavelength, they do not require filters or prisms to

separate colors.

* All the light is used. In other lamps, some colors are filtered out.
* [t saves energy.

* Very fast response (200ms)

* It is long-lasting. They can work for about 100,000 hours. (in a laboratory

environment)
» Since they are small, they have many design features.

* It prevents the loss of energy as heat by producing low heat (110°C). This value

goes up to 2700°C in incandescent lamps.
* Light intensity can be adjusted casily.
» It is resistant to impacts thanks to its plastic sheath.

» It does not contain heavy metals harmful to the environment, such as mercury found

in other lamps.

244 Superluminescent Laser Diode

Superluminescent Diode (SLD - Super Bright Diode) are optoelectronic
semiconductor devices with a wide wavelength range, also called super bright LED

(SLED). Essentially, an SLD is a semiconductor optical amplifier with no input
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signal, and weak spontaneous emission into waveguide mode followed by strong

laser amplification.

SLD is an electrically driven p-n junction optical waveguide. Electric current will
flow from the p-section to the n-section and through the active region sandwiched
between the p- and n-section. During this process, light is produced through
spontaneous and random recombination of positive (holes) and negative (electrons)
electric carriers and then is amplified as it travels along a SLED's waveguide. The p-
n junction of the semiconductor material of an SLD is designed in such a way that
electrons and holes have a large number of possible states (energy bands) with
different energies. Therefore, the combination of electrons and holes produces light
with a wide optical frequency range.

Typical values for SLD modules on the market cover the range from 400 nm to 1700
nm for central wavelengths. In terms of bandwidth, it covers between 5 nm and 100
nm. In terms of typical wavelengths on the market, 840nm, 980nm, 1060nm,
1310nm, 1550nm, etc., with high output power and wide bandwidth selection. sizes

are available.

There is a trade-off between maximum output power and bandwidth. Bandwidth is
greater for devices with lower output power. Therefore, high-bandwidth SLDs
appear to provide lower optical powers than laser diodes. Another factor important
for some applications is wavelength stability, especially under varying temperatures
and aging conditions. Typically, the center wavelength drifts by a fraction of a

nanometer per Kelvin, following the shift of the semiconductor's gain spectrum.
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Figure 2.42. SLD examples [55]

An SLD combines the advantage of both LD and LED. This is because LD has
diffraction-limited, spatially coherent, easy coupling to external components and the

broadband spectrum of LED.

2.4.5 Amplified Spontaneous Emission Source

Amplified Spontaneous Emission (ASE) light sources are optoelectronic
components developed with semiconductor technology and working on the same
principle. Spontaneous emission with a broad spectrum occurs by stimulated
emission within a spatial single-mode optical oxidizing waveguide [3]. With the
simultaneous occurrence of these two emissions, a light beam that is neither as
coherent as a laser nor as coherent as an LED is obtained. Thus, a broad spectrum
and low coherent light source with high optical power suitable for FOG products can

be obtained.

Silica (SiO2-Silicon dioxide) is used as fiber material in order to achieve low power

losses.

In Figure 2.43, the y-axis shows a few dB power loss per km along the ar fiber path,
while the x-axis shows different wavelengths. When the graph is examined; The loss
is 2 dB/km at 850nm wavelength, 1 dB/km at 1060nm, 0.4 dB/km at 1300nm and
0.2 dB/km at 1550nm [5]. For applications with different performance requirements,
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3 wavelengths often work in the FOG literature: 850nm, 1300nm and 1550nm. Nd-
YAG lasers working with 1060nm are mostly used in the healthcare industry.
Although wavelength around 1um has more power loss compared to longer
wavelength, it has higher quantum efficiency [5].
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Figure 2.43. Graph of power loss in fiber versus wavelength [5]

At 1390nm, 1240nm and 950nm wavelengths, residual water absorption peaks,
which is the effect of OH irregularities, cause high loss. After the 1700nm
wavelength, the Infrared tail (infrared IR tail) rises rapidly and reaches 10 dB/km

losses at 2000 nm.

The fiber material is not perfectly homogeneous; therefore, the beam may be subject
to dispersion in rough areas. There are 3 types of dispersion: material dispersion,
chromatic dispersion, and waveguide dispersion [7]. Chromatic scattering can be
defined as the separation of the beam into different wavelengths due to Rayleigh
scattering. In Figure 2.44, chromatic dispersion is ground zero for the wavelength of
1550nm.
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Figure 2.44. The scattering of the light in the fiber [5]

ASE light source sub-components are given in Figure 2.45. Different architectural
designs can be developed in accordance with different performance values using the
given sub-components of the ASE light source.

ASE Source

Pump Laser

FBG and
Isolator

WDM

Active Fiber

Isolator

1:99 Coupler

[ Monitoring j

Figure 2.45. ASE source components

Photodiode
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FBG is added to the output of pump lasers available in the market by the
manufacturer. Thus, wavelength stability is tried to be ensured. A laser diode similar
to the example given in Figure 2.46 operating at 980nm is expected to produce a
spectrum as in Figure 2.47.

Figure 2.46. Pump laser [56]

Power [VW]
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Figure 2.47. Pump laser spectrum

After the beam fed by the pump laser at a wavelength of 980 nm enters the Er+3
doped fiber, it is oxidized by spontaneously emitted photons between 1520nm and
1570nm and has a spectrum as in Figure 2.48. This spectrum wave propagates from
both ends of the Er-doped fiber and has a broad FWHM to use in the IFOG optical
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path. However, this broad spectrum has poor central wavelength stability over broad

temperature range. Therefore, many techniques needed to lower this effect [35].

Erbium Doped Fiber
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Figure 2.48. ASE output spectrum for 1550nm ASE source [35]

Depending on the application, optical filters such as CFBG can be used to operate in
the desired wavelength range. Thus, the optical path continues with an oxidized
output with a specific center wavelength and FWHM. Ytterbium-doped ASE sources
are detailed in the next sections.

2.5  Optoelectronic

251 Phase Modulator
The piezoelectric phase modulator changes the refractive index and creates a phase

difference by stretching the fiber material wrapped around the piezoelectric tube,
which can be expanded and contracted by applying voltage.
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Figure 2.49. Piezoelectric phase modulator [5]

Today, the piezoelectric phase modulator is no longer used in fiber optic gyroscope
applications. The reason is that it loses efficiency at certain mechanical resonances.
The biggest disadvantage is that although it is efficient in open-loop configurations,
it cannot perform wide-range feedback modulations such as the phase ramp used for
closed-loop.

Instead of the piezoelectric phase modulator, MIOC (Multifunctional Integrated
Optical Chip) product has started to be used as a phase modulator with improved
production technology. The beam is transmitted to the MIOC through the fiber
material. LiNbO3z material produced with the Photon Exchange (PE) technique is
used as an optical waveguide at the MIOC entrance. MIOC includes a linear
polarizer, Y splitter/combiner and electrodes. The beam, coming to the entrance of
MIOC with PM fiber, firstly moves through LiNbOs material by changing the
waveguide, passes through the polarizer, splits into two with equal powers (50:50)
and continues to enter the coil in two PM fibers joined to the output of MIOC by

traveling between the electrodes.

Y junction phase modulators

polarizing

Figure 2.50. MIOC [5]
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The cross-coupling or cross-talk in MIOC occurs at the junction of the PM fiber with
the MIOC waveguide. During MIOC production, this parameter is measured and

given in the description of the product features.

In order to reduce the cross-talk effects of the beam entering the MIOC, an extra PM
fiber is added in front of it to control the polarization. PM fiber length to be added
can be determined by controlled tests. By gradually shortening a long PM fiber, the
appropriate length of fiber can be determined, minimizing the cross-talk error and
saving space at the same time.

Polarization control in PM fibers is not perfect. Along the fiber, residual coupling
occurs in crossed-polarization modes. This increases the polarization ratio in the
vertical and horizontal axes of the fiber. PER occurs throughout the MIOC and fiber
coil. For high-performance FOG, the PER measured from MIOC should be more
than 60dB [57]. Therefore, whenever the PER of a gyroscope is to be measured, the

test set-up must have MIOC and coil.

25.2 Photodetectors

With the development of semiconductor technology, diodes, and
photodiodes/detectors, which can convert optical signals to electrical signals, have
also started to develop. There are different photodiodes according to their working
principles and material type. Some of those are; the PN photodiode, PIN (p-type,
intrinsic and n-type) photodiode, phototransistor, photoresistor, photoconductor and
avalanche photodiode (APD). Among these; the PIN photodiode is used for fiber
optic gyroscopes because it is easy to manufacture, has high reliability, low noise

and has a high band gap compared to other photodiodes.

