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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 PhilosophyPhysics
Supervisor : Prof. DiHakanAltan

January 2023145 pages

In this thesis,the development of a Fiber Optic Gyroscope (FOG) driven by
Ytterbium (Yb) dopedAmplified Spontaneous Emission (ASBpurce that has
broad spectral bandwidth allowing for sensitive measurements is investighed.
first emphasis is giveto the development of a ¥opedASE. This ASE operates

at around 10m wavelength with ABE oad
configurations such asinglepass forward (SPF)inglepass backward (SPB),
doublepass forward (DPFgnd doublgpass backward (DPB) atemparedn terms

of spectral bandwidth, power, central wavelength stability and power stability.

Additionally, mean wavelggth stability is measured betwetire temperature of

40/ +60AC to assess potent i dierclogedood cat i on

optical gyroscope is demonstrated. Stable operation is achgwesing a fiber coll

using PM fiber andhe most stal# 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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CHAPTER 1

INTRODUCTION

Imagine an observer is located inside a black Adre black box is moving and
rotatingfreely. At the same timehe observer cannot interact with its surroundings
because the black box bloci# types of interactions such as visegahtact light,
magnetic, etc. However, it is requiredrneasureghe exact position and rotation of

the observerGlobal Navigation Sallite 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 sehsensal sensors

such as acceleromesaand gyroscopeallow usto 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 spad8yroscopes are named inertial sensors after

this operational principle.

Mainly, threetypes of gyros have been designed and developed based and angular
momentum conservatiothe Sagnac effect anthe Coriolis effect n the last five

decades.

Mechanical gyrosvere the first types of gyroscopes. THegve a massamely a
rotor spinning very rapidly and steadily around an akige rotor keeps its direction

of rotation due téheconservation atheangular moment princie. The dynamically
Tuned Gyroscope (DTG) and the Control Moment Gyroscope (CMG) were



developed using such principénd also used in space missighs Mechanical

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

Although mechanical gyroscopes have great historicgdortancein terms of
performance, thesize andnitial production and maintenance cosised a need for
smaller and lowcost versions of gyroscopéRhe firstresponse to this need was in
optics. The invetion of lasers enabled ttevelopment obptical gyroscopes such as
Ring Laser Gyroscopes (RLE)]. RLG wasdesigned based dhe Sagnac effect
whichis the phase shift due to rotation between two cotprtgpagating waves in a
rotating ring interferonter. Classical RLGs have a mechanical dithering system
which is a moving part in the sensor. Consequettiycomplication and price of
the RLG sensor increase.

While the mass production of RLG enabled the gyroscopes to be used in various
applicatiors, the size ofRLG-based systems still was an issue. Hemispherical
Resonator Gyro (HRG) which e vibrating gyro was invented in the 198[HR.
Vibrating gyroscopes are basedthe Coriolis effect. This effect creates a coupling
between two resonant mesl of a mechanical resonatblRG consisting oa fused
silica hemispherical shellsensing elementhas a great rotational sensing
performance. Howeveit,is still an expensive sensor. This results in the development
of another vibrating gyro names as MittlectroMechanical System (MEMS)
gyroscopesSilicon and quartz MEMS gyros are highly miniatured and used in many
applications since their inventigd]. Low-cost is a very attractiveharacteristiof
MEMS gyroscopeslespite lowgrade performance.

Requirement of a compact, losized, lowcost reliableand highly sensitiveotation
sensing element. Another photonic gyroscoyee met all of these requirements.
FiberOptic GyroscopgFOG)has a soliestate sensing element namely fiber optics.
This incrases the reliability of the sensors. Filogtic-basedtelecommunication
systems enabled to have compact and-dost componentsAdditionally, the
sensitivity of a FOG is directly proportional tts ifiber coil length anekffective



diameter which enalddo design and manufactuoé navigationgrade tostrategie

grade sensitive sensdfy.

1.1  Principles of Optical Gyroscopes

1.1.1 Review of Wave Optics

Optical calculations in optics are mainly done with two technigusgracing and
wave optics. Ray optics gives a general viearadptical system. On the other hand,
optical phenomena such as diffraction and interference are omitted in ray optics.
When the dimensions dhe system are comparable with the wavelengthigft
waves as isinglemode fiber cables, raytracing is not sufficient enough to describe
the system. Hence, wave optics is required to defieephysics of fiber optic

gyroscope.

Optical waves in a medium can be definedmslectromagnetic wave andavwell
equations of electromagnetism are used to derive differential wave equation which

definesthe propagation of light thought the mediJ6j.

Nec (1.1)

nop T (1.2

go 2 (1.3)
T o

go & O (14)
T o0

Here, Qs electric field strength [V/m];Bis magnetic field stregth [A/m], @ is

dielectric displacement [AsAp & is magnetic induction [Vs/G¥T], ®is current
density [A/nf], ” is charge density [As/fj

Generally, propagation imvacuum is studied first, howevéhe process insidéhe

material should be studied considering fiber materials. Parameters such as



polarization () magnetization (0F) and conductivity () define material
characteristics effected by electromagnetism. Polarization and magnetization are
related tothe shift of atomic orbitals when they are subjected to electromagnetic
waves.The flowof only electrons can be defined by conductivity whereas there are
no magnetic charges. Relation to dielectric displacement, magnetic induction and
current densityreas follows|[6].

~.

® 0O O (15)
® < @ P (1.6)
® O (1.7)

Here; isthepermittivity of vacuum and isthe permeability othevacuum.