A photodiode is a diode that conducts light energy. It is a p-n junction device that
always operates at reverse voltage. Although there are different types of photodiodes

on the market, they all work on the same basic principles. These can be classified as
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PN photodiode, metal-semiconductor photodiode, Schottky photodiode, PIN

photodiode and avalanche photodiode.

Anode ﬁ Cathode

Figure 2.51. Photodiode electronic symbol

Photodiodes are one of the important optoelectronic devices widely used in optical
fiber communication systems. Of these, PIN photodiodes are preferred especially in
fiber optic gyroscope technology, both for their high quantum efficiency and for the
wavelength studied. There are three zones in the PIN diode. There are p-region, inner
region and n-region. The p-region and n-region are relatively heavily doped from the

p-region and n-region of common p-n diodes.

Figure 2.52. P-N type photodiode working principle [58]

When a typical diode is reverse biased, the reverse current flowing is leakage current
and its value is very small. This current is caused by minority current carriers and its
value will be very small if it is not interfered with from outside. The way to increase
this current is possible by giving an external energy, breaking the valence bonds and
thus increasing the number of minority current carriers. This energy can be heat
energy or light energy. For this purpose, the light energy collected by a lens can be

focused on the full junction surface, and the valence bonds can be broken, and the
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number of minority current carriers and, accordingly, the reverse current can be
increased. Such diodes are called photodiodes. These diodes are used as converters
that convert light intensity and wavelength into the variable current in light intensity
measurement and light control circuits by being reverse polarized in electronic

circuits.

The minority carrier population in the PIN photodiode is very large compared to the
PN junction photodiode. Therefore, the PIN photodiode carries a greater minority
carrier current than the PN junction photodiode. When a forward voltage is applied
to the PIN photodiode, it behaves like a resistor. Like capacitance, in the PIN
photodiode, the p region and n region act as electrodes and the inner region acts as a
dielectric. The separation distance between the p region and the n region in the PIN
photodiode is very large due to the large depletion width. Therefore, the PIN

photodiode has low capacitance compared to the PN junction photodiode.
The advantages of PIN photodiode are as follows:

» Wide bandwidth

* High quantum efficiency

* High response speed

The characteristic behavior of a photodiode against applied voltage and current is

shown in Figure 2.53.
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Figure 2.53. Photodiode characteristic [7]

68



The parameters of the photodetectors are as follows.
* Quantum Efficiency (1)

The probability that a photon generates an electron that will contribute to the detector

current.
* Detector Response / Responsivity

It is the coefficient between the current formed in the detector circuit and the optical

power (P) falling on the detector.

[ ne A
P hy 1124 (2.14)

R: Detector responsivity

i,,. Detector current

P: Optical power at the detector
n: Quantum efficiency

e: Electron charge

h: Planck constant

v: Photon frequency

A: Wavelength

* Response Time

In detectors, the response time depends on the transition time delay and the RC time
constant. The transition time delay is related to the motion of the electron-hole pair
formed by the detector to detect the light falling on the semiconductor region. If the
RC time constant is considered as the sum of the PIN region of the semiconductor,

R (resistance), and C (capacitance), it is the current time created by this region.

* Gain
It is the total amount of charge that a photon creates in the detector circuit. If 1 photon
creates a charge Q instead of 1 free charge:

69



Q=0G.e (2.15)

Gain:
G = ¢ (2.16)
e
Detector responsivity
iP
=G— 2.17
R=G (2.17)

* Gain-Bandwidth Product

» Signal-to-Noise Ratio (SNR)

The most common materials in the semiconductor industry are Si, Ge, GaAs, GaP,
and InGaAs. Since these materials have different energy ranges, they have their own
characteristics and different responses when detecting light falling on them. Specific

sensitivity to the working wavelengths of the PIN photodiode manufactured in
different materials is given in Figure 2.54.
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Figure 2.54. Comparison of detector material types [7]

Responsivity is an important parameter for photodetectors. It characterizes the
relationship between the input and output power of the photodiode. It is expressed
by p or R [A/W]. It is proportional to the power of the light falling on it and the
photocurrent generated.
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R(A/W) = %’ (2.18)

The parameter that shows how efficiently a photodiode converts a light signal to an
electrical signal is sensitivity. Typically, it should be between 0.5 A/W and 1.0 A/W.
R can be determined by the manufacturer. Photocurrent can be calculated by
including the sensitivity value and input power given by the user. When high light
power is applied in photodiodes, saturation is expected after a certain level and in
this saturation situation, the above equation) cannot be used. Therefore, it should be

studied in unsaturated conditions.

The sensitivity parameter is also related to the wavelength studied. Theoretically;
The quantum efficiency m, the speed of light c, the plank constant h, and the

wavelength A and the sensitivity R is calculated. 1248 eV.nm is evaluated for hc.

R(A/W) = %48.1 2.19)

According to the above equation, quantum efficiency and high wavelength are
preferred in terms of increasing sensitivity and taking good measurements. When
examined; It is preferred to work with the InGaAs material, whose efficiency is
closest to one hundred percent, at a wavelength of 1550nm. Assuming the efficiency
of the InGaAs material at 70 percent, its sensitivity is 0.869 A/W when operating at
1550nm. This value is a good value to be reached. In practice, less theoretical

computation is expected.

Dark current sensitivity in photodiodes refers to the minimum light power that the
photodiode can measure. If the photocurrent that will generate the light power stays
below the dark current, the measured value will not reach the expected value. In
modern photodiodes, typically at room temperature the dark current sensitivity is
about 5nW. As the temperature rises, the dark current also increases.

In Table 2.2, typical parameters of a PIN photodiode and APD, which are widely
used in the market with the highest efficiency for three different materials. When the

operating wavelength, dark current, quantum efficiency and sensitivity parameters
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are evaluated; the PIN photodiode, produced with an optimum level of InGaAs

material, is preferred in fiber optic gyroscope applications.

Table 2.2. Comparison of materials used in photodetectors [59]

Photodetector : Spectral Qu_a r_1tum Response | Dark Current
Gain Efficiency .
Type Range (nm) Time (ns) (nA)
(%)

Si PIN 1 400-1150 60-90 0.3-3 -
Si APD 50-300 400-1150 70-80 0.5-5 0.1-1.0
Ge APD 10-100 800-1750 50-80 0.3-3 5-100
InGaAs PIN 1 900-1700 70-90 0.05-1 -
InGaAs APD 10-40 900-1700 60-90 0.1-1 0.5-5
Photomultiplier | 105-107 160-850 30 0.15-13 10-200

PINFET (p-type-intrinsic-n type field effect transistor) is developed by combining a

trans-impedance circuit to the PIN diode and current amplifier. An example of a

PINFET suitable for use in commercially available FOG is shown in Figure 2.55.

Figure 2.55. PINFET example [60]

PINFET has a PIN photodiode and FET op-amp circuit in its structure. Its output is

the voltage as shown in Figure 2.56.
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Figure 2.56. Basic FET circuit
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2.6 ASE Source for 1030nm IFOG

Ytterbium (Yb) is a rare earth element and used its ions used as dopants in the active
medium of fiber lasers and solid-state lasers. Generally, ytterbium gain medium is
pumped at 900-1000nm wavelength range and the such system operates at 1.03—

1.12um wavelength range [61].

2.6.1 Ytterbium Gain Medium

The interest in Ytterbium-doped fiber lasers has been increasing rapidly since its first
development in late 80s [62]. Having broad emission bandwidth and high excited
state absorption makes Ytterbium-doped fiber attractive compared to other rare-earth
element fibers. Emission bandwidth spans between 975 and 1200 nm wavelength
range and the simple energy level structure of Ytterbium enables to use of such
systems in various diode pumping applications [63], [64].

The shell of ytterbium ions has one lack of an electron. Energy levels of Yb ions that
correspond light emission are 2F7/, and 2Fsj2 which are ground level and excited level,

respectively [61].

The stark effect which is energy level splitting under the exterior electric field results
in the splitting of the pump and laser’s energy levels into sub-energy levels. These

energy levels are shown in Figure 2.57.
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Figure 2.57. a) Three-level b) four-level ¢) quasi-three-level systems

In Figure 2.57, horizontal lines correspond to energy levels. The higher lines have
higher energy. For three-level systems, the transition of the laser ends at a ground
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energy level. On the other hand, the transitions of the laser end at an energy level
higher energy compared to ground level for four-level systems. In the case of quasi-
three-level systems, population occurs at the lower laser energy state in thermal

equilibrium.