Mainly, therearethree approximatiasfor air or a medium such as silica glass such

as there are no free charges, there are no currents and there is no magnetization.
" & 0P T (2.8)

These approximations yield equations influenced by only polarization effects.

nJ® T (1.9

NPT (1.10)

oo 2 (111)
T o

" gH Tﬁ)b (112)

The crossproduct of Equation(1.11) is calculated in order to derivihe wave
equation.

NN PO n g T—@b (113

Usingthe property ofacross product;
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Put Equation (1.12) and(1.5) into (1.14);

nndd 10 ‘TT—“@ T—CP (119
To To
The finalwaveequation is derived as:
n'@ nnd TBT ‘@ . ‘U) (1.16)
w'o 10

Wave equation foamagnetic field can be derived similarly.

Silica glass has a homogeneous structurelahaterial is polarized parallel to the
field strength. Therefore;

nd® n0P 1 (2.17)
1@ PILCO TV (118)
Sro T

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

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

®f .. .0 ..0 88 (1.19

In general,... theterm is a tensor however for homogenous matesiath as silica
it is a scalar term. Assuming only having linear relation between polarization and
field strengthand using Equain (1.5);

® 7 .. 0 (1.20)
@ 7T 0p .. (1.22)

Relative dielectric constant)(is related to terms inside parenthesis.

Pop .. e (1.22)



Here, ¢ is the refractive index and is the absorption coefficient. Assuming &

very low loss medium such as sili€ai0y), |

is so smallffor wavelengths around

1550nmas given inFigurel.l thattherelative dielectric constant is real.

Pog (1.23)
< 1 T I T I T T T I T
_— B \\ ]
E 3 >, Rayleigh ,J' —]
= N ~ scattering Infrared
% 21— \\’\/ absorption \;’ o
3 \\ !J
5 = —
= — OH ]
o — - —
5} N absorption
S 05F% . —
o _\\ —]
“E'Q‘:t 03— '\ UV absorption —
N N .

=} band tail
207 -
< !
< N S~

0.1 ! [>s | ] | ] | ! it

0.6 0.8 1.0 1.2 1.4 1.6 1.8

Wavelength 2, (pm)

Figurel.1l. Graph of power loss in fiber versus waveleri@ih

Using Equation$1.18), (1.20) , (1.22) and(1.23), we get simple wae equation.

, A €)
n. @ Al
w'o
Similarly, forthemagnetic field, we get;
. eT O
rl. @ - T
wTo

1.1.2 Interference of Waves

(1.24)

(1.25)

Optical waves havavery high rate of frequencit.is not possible tdirectmeasure

the phase of electromagneti@ves. Thereforandirect measurememhethodsof

optical power or intensitysing interferencare

required. A fiber optic gyroscope is



a rotationsensing interferometer in which light input is split into two waves.
Counterpropagating waves are recombingti@butput. Resulting superposition of
waves(O B0 ) is the vectdial sum of split wave§O B FO B ) propagated
along different pathfg/].
O O B D 0O B (1.26)
oBD ©0Q (1.27)

Here, O isthemaximum amplitude of field$so is arespective phase of fields and

depend onatotal propagated optical path.

%o O
> (1.29)
¢ _

Here,_is the wavelength of light iavacuum The intensityof a wave is the square
of the field however the sum ahe superposition of two waves walculated as

proportional to the temporal averaging of the scalar square of the field.
(ee] (e)e] (e)ej (eXe] (e)e] (1.29
Result of Equatior(l.29);
'O "0 'O ¢ 'OCAT &% (1.30)

Here,"Ois theintensity of input waves/%ds thephase difference of the waves which
is related @ the optical path differencé.is important to mention that the state of

polarizationof both incoming waves the same. Otherwisthe orthogonal state of
polarization would yield no interference becatisescalar product o® 33 and

‘@ OF areequal to zeroThis would result inhedirect 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 fixetength waveguidas shown irFigure 1.2. The Red dashed line,
green dashed line and blue solid line are clockwise (CW), counterwise CCW)

and waveguide, respectively.

Figurel.2. Sagnac effect in a CW rotating in a closedshgped waveguide

When the waveguide is at rest with respect to an inertial frdnmdistance traveled
by CW and CCW wavess equal to each other. the case of a rotation of, they
arrive at the finishing point at different timegime of rotationbeams inside the

closed waveguidwith a radiusYis o ,

0 — (2.32)
During this time, starting point movesttze finishing pointand travels

Yo nRo (1.32)
Co-propagating CW beam is subjected acslightly longer path. Similarlythe

counterpropagating CCW beam experieneehorter path. Thereforthetotal path
difference betweethetwo beans becomes:

o o ™“mY
¥ 00 Vo cnpo 2 (1.33)

Corresponding time defaandphase shift for N number of tusf optical path are

given as:



— —0 (1.39)

- S S Y %
Y% ¢“ ¥D 0 S Do v - m (1.39)

Here, Qis the optical frequencyand thetotal optical path is equal tif' 'Y 0. The
resulting phase shift btweencounterpropagating waves can be calculasdter

some simplificationsising[5];

Vo, & 00 (1.36)
w

Y%: Phase difference due to rotation

: Rotationrate
0: Total fiber length
O: Fiber coil diameter
_: Wavelength
& Speed of light
Using Equatiorn(1.36), it can be deduced thatonger optical path createsbigger
phase difference between courpeopagating beams for a unit angular rotation rate
increasingthe sensitivity ofthe gyroscope. Similarlythe final phase shift is
proportional tathe optical frequency of the beam; i.e., inversely proportion#h¢o

wavelength of the light source. Hence, shorter wavelengths yield higher sensitivity

which is one othe 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.