Compared to other rare earth elements, ytterbium active medium has only one
excited level which increases conversion efficiency greatly. Quantum defect which
is a parameter related to energy band difference between ground and excited states
is very low for Yb-doped gain mediums. Stokes shift means that lasing photons have
lower energy compared to pumping photons. In other words, the emission
wavelength is longer than the pump wavelength. This efficiency is determined by
quantum defect and can be calculated as [61]:

hvl
q = hv, —hv; = hv <1 - —) (2.20)
p p hvp

Here, v, and v; are pump and lasing frequency, respectively and h is the Planck
constant. A small difference between the frequency of the pump and lasing emission
results in small quantum defects, high power conversion efficiency and low heat
dissipation for a Yb-doped active medium. Quasi-three-level behavior is observed
for a system having a small quantum defect. During laser transition, the emitted light
is strongly absorbed in the unpumped region of an active medium that creates an
intermediate level close to ground level in quasi-three-level. This increases the pump
power threshold [61]. The intermediate level has mainly populated by ions that have
a temperature of their environment. Therefore, unpumped active region reabsorbs
emitted wavelengths. For an amplifier system, the pump and signal wavelength
determine which energy level behavior is presented. 1030nm region dominates three-
level behavior whereas longer wavelengths than 1080nm present four-level behavior
where the reabsorption level is lower. In this condition, the energy gap between

excited and ground level increases resulting in lower laser threshold levels [61].
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Yb-doped active fibers are used in various applications including fiber laser and
amplification systems. The range of 800 to 1064 can be used as pump wavelength to
achieve 975 to 1200 nm of output wavelength. High absorption and emission cross-
sections can be achieved due to simple electronic structure and high doping

concentration options [61]. In Figure 2.58, absorption and emission cross-sections

are displayed.
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Figure 2.58. Absorption and emission cross-sections of Yb-doped fibers [63]

Two pump wavelength regions are optional according to Figure 2.58. 910nm region
has a broad absorption cross-section although higher pump powers are needed to
achieve a higher gain level. This will result in ASE which limits the maximum
achievable gain. On the other hand, the 975nm wavelength region has higher
efficiency in both pumping and absorption cross-section which mitigates ASE.
Quasi-three-level behavior for the 975nm region has high re-absorption loss where
total gain fiber length should be optimized carefully. For ASE structure, fiber length

optimization results are explained in the next sections.
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2.6.2 Gain Dynamics

In the case of having extremely rapid nonradiative relaxations to the meta-stable
state, reduced two-level systems can be used as an alternative to three-level systems
[65]. Ytterbium gain medium can be modeled as a simple two-level laser scheme

when the medium is pumped at a 975 nm pump wavelength.

In Equations (2.21) and (2.22), the rate equations of Ytterbium ions in the excited

energy state and ground energy state are given.

dn

d_tz = (Ry2 + Wi)ny — (Ryy — Wy + Az1)n, (2.21)
dn,
dt = —(Ryz + Wip)ng + (Ryy — Way + Ap9)n, (2.22)

Here n, are normalized populations of excited energy state and n, is normalized
populations of lower energy states. R, and R, are rates of pump excitation and
relaxation, respectively. W,, and W, rates of signal absorption and emission,

respectively. A, is the rate of spontaneous emission.

The total number of the excited and ground state is normalized and the conservation

of energy law states this number equals 1.
The normalized population equations are given in Equations (2.24) and (2.25) when
the system is in a steady state (i.e., % = 0).

_ Ry1 + Wy + Ay
Riz + Ry + Wi + Wy + Ay

ny (2.24)

_ Ry + Wi,
Riz + Ryy + Wi, + Woy + Ay

n, (2.25)
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In an optical fiber, the absorption and emission cross-sections of the ions which are
found in the gain medium determine the pump and signal transition rates. These
transition rates are given in Equations (2.26), (2.27), (2.28) and (2.29).

_ Ogplp
Riz = ® (2.26)
_ Oeply
21 = —hvp (2.27)
w,, = Zesls (2.28)
12 = Ty :
O-esIs
= 2.2
=T (229)

Here o4, and o,, are effective pump absorption and emission cross-sections,
respectively. g, and o, are effective signal absorption and emission cross-sections,
respectively. I,, and I, are the intensities of the pump and signal field. v,, and v, are
frequencies of corresponding transitions. The rate of spontaneous emission is given
in Equation (2.30).

1
=z 2.30
Ay = - (2.30)

Here, 7 is the lifetime of the Ytterbium ions in the excited state. Given formulas are
used for quasi-two-level fiber systems. The propagation equations as given in
Equations (2.31) and (2.32) are used in order to calculate the pump and signal power

through the gain fiber.
dP,
d_Zp = FpNtot(Uean - Uapnl)Pp(Z) (2.31)
dP,
d_ZS = rsNtot(O-ean - O-asnl)Ps(Z) (2.32)

Here, I, is the overlap factor of the pump which can be explained as the pump signal
area over the Yb-doped area ratio which is i—: and A, is the pump light-field mode.

Total ion density is shown by N;,;. I is the overlap factor of the signal which can
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be explained as the pump signal area over the Yb-doped area ratio which is % and
d

Ay is the signal light-field mode.

A new Ytterbium gain model is proposed by considering the ASE power in both

forward and backward directions in addition to simple spontaneous emission A,;.

= 2.33
Transition rates for ASE are given as:
As,, = Zoesls (2:34)
AS — O-easIAS (2 35)
21 thS :

The sum of forward and backward traveling waves gives the total ASE intensity.

Lis = Iis + Lfs (2.36)
Furthermore, the model can be extended with the inherent fiber loss. The final rates
are given as:
O-aPIP + Uasls GaasIAS
hv, hvg hv,s
n, = (2.37)
(O-ap + O-ep)lp + (Gas + Ges)ls + 1 + (Uaas + Ueas)las
hvy, hvq T hv,g
dp,
== LyNiot (Oepny — 04p11 )P,y (2) — ay Py (2) (2.38)
dP;
E = FsNtot(O-esnz - O-asnl)Ps(Z) - asPs(Z) (2'39)
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d Py
d;S = I4sNeot (Geqsny — Oaasti)Pis(2) + IsNiorOeqshVasAvgs (2.40)

- aasPan (2)

dP;;
d;S = —IasNiot (Oeqsnz — O-aasnl)PaBs(Z) — s NiotOeashVasAvas (2.41)

+ aaspai (2)

The second term in Equations (2.40) and (2.41) represents the contribution of the

spontaneous emission into the mode [66].

These equations require two boundary conditions at z = 0 and z = L with L being the
length of the gain fiber. The bidirectional split-step method can be used to calculate

the pump, signal and forward and backward ASE powers using these equations.

Equations (2.40) and (2.41) can be used to model SPF (single pass forward) and SPB
(single pass backward) ASE sources. In order to model DPF (double pass forward)
and DPB (double pass backward) ASE sources, results of single pass configuration
are used. SPB acts as a forward signal after reflection and results in DPF
configuration. Similarly, SPF acts as a forward signal after reflection and results in

DPB configuration. These statements are displayed in Figure 2.59 and Figure 2.60.

|
SPB SPF
pump - >
Direction
5 ‘
z=0 z=L

Figure 2.59. SPB and SPF representations
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DPF: DPB:

SPB - Forward Signal SPF + Backward Signal
\
SPB SPF
- {— >
Direction
Z:O Z=L

Figure 2.60. DPB and DPF representations
2.7  ASE Source Optimization

Generally, ASE can be classified into four groups single-pass forward (SPF), double-
pass forward (DPF), single-pass backward (SPB), and double-pass backward (DPB).
The preferred configuration determines the output characteristics of a Yb-doped ASE
in terms of the central wavelength, spectral bandwidth, optical power, and
wavelength and power stability.

Especially for fiber optic gyroscopes, mean wavelength stability is crucial for the
scale factor which is the relation between the input and output of the sensor [25]. The
mean wavelength of a spectrum is given as [67].

[P AdA

A= [P0y @ (2.42)

For an ASE source, there are certain parameters affect mean wavelength stability

such as gain fiber temperature (T), pump power (Pp), pump wavelength (Ap), pump

state polarization (SOPp), and feedback power (F) reflected from the output [67].