G o o
vo 2 &V L(’bo (137)

Fora sensitive gyroscopé is expectedtme asur e Ear t h=7.8xb0t at i on
rad/s)in a staticstate For exampl e, when L= 1000m, D

areused ashefiber optic gyroscopeHOG) parameters, the SF valuedslculated



as 1.4s using Equation(1.37). In this case, the phase difference that a FOG
photodetector measuring earth rotation must detect is derivecEyaation(1.36)

andis found asY%. "Y'O =9.8x10° rad. The average power change that the
obtained Sagnac phase difference value in the photo detector is calculated using
Equation(1.39).

GO0 Lo Al e (1.38)

N e

& O Average power of the interfering waves
0 : Detector power when there is no phase difference.

Since the value obtained in this calculation based on the'&anthtion 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 architectesign,

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

As a priorityto optimization in order to prevent linear and nbnear 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 gyroscops depend otthe Sagnac effect however their measurement
techniques differ from each other. Ring laser gyroscope (RLG) consists of a mono
block glassceramic resonator and active gas medium. Inside the cavity, emitted
counterpropagating beam#ave interfered with the output mirror. The beat
frequency ofa signal is correlated tthe rotation rate.There are mainly tree fiber

optic gyroscope types consisting of interferometric (IFOG), resonant (RFOG) and

10



Brillouin (BFOG). All of them depend on fiber optiedhnology.Although IFOG
uses a multturn of fiber optic colil to create phase shift due to rotation, RFOG and
BFOG include a resonator that shifte frequency of counterpropagating beams
instead of phase. RFOG and BFOG diffethialight source that y use. RFOG is
simply a passive resonator that uses an external light source while BREDiGeis

optic version of RLG.

The mechanical ditherings usedto mitigate theRLGs lock-in effect which is
insensitivity tolow-level rotation due to scating insidethe cavity. This dithering
degrades theoretical noigerformanceby at least one order of magnitug.

RFOGand BFOG haveoherenceelated noises. IFO@chnology haanoise level
very close to its theoreticéimit. It is possibleto design and produce IFOG with

betternoise level than thethers

IFOG operate®ver a few fringesvith about zerghasedifferencewhich eliminates
the requirement dhelight source witmarrowspectral bandwidth. On tle®ntrary
RLG, RFOGand BFOG crate a light withanarrow spectrunthat causes coherence

noises Thisis the mainadvantag®f IFOG compared to other technologies.

1.2.1 Ring Laser Gyroscope

For one round trip in a single optical pate phase difference due to rotation is so
small that it is not measurable. A ring laser cavity was usadrasgti-pass medium
that escalatethe Sagnac effect in the early 196@$. In the 1980s, RLG wasvell-
developed technology]. RLG hasbeena very useful and reliable tool for inertial
navigation systems. Even today, it is asfethe most commonly usegbtation

sensing elemesat

The emited wavelength is an integral multiple tife laser cavity as irthe Fabry
Perot cavity In Figure 1.3, a ring cavitycan be used to creada optical resonance

condition

11
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Figurel.3. RLG schemati¢5]

Thelasercavity consists of at least twairrors withhigh reflectivity and one output
mirror that hasalow transmission used as outphmnside the cavity, a gas mixtuie

used asgain medium. Electrically excited atoms emit lighboth directionsWhen

there is naotation,the optical path of both lights is the same. Therefomnter
propagating lights have the same wavelength (or frequency). When the cavity is
subjected to a rotation, light traveling in the same direction expereehmager
optical path whilecounterpropagating light travela shorter path. The resulting

frequency difference due to the Sagnac effect is givgd]as

. T0
YQ — (1.39

Here, 0 is thetotal area enclosed by the ringsonator0 is the perimeteof the

cavity, and_ is the wavelengtiwhen there is no rotatioifhe laterakcomponent of
Earthdés rotation at Aeisl(}]aht(:m.gxl(ﬁgAﬁ.Forappr 0OXIi ma

an RLG with an equilagral triangular cavity of 13.2 cm for each side artdeNe
laser operating at a wavelength of 633timefrequency shift is 5.9Hz.
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RLG hasa resonant cavity witta high finesse that creates a laser emission aith
very narrow bandwidtizquation(1.39) uses a single frequency for calculatidhe
performancelimit of an RLG is deermined by its capabilityo distinguishthe
frequency of the counterpropagating beamsThe bandwidthof the beams
determines the performance limit so called the fundamental limit of RLG. Therefore,

it is curial to have a narrow bandwidth laser sourde &eNe laser§3].

The Sagnacfrequency difference is measured via interfering teounter
propagating beams. Interfererareates beat frequency #teoutput mirror and the
signal is detected using a photodetectbne relationbetween the frequegc

difference andheresulting phase shift is given as:

Y% ¢“YQ0 (1.40)

and the interference intensitys modulated at the beat frequenéQ:

"0 Op Q& YQ (1.42)

Here,Ois the maximum amplitude dfieinterference signal.