AN = a}‘AT+ oA AP, + oA ANy + ASOP, + aXAF (2.43)
~aT P, T ax, T 0SOPs P T oF '
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2.7.1 ASE Configurations

Four basic ASE source configurations are proposed including SPF, SPB, DPF and
DPB. Each design commonly consists of a pump laser diode (LD), a wavelength
division multiplexer (WDM) to combine pump and emission wavelength, Yb-doped

fiber and an in-line isolator to block back reflections resulting from fiber outputs.

2.7.1.1  Single Pass Configurations

For SP configuration, Yb-doped fiber is pumped in a forward direction. Output is
observed either through the active fiber or the second input of WDM. APC is used

to block back reflection. Designs are shown in Figure 2.61.

APC Yb-fiber
Isolator

Yb-fiber WDM APC
WDM H A Isolator m -

LD ) LD b)

Figure 2.61. SP ASE architectures a) SPF b) SPB

2.7.1.2  Double Pass Configurations

For DP configuration, Yb-doped fiber is pumped in a forward direction. Instead of
APC, an in-line mirror is used to reflect some portion of the backward ASE through

Yb-doped fiber for one-stage amplification. Designs are shown in Figure 2.62.

In-line mirror Yb-fiber

Yb-fiber Isolator WDM
WDM Isolator

—
\ |

In-line mirror

LD a) LD b)

Figure 2.62. DP ASE architecture a) DPF b) DPB

81



2.7.2 Test Results

Output spectrum and power tests are conducted at room temperate. Temperature
dependency of mean wavelength is tested using a thermal chamber. An optical
spectrum analyzer (OSA) is used and data is collected via a computer. The

temperature test setup is shown in Figure 2.63.

Thermal Chamber

Figure 2.63. Temperature test setup

2.7.2.1  Single Pass Forward

Spectrum outputs of SPF configuration for different Yb-doped fiber lengths are

given in Figure 2.64 for different pump currents.
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Figure 2.64. SPF configuration output spectrum for different pump currents a)
0.6m b) 0.8m and c) 1.0m

The result states that spectral characteristics change with the Yb-doped fiber length.
Output power and mean wavelength analysis of ASE configuration are given in
Figure 2.65.
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Figure 2.65. SPF a) output power and b) mean wavelength for different Yb-doped

fiber lengths. ¢) Mean wavelength for different temperatures

Generally, the mean wavelength of the spectrum shifts towards shorter wavelengths

as the output power increases. On the other hand, the mean wavelength of the

spectrum shifts towards longer wavelengths with the increase in ambient

temperature.

2.7.2.2  Single Pass Backward

Spectrum outputs of SPF configuration for different Yb-doped fiber lengths are
given in Figure 2.66 for different pump currents.
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Figure 2.66. SPB configuration output spectrum for different pump currents a)
0.6m b) 0.8m and c) 1.0m

Output power and mean wavelength analysis of SPF configuration are given in
Figure 2.67.
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Double Pass Forward

Spectrum outputs of DPF configuration for different Yb-doped fiber lengths are
given in Figure 2.68 for different pump currents.
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Figure 2.68. DPF configuration output spectrum for different pump currents a)
0.6m b) 0.8m and c) 1.0m

Output power and mean wavelength analysis of SPF configuration are given in
Figure 2.69.
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Figure 2.69. DPF a) output power and b) mean wavelength for different Yb-doped
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2724 Double Pass Backward

Spectrum outputs of SPF configuration for different Yb-doped fiber lengths are

given in Figure 2.70 for different pump currents.
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Figure 2.70. DPB configuration output spectrum for different pump currents a)
0.6m b) 0.8m and c) 1.0m

Output power and mean wavelength analysis of SPF configuration are given in
Figure 2.71.
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2.7.3 Simulation Results

2.7.3.1  Single Pass Forward
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Figure 2.72. SPF spectrum simulation and test result

The mean wavelength for simulation results is 1031.0nm and the mean wavelength

for 1.0m Yb-doped fiber test results is 1032.7nm at 500mA pump current. The mean

wavelength difference is less than 2nm.
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2.7.3.2  Single Pass Backward
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Figure 2.73. SPB spectrum simulation and test result

The mean wavelength for simulation results is 1027.1nm and the mean wavelength
for 1.0m Yb-doped fiber test results is 1027.9nm at 500mA pump current. The mean
wavelength difference is less than 1nm.

2.7.3.3 Double Pass Forward
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Figure 2.74. DPF spectrum simulation and test result

92



The mean wavelength for simulation results is 1030.7nm and the mean wavelength
for 1.0m Yb-doped fiber test results is 1031.4nm at 500mA pump current. The mean
wavelength difference is less than 1nm.

2734 Double Pass Backward
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Figure 2.75. DPB spectrum simulation and test result

The mean wavelength for simulation results is 1028.5nm and the mean wavelength
for 1.0m Yb-doped fiber test results is 1032.4nm at 500mA pump current. The mean
wavelength difference is less than 4nm. The reason for the 4nm difference could be
the spectral response of the back reflector in the DPB configuration.
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CHAPTER 3

IFOG NOISE ANALYSIS

3.1  Noise Types of IFOG

Main noises in gyroscopes can be listed in two categories depending on their time
scale: bias instability and angular random walk (ARW). These noise relations are

demonstrated in Figure 3.1.
Drift

Noise (+30)

FOG output \7, )

Time (h)

Figure 3.1. Noises in FOG [5]

FOG output is the sum of bias instability and ARW. Bias instability is the shift in
gyroscope output in long term. Even if there is no rotation, the gyroscope produces
an output due to various reasons and this output varies with time. The main effects

causing this noise are the Kerr effect, Faraday effect, Shupe effect and instabilities

in electronics.

ARW is the white noise at FOG output effective for short time intervals. ARW can
be expressed in terms of the equivalent rotation rate per square root of bandwidth of

detection.
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Depending on the application ARW or bias instability becomes more dominant.
Although bias instability is effective for navigational purposes, ARW is more crucial

for control and stabilization applications [5].

Several optical and electronic phenomena are responsible for this noise type. ARW

will be investigated detailed in the next sections.

3.1.1 Allan Variance Analysis

The frequency stability of oscillators was analyzed using the Allan variance method
formerly [68]. Additionally, this technique has been used to characterize random
noises in data of any system. The source of noise could be an inherent characteristic
of the device or due to the test set-up. Therefore, understanding the physics of the
device is critical to evaluate the results. The methodology applies to any inertial

sensors such as accelerometers, and gyroscopes.

In general, Allan variance is used to determine five basic gyroscope noise types
angular random walk, rate random walk, bias instability, quantization noise, and rate
ramp. An Allan variance example and associated noise source are given in Figure
3.2. In this study, the most dominant sources for IFOG such as angular random walk

and bias instability are detailed.

quantization

Allan deviation

correlation time

~
N
~
|
>
|

| s

Y

averaging time ¢

Figure 3.2. Allan variance graph and related noises [69]
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Assume gyroscope output has N number of samples and sampling time interval .
Allan variance is a function of cluster intervals that have lengths t, , 27, ..., kT,
(k < N/2). Averages of the sum of the data points in each cluster interval over the

total length of the cluster give Allan variance [69].

02(1) = 5 (B~ B) @)
0(1) = 53 Bz — i + ) 32)

Here, 2 is an average rate calculated as:

_ 6 -0
Dy(0) = —7— (3.3)
Here, T = mt,. Estimated Allan variance is given as:
N-2m
2 1 2
() = 33w =3 Z (Ovzm = 20im + 6 (34)

Instead of angular increment, PSD (power spectral density, S, (f)) of output data can

be used to calculate Allan's variance.

sin*(mf1)

o (3.5)

02(1) = f sp(p) 2D
0

3.1.2 Bias Instability

Bias instability has resulted from the flickering of components such as electronics.
The noise causes a shift in the output of sensors as bias drift. The PSD of bias

instability is given as [69]:

B2\ 1
Sa(f) = f(x) = <E>f f=to (3.6)
O ) f>f0

Here, B is the coefficient of bias instability, f; is the cutoff frequency.
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Using Equation (3.1), a variance of bias instability can be calculated as:

2 sin3x

2 - —
o4(1) = - In2 5

" (sinx + 4x cosx) + Ci(2x) + Ci(4x) (3.7)

Here, x is mfy7, Ci is the cosine integral function.
In Figure 3.3, a log-log plot of Equation (3.7) is given. After cutoff frequency, Allan

variance for bias instability flattens at which the values of this noise and cutoff

frequency can be estimated for any sensor.