1.2.2 Fiber Optic Gyroscope

1221 RFOG

In RFOG, a passive cavity witlan external light source is used as an alternative
design to activeensor RLD. The aim is to overcome the lacklimits sensitivity)
and ion flow (createbias signal) inside RLG. An external source is directeiti¢o
fiber cavitythat acts as FabryPerot interferometesindthe angular ratereats a
frequency shift btween counterpropagatingwo beamsinside the cavity. An

architecture example for RFOG is giverFigurel.4.

13
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Figurel.4. RFOG architecturs]

RFOG desigrhas theadvantage of using shorter length othe optical fiber when
compared to IFOGConplex calibration methods have been develdjeesuppress
temperature effect. Although, shorter wavelengths are more effected by Faraday
effect, sing soft ferromagnetic alloy with very high permeabilgiiields against
magnetic field [9]. However, shorter fiber will significantly reduce the
environmental effect such #&smperature changesndexternal magnetic fieldnd

fiber losses will be lessaffected whichrequires lower opticalpower [10].
Additionally, smaller volumeand mass wilbe available due tthe compact design

[11].

RFOGtechnology is still under development procasdthere is no commercially
available product yet. However, it attracts the attention of many research groups due

to its mentionecadvantages].

1.2.22 BFOG

BFOG has a simple adn¢tectural design and high dynamic range which makes them
attractive for many applications. The optical powethaflight source is needed to

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

14



Rotatin of the system resultsn frequency shift forcounterpropagating beamn
Beams arecombined aml create a beat frequen¢¥2], [13]. Figure 1.5 shows a
BFOG schematic.

Pl B1
B1 P1 P2 B2
RESONATOR

Figurel.5. BFOG architecturgl3]

BFOG suffers fromalock-in phenomenon similar to RL@ variety of techniques
are required to overcome the problem such as mechanical ditheantgr phase

modulationandintensity modulation of the light sourf#4]

1.2.23 IFOG

A basic FOG consists of a light source, apdey afiber coil anda photodiode. The
output ofthelight source is split into clockwise (CW) and courttckwise (CCW)
directiors via a coupler. Duringthe rotation of the system, CCW and CCW waves
experience a phase shift. Phase shift creates ayehaninference output at the
coupler. Power chance is receiveditat photodiode. This passive interferometer

system is illustrated iRigure 1.6.
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Figure 1.6. Basic schematic of FO[35]

The rotationinduced 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 a$s]:

Dl

(1.42)

Y isrotationinduced phase shift) is total fiber lengthQ is fiber coil diameter,

_isthewavelength oflight sourceis thespeed of light, is rotationrate.

The phaseshift due to rotation is measurdry comparing two main counter
propagating beams. ltne real world, spurious reflections especially athe spice
point of fibers. These reflections creatdisturbancean theinteraction ofthe main
beams.High-sensitivity IFOG includes a special type of fiber called polarization
maintaining (PM) fibelin order to suppressithmitigation. Details of operational
principlesaregiven in Sectior.1.2 High birefringence which is a refractive index
difference between therthogonal axes of PM fiber interrupts the temporal
coherence between main courpeopagating beams and spurious beams. As a

result, this acts as a temporal filter.

Additionally, theimportance of light source and noises are explained in detag

nex sections
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1.3  Digital Scheme

As explainedin previous sectionghe optical signabutputat the photodetector is
the outcomeof the interferenceof the two-counter propagatingoptical waves.
Optical power igime dependenparameter ang converted to digél quantity via

digital conversion.

According toEquation(1.38), the IFOGhaslow sensitivty atlow angular rate values
(i.e., Y%ds small) Output signal has maximum sensitivity with respect to the angular
rate atY%wequals to “j ¢. Therefore, it is possible to add a phase moduli®sa )

additional to phase change due to rotati#o ) [5].

, 0 Y y

0 < p Al o Y%o (243
In this casethegyroscope will be operating asmnificantly higher point sensitivity
In the general case, avptical phase modulator is added aftex coupler inFigure

1.6 and the modulation is applieéd both CW and CCW signals simultaneously.

Phase modulation is applied using various methods and signal profiles. Two main
operational methaxhreusedsuch a®penrloop andclosedloop operations.

1.3.1 Open Loop Operation

Mainly, two signal forng can be applied in order to create phase modulation such as
square wavand cosine or sinusodulation A phase modulator applies squarave
phase modulation that creatabout *“j ¢ phase difference betweerpunter

propagating waves as shownFigurel1.7.
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Figurel.7. Square wave modulation schefhg

In thecase of rotationa phase difference sfurther shifter anévoltage difference
is obtained at each modulation levdlhe differencebetween these levels
proportional taherotationrate. If the gyroscope is at rest, the output signal will be

ideally zero.

For the sinus or cosinemodulation technique a phase modulator with a flat
frequency response is not reqdinghich lowers the system pricAn alternating

modulation can be applil as given in Equatiaii.44) [5].

Y% O %o W€ ¢ QO (1.44)

Here, %0 is modulation depth an® is modulation frequency. The modulation and

corresponding output signal are showrrigure1.8.
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Figurel.8. Cosine modulatiofb]

After several mathematical steps including cosine and Bessel function expansion,

odd harmonics that includes biased response can be derived as:

0 00 % OE ¥% (1.45)

The output response signal is given mainlythg first odd harmonicof the Bessel

function as inFigurel1.9.

P P

response—__

/15t harmonic

Figurel1.9. Cosine modulation with rotatidb]
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1.3.2 Closal Loop Operation

IFOG containsan additionalfeedback loopin the closedloop configuration as

shown inFigure1.10.

multifunction
[.O. circuit

broadband SopicE
source
detector [ | -
§=]
=
I 2
g %
'a o] . - E
7 | digital D/
D logic A
‘ .
rotation
e
signal

Figurel.10. Closedloop architectur¢s]

This feedbacKoop ains to generate a feedback phase Mo ) that nullifies
phase shiftlue to the rotatiarSo,aphase shift between the two interfering signals

in closedloop operation which is time dependéntalculated as

Y% Y% Y%  Y%o (1.46)

The closed loop starts with reading the output voltagth@photodiode withan
analogto-digital converter (ADC). A digital processor calculated the feedback phase
shift and the data is converteddnanalog signal via a digitdb-analog converter
(DAC). Then the analog signal added tahe modulation signal and applied to the

phase modulator. Finallythe calculated rotation rate idelivered viaa digital

processaor.
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The closedoop method may be executed with a squea&e modulatiorronsisting
of two-level and fowlevel modulation.Several modulation levels depend on
modulation points onthe interferometer response curveherl halfperiod of both
modulation techniques equal tahetotal flighttimeinside the fiber coilYt ). The
relation between flight time and eigenfrequency of the fiber coil is given as:
c_i%_ (2.47)

Two levelmodulationoutput with and without rotation is given igurel.11.

response

rest rotation

2n Ad(rad) ¢
::' ~—biasing modulation
i ]
-
i
] &‘DR
vt

Figurel.11l Two-level modulation output responfsg

The differencebetween the values of talevel modulation gives the rotation rate.

However, the values dfiecorresponding point may vary due to temperature effects.
The stabilityof the gaincontrol feedback loop is significantly increased using-four

level modulatiorwhose output characteristic is giverHigure 1.12 andFigurel.13.
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Figure 1.12. Fourlevel modulation output responfsg

2A1g t

Figurel.13. Fourlevel modulation output response with rotatjbh
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1.4  State of the Art in Rare-Earth Doped FOG

Many applications require a narrdvand sourceOn the other hand, interferometry
basedapplications andeveralsensorsuch as gyroscopeequiresources having
broadbandvidth to suppresgoherent errors addition to high power ggliremens.

At least 5nm broad spectral bandwidth eliminates coherent errors due to Rayleigh
backscattering16], polarization crossoupling [17], and theKerr effect [18].
Phenomena of interferometry requisengle operatioras in singlemode fibes.
Depending orthe application, several milliwattsf thelight sourceare required for

an improved signato-noise ratio.One of the most criticaparameters is mean
wavelength stability with respect to temperature change or other environmental
effects.The stabilityof the spectrum determines the stability of the relation between

input rotation and output dhe gyroscope.

Although, there are studiedadt use lases as a source in IFOGAmplifies
Spontaneous Emission (ASE) sourcestheanost common choe for IFOG light
source [19]. Especially fiber sensors such as IFOG motivated sciesttesturther

development of Edoped superfluorescent fiber sources (SR$his manner

Superlumirscent laser diode (SLD) is another attractive source in [FZDE [22].
Miniaturized size and broadband spectrum make them suitable for many
applications. However, they hava hightemperature dependencgn mean
wavelength in the order of hundreds of ppm. This resuttseirequirement ohigh-

temperature stabijitwhich may not be so practical.

UsinganASE source is advantageous under stringent environmental conditions and
broad operating temperature ranges. Remeh dopediber-driven ASE sources are
optimized in terms of broad spectrum, optical powadmeanwavelength stability

[23]. Many designconfigurations have been studied in order to further improve
power and wavelength stabilifyerformanceunder different temperature ranges
[24], [25]. As detailed in SectioB.3 thewhite 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 mannenew methodsuch as gain flatting haveén developed
[26]. Opticd noise namelyexcess relative intensity can be reduced by monitoring
the noise and subtracting it from correlated signal pd@/&r Besides stabilizing

the central wavelength is another critical taskrigprovedFOG perfomance Some
portion of the emission spectra @&reearth element dopediber is enhanced for

further spectral stabilizatid28].

Yb-doped gain medium has many attractive features includingoad gain
spectrum, higher efficiency and more radiationstasce comparted to foped
fibers[23], [29], [30]. Radiations creasgspoint flaws in amorphous silica-&i0O,)
through ionizationwhich increases. Additionally, energy level lifetimes of rare
earthdoped fiber versus doses of various radiation types is affected drastically.
Energy level of Ykdoped fiber is less effected compared talgped fiber especially

for high loss of radiatin which is critical fofuture longterm operationd31], [32].
However, Er-doped fiberhas beercommonly useddue toits lower propagation
losses low-costtelecom component®\n optical spectral region arouncefin was

used in FOG in order to increasensitivity[33]. However theadvantages & Yb-

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

In thisthesis, a novel interferometric fiber optic gyroscope is demonstrated. During
the studya Yb-dopedfiber-basedASE source isised aghelight source of IFOG.

The ASE source has a broad spectrum in order to suppress coherent errors and higher
power for enhanced signtd-noise ratio (SNR). Central wavelength aatroad
spectrum of light sourseenable to have better sensitivity. A novel control loop
insidethe ASE structure is used for further improvement in SNR with respect to
optical power. There are four main chapters in this dissertation inclutang

Introduction chapter.

Chapter 2 examinesFOG architecture including active and passive optical
componentsFiber types, optical components optical sources and optoelectronic
components are explained in detail. Additionally, emphasis is dwéfb-doped

fiber-driven ASE sourcgincluding simuléion and test resudtof the source for
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various fiber lengthand pump power levels. Performance is tested at a temperature
rangeof4 0/ + 6 0 AC.