1B T

Slope =0

0.01B —t
0.01 0.1 1 10

T

Figure 3.3. Bias instability parameter variance plot [69]
3.1.3 Angular Random Walk

Angular random walk is a white noise type error. The components of this noise will
be detailed in the next section. The dominant source for angular random walk error
is the spontaneous emission of photons which is characteristic of the light source.
Therefore, the angle random walk cannot be eliminated and determines the quantum

limit performance of the sensor [69].

Gyroscope angular random walk has noise components whose correlation time is
shorter than the sampling time interval. Nevertheless, most of these noises can be
prevented with design measures. These noise terms are all presented by a white noise

characteristic of the gyroscope output. The related rate noise PSD is given by:
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So(f) = N? (3.8)

Here, N is the coefficient of the angle random walk. Using Equation (3.8), a variance

of bias instability can be calculated as:
(3.9)

2

0%(1) = —

T

In Figure 3.4, a log-log plot of Equation (3.9). The slope of data is -1/2. Moreover,

the numerical value of N corresponds directly value of the slope line at T = 1.

10N

100

Figure 3.4. Angle random walk parameter variance plot [69]

3.2 Noise Analysis

3.21 Two-level Modulation

Each of the two modulation levels gives a current output at the photodiode as follows

[70], [71]:
I
L(A®g, Dy 0:1) = 70[1 + cos(APg + 1 — D)) + 0y (3.10)

1
L(A®Pg, P, 0:2) = 30[1 + cos(APg —  + D) ] + 0, (3.11)
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I; is the current output of the photodiode at each level, I, is maximum current output,
Ady is phase shift due to rotation, &, is modulation depth, o; ; is current noise at i

level modulation. In order to calculate the rotation angle, the second current level

can be subtracted from the first current level and the difference will be as follows:

Al = ,(A®g, @, 0,5) — 1, (ADg, Py, 0y 1) (3.12)
Put Equations (3.10) and (3.11) into (3.12):

I
Al = 7"[1 + cos(A®g — T + @) — 1 — cos(A®g + 7T — D,,)]

(3.13)
+0i2 — 0i1
Using the property of cosine function:
cos(APp — T+ &) = —cos(ADg + Dp,) (3.14)
The current difference will be:
10
Al = > [— cos(ADg + D) + cos(APg — D) + 0, — 0;4 (3.15)
Using the property of cosine identity:
Al I"[ (A®R) cos(P,,) + sin Adp sin @
= —|—CoS CoS Sin Sin
2 R m R m (316)
+ cos(A®g) cos(Py,) +sin APy sin @y, ] + 0, — 034
The first and third terms cancel each other.
Al = Iy[sin AP sin @y, ] + 0, , — 034 (3.17)
The addition of uncorrelated noises gives:
0?2 = 0% + 02 (3.18)
Final FOG output is given as:
Al = I,[sin A®g sin &,,] + V20; (3.19)

Leave phase difference due to rotation and use small angle approximation:
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Al V20;

ADp ~ — 3.20
R Iysin®,, I,sin®, (3.20)
The second term gives the i noise contribution on rotation phase change.

V2, (3.21)

ORi = Iy sin @,
Sensitivity to noise is related to the sampling of current. Therefore, noise spectral
density should be considered as:

N; = %
i NG 7 (3.22)
Electronic bandwidth is defined as:
Af = L 3.23
f 2t (3.23)

N

where t, is sampling time. The phase noise per unit bandwidth will be:

ori V2N,

/Af I, sin®,,

(3.24)

3.2.2 Four-level Modulation

Each of the four modulation levels gives a current output at the photodiode as

follows:
I
L(A®g, @, 011) = = [1+ cos(APg + 1 — D,,)] + 074 (3.25)
I
L,(A®Pg, P, 0i2) = = [1 + cos(APg + 7T + Pp)] + 015 (3.26)
Iy
I3(A®g, Py, 0;3) = = [1 + cos(ADg — 1 + Bp)] + 035 (3.27)
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1
I4(APp, B, 014) = 5 [1 + cOS(Aby — 1 = B)] + 0 (3.28)

Subtract levels one and four from two and three to get the phase of rotation.

Al = [ (A®g, Dy, 015) + I5(ADg, Py, 073)]

(3.29)
- [11 (A<DR; <pmr O-i,l) + 14- (A¢R! ¢mi O-i,4-)]
Using similar steps as section 3.2.1:
Al = 2I4[sin A®g sin @, ] + 0,5, + 0,3 — 0,1 — 0y 4 (3.30)
The addition of uncorrelated noises gives:
02 =0+ 02 +02+0? (3.31)
The difference will be:
Al = 2Iy[sin A®g sin @, | + 20; (3.32)
Use small angle approximation and leave phase difference due to rotation:
Al ]
Adp (3.33)

¥ 2, sin®,,  I,sind,,
The second term gives the noise on phase change due to rotation for four-level

modulation.

Oi
Op; = ——
RE™ 1, sin @y,

(3.34)
Using the same definitions as before the phase noise per unit bandwidth will be:

Ori _ _ Ni
/Af Iy sin @,

The result is dependent on modulation depth. Four-level modulation has a two-fold

(3.35)

signal increase and /2 fold noise increases with respect to two-level modulation.

The resultant signal-to-noise is increased by v/2 fold.
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3.3 Sources of ARW

Sources of noise are displayed in Figure 3.5. In the next sections, these noises in the

fiber optic gyroscopes are analyzed.

Noises
Relative ;
I\?c?i(s)te Intensity E:\elzgg(;glc
) Noise
A/D D/A Vv
SRS Converter Converter Amplifier

v

Figure 3.5. Noise sources in FOG
3.3.1 Shot Noise

In theory, FOG measurement is limited by shot noise which is caused by a random
distribution of photons on the detection device. Shot noise is also called photon
noise. In other words, photons form a statistical distribution of sigma in unit time. In
this study, PINFET output fluctuates due to this randomness which can be expressed
by Poisson probability distribution [72]. In unit time t, an average number of photons

can be calculated by dividing total average energy by photon energy.

N = (3.36)

m |

E is total average energy given as:

1 _
E = Epot (3.37)
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where P, is average optical power. Photon energy:

e=hv

(3.38)

h is Plank’s constant and v is the optical frequency of the photon. Average photon

number is given by:

1Pyt

N=--2
2 hy

(3.39)

The standard deviation of the photon number is proportional to the square root of the

average photon number:
ON =< N2>—-< N >2=+/N
The relation between power and current is given as:

_ Pge
7 hy

Shot noise is given as:

g = %Jﬁ = J2elAf

Here, e is the charge of an electron.
Og

NI,

Phase noise due to shot noise can be calculated as:

= Ns = 2el

ops  Ns  V2el
[Af  losin®y,  Ipsin®y,

Using interference equation:

I
Ors JZe 70 (1 + cos(@,))

/Af_ Iy sin @,
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(3.41)

(3.42)

(3.43)

(3.44)

(3.45)



Trigonometric identities and simplification give the final result.
ORs e 1
= 57— < 3.46)
JA /21 (P (
f 0 sm( 7 )

3.3.2 Relative Intensity Noise

Low-coherence sources such as Er or Yb-doped ASE sources have a spectrum with
broad bandwidth. Many wavelengths in this spectrum beat against other
wavelengths. This results in relative intensity noise (RIN) [73].

_ |
OriN = I\/; (3.47)

Av is frequency bandwidth and can be calculated by:

_[JPW)dv]?

=Ty dv

(3.48)

where P (v) is the power spectral density of the optical spectrum of the light source.

Equation (3.47) shows that the broader spectrum decreases the RIN.

ORIN _ 1

= Nojw =1 |[— (3.49)
r—Af RIN AV
Phase noise due to RIN can be calculated as:
Oprin _ Nrin I i (3.50)

[Af  losin®,  Iysin®, |Av
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I
OrriN = (1 + cos(®)) 1 (3.51)
[Af Iy sin @, Av

Using trigonometric identities:

ORRIN _ 1

VBF 2vEvian ()

(3.52)

3.3.3 Electronic Noises

The main electronic noise contributors are PINFET, analog to digital converter ADC,

digital to analog converter DAC and voltage amplifier.

3.3.31 Photodiode Noises

A photodetector in this case PINFET creates current with incident optical power.
The current is converted to voltage and amplified via the amplifier part of PINFET.
A basic TIA as an equivalent circuit is modeled in Figure 3.6 [74].