In Chapter 3thenoise characteristic of IFOG is analyzed. First, specific noise types
for a gyroscopareexplained. Afterthe noise output of an IFO@ 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 ithefinal sections.

The lastchapter includes experimental test resultf=a¥G including specifications
components used.he fiberoptic coil which is the heart of the gyroscope is also
characterized. Finally, ARW is investigated usitige Allan variance analyze

method.

25






CHAPTER 2

IFOG ARCHITECTURE

2.1 Fiber Types

The fiber types used in fiber optic gyroscope technology depending on the
application area and requirements cardivded into threegroupssuch as single
mode(SM), polarization maintaining (PM) and active fibers.

2.1.1 Single ModeFiber

As in the telecom industry, standard SM fibers atgo used in fiber optic
gyroscopes. It is preferredlie toits low priceand easily adaptable structure to the
systens. Fiber structure basically; consistsa@ore, cladding and coating. Standard
SM calles are available in the market. The mo@inmonlyused andow-costSM
fibers are SMR28e+ and HLO6Q

’,//\\ Claddlng n2< nl b
J—r—/ Y
B j Core n S
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Figure2.1. Fiber cabld7]

2.1.2 Polarization Maintaining Fiber

In ordinary singlemode 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 campropagateat the same speed due to the
roughness, tenguature, 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 betwe#imese twanodes. This phenomenon is called Polarization
Mode Dispersion (PMP

Before 1980, the polarization modes of light traveling through a singlde fiber
could not be controlled due &ack of technologyDue tobirefringence, the bean
in different modeseach the detector at the end of the optical.pHtis introduces
phase differenced he polarizationcontrol problem creates nereciprocity in the

systemwhichresults in measuremeetrors

/\ Fast mode /\

Sfow mode

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

b)

Figure2.2. PMD effecta) without and a) with mode couplifig4]

There is nanethodto discardPMD. Therefore, the method of increasing the phase
difference between two orthogonal modés preferred. PM fibers increashe
birefringence of the fiber to increase PMD so that the mode on the fast axis can travel
normally along the ber, while the mode on the slow axigleslayedandseparated

over time.

There are two methods to incredke birefringence of fiber materiaGeometrical
effect and stresmiduced effect. The geometric effestcreatedvith the production
of the fiber center in an asymmetrical structufbe stress effect is obtained by

producing the structures around the fiber center with asymmetric refractive indices.
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PM fibers with geometric effeehavemore optical losses due toeih structurally
large refractive index difference and deformities of the center. Streégsed PM

fibers have low optical losses and low crts.

The polarizationextinction ratio PER) is the ratio of the powers of the beam
traveling along the fibgoath along the vertical axis and the beam traveling along the
horizontal axis. It is expressed in units of [{B4].

0 0V Uﬂ ° (2.1)

0 0 : Vertical polarization mode

0 : Parallel axis input polarization mode
"Q h-parameter

0: Fiber length

The hparameter in commercial PM fibers is typically betweef 40d 10%/m [3].
The PER valuef alkm coilis about30dB.

Different types of PM fibers are given kigure 2.3. Their names are derived by
analogy with their shape. The most preferred types for fiber optic gyroscopes are
Parda and bowtie types with stress bars. Bee fibers are more difficult and

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

t ¥ Stress bars t ¥ Py

Figure2.3. PM fiber typesa) panda b) bow tie c) elltcal [34]
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In panda and bosie 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 highivefradex. The
difference in refractive index between the axes creates birefringehioh is

displayed inFigure2.4.
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Figure2.4. Fast and slow axes with the effect of stress bars in PM[&ber

The birefringence characteristic of PM fibers depends onlikaifength. PM fibers

with short and londeatlengths are availabldhe beatengthis shown in Figure

2.5.
Slow mode
Fast mode

7 /
/
s
/
// //
s

Figure2.5. PMD, decoherence length and beat len&ih
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Beat length is a cycle gferiodically changing polarization along the PM fiber and

is calculated afb]:

— (2.2)
: Beat length

3¢ : Birefringence

~

3 3 3 (2.3)
Typically, 3¢ =5x10% When operating at a wavelength of 1550 nm, the beat length

( ) becomes 3.1mm.

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

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

I —— (2.4)

Here, ¥_ the bandwidth ofthe light source atfull-width half maximum.
Depolarization length(Y ) and decoherent lengtlh () are proportional tdeat

lengthandwavelength

. 25
5 (2.5)

Accordingly,0 =3 00 nr6Gem brmed by a light source with a wavelength
of 1550 nm and bandwidthof 8 nm. With the depolarization length, the fiber length
(0) in the coil can be modelagsingthe equatiord 0 t0 . 0 is the number of

depolarization legths[5].
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Figure2.6. Symmetrical depolarization lengtfq

Birefringence maintainginear polarization irthe fiber. The axial power change
depending orpolarization grows linearly through the pathheT averaggpower
transfer ratefrom one polarization to anothen the fiber is expressed as the

parameter h. h parameter of a PM fiber is 3¥frOto 1x1°/m typicaly [5].

Elliptical core fiberis usedin tactical fiber optic gyroscopes in the markét
provides efficient and sufficient polarization continuitytacticatlevel products.
However, due to the elliptical nature of the center in such fibers, the birefringent
index difference¢ ) is signiicantly dependent on the wavelength and the power
loss between theore andcladding is greater. Therefore, it is not used fagher

accuracyevels.