Ry

MWy

4kT

—— PHOTODIODE —— €n Ry
— a1

O Vo
Rd-l_RS in
‘ +
Rd}f2§3d AT
Rg+R; Rqg+R,

Figure 3.6. Equivalent circuit of a transimpedance amplifier

Each element in this circuit experiences a curtain type of noise. The noise voltage

spectral density of these noises can be calculated in Equation (3.53):
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5 2eiyR? 4k, T
Vo =
(Rs + Rd)z Rs + Rd
Dark Photod.
Current Johnson
Shot Noise
Noise

+ 1

2
nTIA
N——
Op—Amp
Current
Noise

4k, T

Ry
——
Feedb.

Resistor
Johnson
Noise -

Rf + Vjiria (1 +

Ry

2

Rs+zg> (3.53)

Op—Amp
Voltage Noise

where i, dark current, R; photodiode dynamic resistance, R, photodiode series

resistance, k;, Boltzmann constant, T temperature, i, r;, Op-amp input noise current

spectral density, Ry feedback resistance, v, 7,4 Op-amp input noise voltage spectral

density. Equation (3.53) consists of dark current Shot noise, photodetector Johnson

noise, op-amp input noise current noise, feedback resistance Johnson noise and op-

amp voltage noise as the last term.

Using practical assumptions, Equation (3.53) can be simplified. In general, R, is

much larger than R, and Ry which gives the result:

vE ~ IZeid +iZoat

4k, T

R? 4 v?
R f n,TIA
f l

The total noise of current spectral density can be calculated as:

4k,T V121 TIA
]Vp=io=_z Zeid+i2,TIA+_ -
Ry ,J " Ry~ R?
Phase noise due to PINFET total noise:
4k, T = Viria
Zeld + iTZ'L,TIA + R_b + T}l?'_z
[Af  Ilosin®, I, sin @,
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3.3.3.2 A/D Converter Noise

Voltage noise density of A/D converter (v,p) Of electronics is given in volts per
square root of bandwidth. In order to convert this value to current noise, noise density

should be divided by resistance.

NADC = \/A_f - Rf (357)
Phase noise due to ADC:

OR,ADC _ Napc _ Vapc
[Af  losin®y,  Relpsin®y,

(3.58)

3.3.3.3 D/A Converter Noise

At this stage, noise in the D/A converter and voltage amplifier of MIOC create phase
noise in an interferometer. Therefore, phase noise analysis should be carried out

instead of current noise. Starting with four modulation levels with phase noise:

L (AR, @y, 0,1) = %0[1 + cos(A®g + 1 — Dy + 0y 1) (3.59)
L(A®g, @, 0;5) = %0[1 + cos(APg + T + Dy, + 0;) ] (3.60)
I;(A®g, Py, 0i3) = 150[1 + cos(APg — T + Dy, + 0y3) ] (3.61)
1,(APg, P, 014) = %"[1 + cos(APg — T — Dy + 0y4) | (3.62)
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a;; is directly phase noise instead of current noise at the j" modulation level. The

current difference will be:

Al = [I,(ADg, Ppy, 0;5) + I3(APR, Py, 0;3) ]

(3.63)
- [11 (A‘pR» Dy, 01',1) + I, (A(DR’ Dy, 0i,4)]
Iy
Al = > [cos(Adg + T+ Py, + 0;5) + cos(APg — T+ Py + 0y 3)
— cos(A<I§R +T—P, + O'i,l) (3.64)
- cos(A<I§R - -9, + ai,4)]
Using the property of cosine function:
cos(APp — T+ &) = —cos(ADy + Dp,) (3.65)
The current difference will be:
Al = b [—cos(A®g + @, + 0;5) — cos(ADg + Dy, + 07 3)
2 (3.66)
+ cos(AcDR - o, + al-,l) + cos(AcDR - D, + O’L-A_)]
Using the property of cosine identity:
0ij1+0i,+0;3+0;
Al = 21, [Sin (Aqu yt -t 7 L3 l"*) sin (cpm
(3.67)
0j1+ 0j4 — 02 — Ui,3>]
4
The addition of uncorrelated noises gives:
02 =0l+02+0?+0? (3.68)
20; 20;
Al = 21, sin (Ach + Tl) sin (cpm + Tl) (3.69)

and use small angle approximation:

109



20;
Al =21, (ACDR + T“) sin(@,,) (3.70)

Leave phase difference due to rotation

Al O;
- (3.71)

AP ~ ————
R™21,sin®,, 2

The second term gives the noise on phase change due to rotation for four-level

modulation.

0j
Opi = (3.72)

Using the same definitions as before the phase noise per unit bandwidth will be:

or; N;
= (3.73)

N

If N; is power spectral density of D/A converter voltage, corresponding phase noise

can be calculated by considering V,, which is the voltage applied to create m phase

difference:

OrR,pACc _ VpaAcTl

JaF 2% (3.74)

Here, v,p¢ is the voltage noise density of the D/A converter.

3.3.3.4  Voltage Amplifier Noise

Similar to D/A voltage, voltage amplifier noise should be converted to phase noise

using V,:

ORryvA _ VypTt 375

Here, vy, is the voltage noise density of the voltage amplifier.
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3.34 Total ARW of FOG

The total rotation rate noise per bandwidth due to electronics is the sum of PINFET,

AJ/D converter, D/A converter and voltage amplifier noises.

ORE _ \/<UR,P>2 n (UR,ADC>2 n <GR,DAC>2 n <JR,VA>2 (3.76)
Jar - \\ar) \ar ) T\ar) T\

Total rotation rate noise is the sum of shot noise, relative intensity noise and

electronic noise.

2 2
Or _ |[9Rs OR,RIN OR,E [rad ]
= + + (= (3.77)
e () ez () [
In order to calculate the ARW scale factor of FOG should be considered. Instead of

expressing per square root of Hz, per square root of the hour is used commonly.

_op 1 [3600s (.44 ] 378
ARW_\/E SF | 1hr [ /sViz (379

Phase noise can be converted to angular quantity in terms of degrees by:

o 1 |t, 180

ARW =2 [ o0 [/\/ﬁ] (3.79)

Sampling (t,) and integration time (t;,,;) of data are also included.

Equation (3.79) can be used to identify the dominant noise type of a FOG.
Additionally, wavelength-dependent RIN can be reduced by decreasing the mean
wavelength of IFOG while SF is also improved. Consequently, the Yb-doped ASE
source which has a shorter central wavelength compared to the Er-doped ASE source
results from better ARW performance. This theoretical improvement in ARW
performance is shown in Figure 3.7. The effect of optical power at the photodiode
on ARW is displayed for each wavelength.
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Figure 3.7. ARW analysis of (a) 1030nm; (b) 1550nm FOG
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The low optical power at the photodetector exhibits EN as the dominant noise source
type. If the optical power is above 10uW, ARW is limited by RIN. Using a 1030nm
ASE source improves ARW about 2-fold theoretically assuming the same optical
power at PINFET for each wavelength of about 100uW. Er-doped ASE source is
limited to about 100uW optical power in this case. However, the Yb-doped ASE
source is limited to about 200uW optical power which results in better ARW values
for IFOG.

3.4  Phase Noise and SNR Optimization

In Equation (3.33), the first term is the phase change due to rotation for four-level
modulation and the second term gives the noise on phase change due to rotation. The
ratio of the first and the second term gives a signal-to-noise ratio (SNR) value as
[75]:

Al
21, sin @,

0i
[y sin @,

SNR = (3.80)

After simplifying SNR can be calculated using:

SNR—AI 3.81

The noise (g;) at the photodetector that matches a specific noise level of phase
change in the interferometer. The minimum detectable rotation rate is limited by this
noise level. The optical power of the light source is very critical for the noise
component at a detector. Consequently, optical power has to be optimized and
controlled in order to optimize the ratio between phase difference due to rotation and

phase noise level. Phase signal which is optimal at &,, = ™/, is shown in Figure

3.8. The noise and SNR values are analyzed for 1030nm at 100uW and 105uW
optical. Earth rotation rate at a latitude of 39.93° is used as input rotation that results

from phase change.
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Figure 3.8. SNR analysis of 1030nm FOG (a) 100uW (b) 105uW optical power

The optimal SNR and modulation value shift with the %5 change in optical power.

Correspondingly, the phase SNR value alters from 8.3 to 9.8 for a constant
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modulation depth of 0.8x. Therefore, optical power must be measured and optimized

in order to improve the SNR value for a constant value of modulation depth.

In Section 2.7.1, ASE source configurations are studied in detail. Each design
configuration has advantages and disadvantages regarding optical power, central
wavelength stability and optical bandwidth. SPB configuration which results in the
broadest bandwidth is realized to reduce ARW as the main purpose of this study.
ASE configuration includes a pump LD operating at 976nm, a WDM that combines
pump and emission wavelength, Yb-doped fiber with high concentration and an in-
line fiber isolator to block back reflections resulting from fiber outputs. The system

is shown in Figure 3.9.

Yb-fiber

Isolator WDM

APC

S
BF

LD
Monitoring
Laser Signal
Drive Processing
\

Figure 3.9. Single pass backward configuration

A control mechanism of optical power is needed to improve phase SNR as in Figure
3.8. The proposed methodology in this study contains a closed-loop control system
that optimizes phase SNR with respect to output optical power at the ideal value as
displayed in Figure 3.9. Back faced (BF) output of LD is used to monitor the power
output of the system. The resulting value is controlled using a digital signal
processing unit. Processing of signal decides consequent laser current. This closed-
loop methodology enhances phase SNR by over 10% for a 5% variation of optical

power.
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CHAPTER 4

EXPERIMENTAL RESULTS

In this chapter, experimental results are presented including optical fiber, fiber coil,
ASE components and ASE output. Finally, gyroscope output is characterized in

terms of ARW performance.

4.1  Fiber Coil Assembly Tests

In order to have a low-volume test setup and device, a compact fiber coil assembly
is produced. Fiber optic coil assembly consists of fiber optic coil, MIOC and

mechanical support.

A special polarization-maintaining fiber is selected which is optimized for a 1um
operating wavelength. Additionally, this fiber has a reduced coating of 165um
diameter compared to the standard 250um diameter. A smaller form factor enables
reduced component size. The fiber is Nufern/PM980-XP-80 panda-type fiber.
Specifications of panda fiber are listed in Table 4.1.

Table 4.1. Nufern/PM980-XP-80 specifications

Optical Specifications Specifications | Actual
Operating Wavelength [nm] 960 —-1550 -
Core NA 0.130 -
Mode Field Diameter [um] 6.0 £0.5 6
Cutoff [nm] 910 +40 nm 894
Core Attenuation [dB/km@1060nm] <2.0 1
Beat Length [mm @ 980 nm] <2.6 1.9
Clad Diameter [pum] 79-81 80
Coating Diameter [pum] 155-175 163
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PM panda fiber is wound using the quadrupole winding technique. The total length

of the fiber is 150m. Final fiber coil parameters are listed in Table 4.2.

Table 4.2. Fiber coil specifications

Mean Height
Length (m) Diameter (mm) (mm) # of Layers # of Loop
150 45 12.0 14 73

Maintaining polarization in fiber is a crucial parameter. A polarization extinction

ratio meter (PER) test setup as shown in Figure 4.1 is used to evaluate this parameter.

Table top
ASE source

PER Meter

Polarizer

Figure 4.1. PER meter test setup

The output of the polarizer is used as a reference and the result is compared with PM

fiber output as given in Table 4.3.

Table 4.3. PER meter results

Polarizer Output [dB] | Fiber Coil Output [dB]
26.0 24.5

The fiber coil is wound using the quadrupole winding technique. The final fiber coil

is displayed in Figure 4.2.
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MIOC is used for multiple purposes such as polarizing, coupling and modulating the

Figure 4.2. Fiber optic coil

phase of the input light. Characteristics of MIOC are given in Table 4.4.

Table 4.4. MIOC characteristics

Parameter Unit Test Data
Operating Wavelength nm 1550 £ 25
Insertion Loss dB <35
Input Optical Power — max mwW <200
Split Beam Ratio - 47/53 ~ 53/47
Optical Pigtail Polarization Crosstalk dB <-30
Polarization Extinction-chip dB > 60
Additional Intensity
Modulating % 02
Optical Return Loss dB > 50
Half Wave Voltage \Y <45
Applied DC Voltage — max \Y <15
Electrical Push-pull
Electrode Type - .
modulating
Bandwidth MHz >300
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Table 4.4 (Continued)

) Electrical Connector - 3PIN
Mechanical _
Pigtail Type - PM
Environmental | Operating Temperature °C -55t0 +85

PERs of first and second output MIOC are 27.4dB and 26dB respectively. The
coupling power of MIOC is given in Table 4.5.

Table 4.5. MIOC power coupling

MIOC Input [mW] | 15t Output [mW] 2nd Qutput [mW]
22.8 1.83 1.47
20.0 1.61 1.30
17.2 1.39 1.13
14.3 1.15 0.95
11.4 0.93 0.76
8.6 0.70 0.58
5.9 0.49 0.40
3.6 0.29 0.24
1.7 0.14 0.11
0.5 0.04 0.03
0.08 0.006 0.006

First, the fiber optic coil is fixed from the bottom side using special glue. MIOC is

placed in the center of the assembly.

The picture of the fiber optic coil assembly is shown in Figure 4.3.
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Figure 4.3. Fiber optic coil assembly

4.2  ASE Assembly Tests

The first step for ASE source manufacturing is characterizing the laser diode.

Electro-optical characteristics of the laser diode are given in Table 4.6.

Table 4.6. Laser diode specifications

Parameter Symbol Value Unit
Case Temperature Tc 25 °C
Operating Power Pop 450 mwW
Threshold Current lth 65.40 mA
Operating Current at Pop It Pop 720 mA
Operating Current at Pop + 10% I ref 792 mA
Forward Voltage at Pop + 10% Vs 1.62 \Y/
Monitor Photo Current at Pop lpd 657 A
TEC Current at Pop + 10% at 75 °C TECi 1.55 A
TEC Voltage at Pop + 10% at 75 °C TECv 1.80 \/
Peak Wavelength at Pop Ao 974.0 nm
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The power and voltage versus current characteristics of the laser diode are given in

Figure 4.4.
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Figure 4.4. Laser diode characteristics

A pump protection filter (PPF) is used to protect the laser diode from back reflections

due to fiber splices and other component connections. PPF characteristics are given

in Table 4.7.

Table 4.7. PPF specifications

Parameter Unit Value
Transmission Wavelength Range nm 900 - 995
Max. Insertion Loss dB 0.7
Min. Isolation @ Wavelength
1020 - 1120 nm a8 %0
Max. Polarization Dependent Loss | dB 0.1
Min. Return Loss dB 50
Thermal Sensitivity dB/°C <0.005
Thermal Wavelength Drift nm/°C <0.003
Fiber Type - HI1 1060
Max. Optical Power (CW) w 1
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Table 4.7 (Continued)

Operating Temperature Range °C -51t0 +70

Storage Temperature Range °C -40 to +85

WDM is used to collect backward emissions from Yb-doped fiber. WDM

characteristics are given in Table 4.8.

Table 4.8. WDM specifications

Parameter Unit Test Data
Fiber Type - OFS980 Bare Fiber
Operating Wavelength nm 980/1030+5nm
Insertion Loss @980/1030+5nm dB 0.41/0.36
Isolation @980/1030+5nm dB 14.95/13.49
PDL @980 dB 0.05
Directivity dB 66
Operating Temperature Range °C -40 to +85
Storage Temperature Range °C -40 to +85

Yb-doped fiber is used as a gain medium. Fiber characteristics are given in Table
4.9.

Table 4.9. Yb-doped fiber specifications

Optical Unit Value
Mode Field Diameter at 1060 nm pum 44+0.8
Peak Core Absorption at 976 nm
(nominal) dB/m (1200)
Peak Core absorption at 920 nm dB/m 280+ 50
Core Numerical Aperture ] 00
(nominal)
Cut-off Wavelength nm 1010+ 70
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Table 4.9 (Continued)

Geometrical and Mechanical

Core Concentricity Error, < um 0.7
Cladding Diameter (flat-to-flat) um 125+2
Cladding Geometry - Round
Coating Diameter um 245+ 15

) _ Dual coated high
Coating Material - )
index acrylate

Proof Test, > kpsi 100

A polarization-insensitive isolator is used to protect the ASE source from back
reflections due to splice and component connection. Isolation is critical for obtaining
stable power, central wavelength and output polarization state. Characteristics are

given in Table 4.10.

Table 4.10. Isolator data

Parameter Unit Test Data
Center Wavelength (Ac) nm 1030
Insertion Loss (0~50°C) dB 2.78
Isolation (23°C) dB 27
PDL (23°C) dB 0.02
Return Loss (Input) dB 52
Return Loss (Output) dB 56
Connector Type - None
Fiber Type - HI 1060
Fiber Jacket - 250 um Bare Fiber
Max. Optical Power (CW) mwW 80
Operating Temperature Range °C -40 to +85
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The tabletop ASE source is shown in Figure 4.5.