Typically, fibers used in the Telecom industry hawmegcladdiameter of 125/250
O mPM fibers with acore/cladd i a met er o f awilblelh Tikgr oflim ar e
gyroscopes. These fibersamedreduced cladding diameter, are usedniaimize

the volumein coil design.

2.1.3 Active Fibers

lons of rareearth elements are doped inside fiber siéindtheresulting material is
used asa gain medium of lasers and fiber ampliBemd optically pumped using
pump laser diode§35]. Active fiber technology has many advantages such as

excellent beam quality, efficient heat dissipation, high energy efficiendy an
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compatibility with fiber communication systems. Most commfy used one is

Erbiumdoped (Er) fiber. The energy level diagram is shawFigure2.7.
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Figure2.7. Energy level diagram of Edtoped fibe[35]

The lowestloss for silica fibers is around 1550nand is emitted when pumped
around 980nm or 1480nm. ThisakesEr-doped fiber suitable for long transmission
lengths of telecommunication applicatio®sbiumdoped fiber amplifier systems
(EDFA) have been well developed throughbénd and L-band with longer
wavelengthg35]

Ytterbium (Yb) rareearth element is attwer commonly used asa dopant
particularly forhigh-power fiber lasers where higher efficiency compared to Er
doped fiber is requiredn Figure2.8 energy level digram of Yb is given which is
thetwo-level system
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Figure2.8. Energy level diagram of ¥toped fibe[36]

The energylevels of the groundstate and excitedtate are®Fz, and 2Fsp,
respectively.The broademission spectrum of Ytterbiunvhich will be discussed
further inthe next Chapteenables to build highly efficient and tunable systém.
the other hand, Erbium has lower efficientiie segregatioaffect limitsthedoping
concertration of Er toanorder of 18°m'3 which lower the efficiencyErbium has
other disadvantagesuch as excitedtate absorption and lifetime quenching
Different techniques such as-doping or using new host materials have been

developed in order tovercome efficiency problesn

2.2 Fiber Coil

The refractive index of the silica material constituting the filseaffected by
environmental temperature arate oftemperature changes. The Shupe effect is the
change of the refractive index of the fiber matkdue to the sensitivity of the fiber
materialdueto the temperaturehange causing the light to take different paths and
the formation of undesirable phase differences. This affelciminantin fiber coils
thatare afew hundredo kilometers long.n order to minimize this problem, it has

been tried to ensure that the rays traveling mutaddligg the coibre exposed to this
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effect symmetrically. For this reason, various symmetrical winding techniques have
been developed.

The workingprinciple of fiber winding machinesvhich is shown inFigure 2.9
creates a mutual symmettyis the rotation of two arms with equal lengths of fiber
wrapped around the structurdled 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}

Figure2.9. Representation of windings in order to create winding pal8

After fiber winding,a freestanding coil can be obtained by removing the mandrel in
between. The resulting coil image is giverFigure2.10. Winding quality is very
important duringthe winding process |t is necessary not t@ind usingvery high
tension, to keep the degree of tension constantjrtd the fibers wih 2% to 5% of

the diameter of fiber between the fibers, to-gakculate the number of fibers suitable

for the mandrel length and the length of the spaces between them.

35



Figure2.10. Various fibercoils [38]

Many winding methods have bedevelopedo far. Thesaredipolar[5], crossover
free [39], double cylindef40], random wound40], quadrupolg41] and octupole
[42]. The mositommonwinding techniques used for fiber optic gyropes today

are quadrupole and octupole winding techniques.
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Figure2.11. Quadrupole and octupole winding pattebis [42]
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During thewinding process, several types of winding def@cty occur that result
in gyroscope performance errors. The relation between various defedt

gyroscope erroris given inFigure2.12.

Defects Effects s Sy
mechanism errors
Error in " Thermal ‘
layer symmet » N tabilit
Winding |
asymmetry Fiber bending Fiber index Scale
Uneven stress change factor
fiber tums Or Fiber twist \_J Ly 5 Fiber scattering J J ~Random
Fiber stress noise walk
cross Fiber press O mm |
Fiber dia. " | e R
variation
Fiber Fiber coating
tension potting adhes. stress
Temp. Coil frame i Coil size
gradient expansion change

Figure2.12. Winding errorqd43]

Fiber coils can be wound in different lengths and diametsrgydifferent winding
techniques in order to provide the performance given in the application area. Fiber
length and coil diameter parameters are critical parameters that @ffescope

errors. Details are given thenext chapters.

The fibermaterial inherently tends to lie flat when released. When the fiber made of
Silica material with a glassy structure is bast shown inFigure 2.13, bending
increaseghe stressn the region of Twhile the refractive index decreases in the
region of T stressThis changes the optimum refractive indetweertheinner and
outer partsThe smaller the radius R, the greater the probability that the beam will
escape frm regions of decreasing refractive index, causiegdingdependentoss

of power.
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Figure2.13. Fiber subjected to bending str¢$6]
The loss to occur in fiber bending is different in fibers with different Numerical
aperturegNA). The followingequationcan be used tcalculate bending log44].
(2.6)

T Y —
ATDOXPop m— Y&~ ¢ T 0T W P—

T

| opm¥e T _Y

: Constant bending loss

Y& : Core/clad refractive index difference,

|
wavelength

(em),

Operating
mode (&em).