Figure 4.5. ASE source

Detailed ASE source test results are given in Section 2.7.2. After optimizing the ASE

source, a compact, low-volume ASE source assembly is produced.

A mechanical tray is used to organize optical and optoelectronic components such
as laser diode, PPF, WDM, Yb-doped fiber, optical isolator, and an optical coupler.
A laser diode is driven by a laser diode driver while optical power and spectrum tests.

ASE assembly is shown in Figure 4.6 and Figure 4.7.

Figure 4.6. ASE source assembly
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Figure 4.7. ASE source assembly and laser diode driver

Lastly, the output power and optical spectrum of the Yb-doped ASE source assembly
are characterized. ASE source has a central wavelength of 1030.0nm with an optical
bandwidth of 15nm. Spectrum is measured using an optical spectrum analyzer. The

spectral output of ASE emission is displayed in Figure 4.8.
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Figure 4.8. Yb-doped ASE source spectrum output

The output optical power of the Yb-doped ASE source was measured using a thermal

power meter. The test results are shown in Figure 4.9.
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Figure 4.9. Optical power output of Yb-doped ASE source

A double laser diode current is needed in order to achieve comparable power levels
with an Er-doped ASE source. 2.5W power is gained for around 0.5A laser diode

current and 5V voltage.

4.3 IFOG Prototype and Tests

1030nm IFOG contains a light source as Yb-doped ASE, fiber coil as gyroscope
sensor, detection and reading electronics. The output of the ASE source is coupled
to MIOC and coil with PM fiber. Here, the sensing element is the PM fiber coil and
MIOC is used to couple, polarize and modulate the light. Furthermore, a closed-loop
feedback signal is directed to MIOC. PINFET converts the optical interference
output of the sensing element of FOG into voltage. The voltage output of PINFET is
converted to a digital signal via an ADC. Sensor control, data acquisition, signal
processing, and input/output communication management are implemented in a
main electronic card that consists of a processing unit (CPU). The digital signal
processing (DSP) module calculates the mathematical operations of the closed-loop
FOG. FOG is modulated in order to increase sensitivity and achieve a closed-loop
operation. Biasing modulation shifts the interferometer to an operating point with

higher sensitivity. Rate control loop feedback modulation is applied to null the phase
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shift due to the Sagnac Effect at the interferometer. A diagram of IFOG is displayed
in Figure 4.10.

Yb-doped Fiber
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PM Fiber
Coil
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PINFET

Digital Signal Processing

Digital Signal

FOG Output

Figure 4.10. Functional scheme of Yb ASE IFOG

Characteristics of a 50/50 coupler are given in Table 4.11.

Table 4.11. 50/50 coupler specifications

Parameter Unit Test Data
Operating Wavelength nm 1030+10
EL dB 0.43
TDL dB 0.15
RL/Dir dB 16
Operating Temperature °C Oto+70
Storage Temperature °C -40 to +85
Proof test Level kpsi 200

Characteristics of PINFET fiber are given in Table 4.12.
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Table 4.12. PINFET specifications

Parameter Unit Test Data
Minimum Bandwidth MHz 250
Suggested Data Rate Mb/s 350
Sensitivity dBm -32/34
Dynamic Range dB 25
Transimpedance kohms 10
Dark Current nA 0.5
Detector Responsivity
At 850/1300/1550nm AW 0-50/0.901095
Max Output Vpp 2.5

An electronic board drives the laser diode and PINFET. Additionally, the PINFET
output signal is collected via the same board. An electrical board is shown in Figure

4.11.

Figure 4.11. Driver electrical board

ASE source, fiber optic coil, MIOC and electronic cards; such as the main board,
ASE board and power board were assembled using and mechanical frame. Electrical

signals and currents are delivered using and internal cabling. The picture of the IFOG

prototype is shown in Figure 4.12.
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Figure 4.12. IFOG prototype

In order to prove proof of concept, an open-loop operation is demonstrated. Square
wave voltage is applied to MIOC for phase modulation. PINFET signals are
displayed in Figure 4.13 and Figure 4.14. The fiber coil is stable and rotated while a
signal is recorded, respectively.
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Figure 4.13. Signal output with no rotation
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Figure 4.14. Signal output while rotating

ARW performance is analyzed using Allan Variance analysis for three optical power
levels at PINFET. The ARW results are shown in Figure 4.15. Allan deviation curves
for 10, 110 and 120uW (blue, red and green, respectively) are shown as straight lines
which are the tangential lines with a slope of -0.5. The ARW parameter is determined
by analyzing the intersection of t = lhr value and extrapolated line in the Allan
variance graphic.
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Figure 4.15. Allan variance analysis for 10, 110 and 120uW optical power

A good agreement was observed between the ARW performance results and the
theoretical analysis of 1030nm IFOG. ARW values are 0.0130°/vhr, 0.00831° /v hr
and 0.00827°/vVhr for 10 uW, 110uW and 120pW respectively. Performance
change indicates that the optical dependency of ARW is still observable. This
dependency is more noticeable at 10uW optical power measurement. The IFOG
system is optimized in order to achieve improved ARW performance. On the other
hand, bias stability performance is not considered. The drift at the output signal in
long term is due to the heat dissipation of electronics and mechanics. Bias stability
performance can be enhanced by improving the mechanical design and having

temperature calibration.
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CHAPTER 5

CONCLUSION

In this study, various types of Yb-doped fiber ASE sources were examined and
demonstrated. Particularly, four main configurations were studied by simulating
their spectral outputs and comparing them with experimental results. Each
configuration contains a WDM to isolate the pump laser diode from backward
reflections, especially for forward configurations. Each configuration was tested for

three different fiber lengths in order to determine the optimal fiber length.

ASE configurations were tested for various laser diode currents. In the meantime,
the output spectrum and power were measured. Additionally, mean wavelength
stability was characterized in the range of -40°C to +60°C. Central wavelength
stability is one of the most critical parameters for fiber optic gyroscope applications.

It determines the scale factor accuracy of the sensor.

The Central wavelength stability of the source depends on especially temperature
characteristic of Yb-doped fiber. Additionally, pump laser characteristics such as
pump wavelength, power and polarization have a crucial effect on emission
wavelength. Fiber joints and fiber ends create back reflections that result in

perturbation in Yb-fiber gain. Using an in-line isolator suppressed this effect.

Yb-doped fiber ASE sources have spectral bandwidth comparable to Er-doped fiber
ASE. Higher efficiency levels of Yb-doped fiber enable higher output power levels
with lower input pump laser currents. Moreover, the high radiation tolerance of Yb-
doped fiber makes it more suitable for applications that involve low power

consumption and radiation tolerance such as space applications.

Spectral simulations end spectrum measurements have a good agreement for SPF,
SPB and DPF configuration regarding central wavelength. DPB configuration has a

difference in mean wavelength between the simulation and test result. The spectral
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response of the in-line reflector used in the DPB ASE source may cause this
difference. Temperature dependency of both mean wavelength and optical power
output simulations may be studied for a better understanding of the rewards of Yb-
doped ASE sources.

Novel closed-loop control of the laser diode inside the ASE source was realized in
the IFOG structure. This original method enhanced SNR by regulating the power
output of the light source at optimum power. Phase SNR can be improved by more

than %10 for a change of %5 optical power.

For the first time, an all-fiber closed-loop 1030nm fiber optic gyroscope was studied.
Yb-doped ASE source having a broad bandwidth was implemented to reduce the
main source of ARW. ARW was limited by the relative intensity noise of the ASE
source. The central wavelength of the light source increased the scale factor of the
gyroscope which results in higher sensitivity. All fiber assembly enables a compact
and robust system. Yb-doped fiber has higher efficiency in the gain medium
compared to Er-doped fiber. Lower operating currents are available which results
from low power consumption. This is very critical, particularly for space
applications. The rotation rate sensitivity of the sensor was increased by around 2-
fold with the increase in scale factor compared to a common ASE source using
1550nm. Additional to the increase in sensitivity, ARW performance was similarly
enhanced. Better gyroscope performance compared to a similar gyroscope operating

at 1550nm was achieved.

In order to enhance ARW performance, different techniques such as laser broadening
by phase modulation were developed in the literature. A 2-fold increase in ARW
performance was confirmed. Combining the phase broadening method and Yb-
doped ASE source would yield a 4-fold ARW performance enhancement.
Additionally, the device volume can be decreased by designing a smaller gyroscope
coil using a shorter fiber length for a target ARW performance. Radiation resistant
characteristic of the Yb-doped ASE source makes the design suitable for space-grade

missions in addition to low power requirement and low volume design.
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