'Y: Bending radius
_ . Cutoff wavelength propagatesatLPld par i zat i on

Bending loss for various NA and coil diameter given inFigure2.14.
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Figure2.14. Bending loss depending on coil diameter and numerical aperture

2.3  Passive Components

In FOG, several types of-ime fiber-coupled passive components are used such as
couplers, wavelength division multiplesdkWVDM), optical circulatos, fiber Bragg
grating,andisolatos.

Various oupler typesare used depending @he design of the optical path the
optical architecturer he working principle of the couplers, whigkist inmany types
in the marketdepends othe mode field diameter (MFD) between the fibers that are

very close to each othas shown irFigure2.15.
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Figure2.15. Coupling of two fiber using side polishifg]

The fiber cable is placed inside the silica bldtls polishedto a certain length from
theclad part to near theore It is welded with another equivalent fiber cable, with
the side of its car by side. Thus, the coupling event occurs along a certain path
between the two centers and the electromagnetic wave densignsferredas it

propagates.

There are differentypes of couplesavailable in the market. They are named
according to their fye and function. There are 2x2 and 1x2 variants of the 50:50
(3dB coupler) dividerThey are alse@alled Xcouples due totheir X-like shapeas
given inFigure2.15.

Theopticalpower of incoming light is evenlgr selectivelydistributed over théwo
fiber armsasit travelssimilarly to a Y-shape that divides 1:99 (Y or 1x2 coupler).
In Figure2.16, Py is the input power, Fs the radiated power, and B the power
split into the second fiber.sRAnd R correspond to &ow-level signal ¢50,-70 dB
below the entering beandue tothe back reflection and backscatter errorshie

system [3].
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Figure2.16. Coupler ports

For X coupler P = P> = 0.5 R. Losses irthe coupler can be calculated usitige

following equations.

0
"Yn d"Qc‘dxc‘i'De‘iﬁQ—G pmimb 2.7
- - 0
Owwaicii p 1t f‘ﬁ (2.8)
Ot i QiactQeipeT | % (2.9)
YQO aieei ip 1l ﬁ (2.10

Figure2.17. Coupler[45]
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Some couplersglivide the power into 3 in a ratio of 33:33:33. It is a common 1x3
couplersuitable for optical architectural design. If ireqjuiredto use a single light

source as an input f@gyroscopesa 1x3 couplercan be used.

Figure2.18. 1x3 couplef46]

Briefly, couplers can be designe@pending orapplication as MxN as ifigure
2.19.

1x2 Y-coupler

2x2 X-coupler /™~

1xN Tree Coupler —— ==

MxN Star Coupler —Z ===

Figure2.19. Coupler port types

Thecouplersproduced 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 angprecise alignment of the stress points of the PM filsasgucialasshown

in Figure2.20.
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Stress Bars
~

Figure2.20. Alignment d stress bars of PM fibers

Thefiber optic gyroscopenay be designeith many spectral ranges. While the wave
in the 15201570 or 10301060 nm spectrum is transmitted to the systéme
generation of such wavelength ranges requires 980nm wavelength rang&gu
Wavelength Division MultiplexerW/DM) with singlemode fiberhasthe capacity
to combinethe wave at 980 nm wavelength aiseed There are WDM products on

the market designed for different purposes and applications.

WDM products work by multiplyinghe wavelength (optical multiplex@nux) in
certain band ranges. By increasing the capacity of a singtie 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 betweke® A-G+ 8 5 AG@nerally, pssive
components can continue to operate outside of the operating temperatures usually
given in their specifications. Their stability does not change significantljable

2.1, various operational wavelength ranges are given.

Table2.1. Various operational wavelength ranges

Band Description Wavelength Range (nm)
O-Band Original 126071 1360
E-Band Extended 136071 1460
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S-Band Short wavelength 14607 1530
C-Band Conventional 15307 1565
L-Band Long wavelength 15651 1625
U-Band Ultralong wavelength | 16251 1675

Filter DWM (FWDM) can transmit multiplexed or single wavelengths@y over a

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

from continuing on the optical path like an isolator.

Figure2.21. 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.

1 @— = —e?
— —
J@ e ® 4
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Figure2.22. 4 port circulatorepresentationg]

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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Figure2.23. Circulator with 3 port$47]

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

(UV) radiation. Its totalengthis about 8L0mm.

Uniform FBG

(@)1|:ll|1[|1i:=)

Wavelength

y

Circulator )—|-|-|-|-|-|-|-|-|-|—>

Wavelength

0‘

Wavelength

Figure2.24. FBG refractive index differendd8]

Grating structures show multilayer dielectric mirror properties. These mirrors are
transparent glassy structareovered witha thin dielectric material and their
thickness is equal to each other. It causes the refractive index to beaign

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

sysem. The spectrum of raygansmittedhrough the FBG is not used.

FBGs, which can be designed in different grae

wavelengths according to the Bragg equalit.

~

_d (2.12)
: Bragg period

T :Refractive index ( 1.45)
_ : Reflected wavelength

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

The number of peris (0) is inversely proportional to the reflection bandwidth

rangey— [5].

Y p

= = 212

5 (212
According to equatiof2.13), FBG with a center wavelength of 1550nm, a period of
535nm and a period of 104 (the grating length corresponds to a 5mm length) is found

asyY_ 0.15nm.

The wavelength of the reflected light changes proportionally with the grating period.
Consequentlyas inFigure2.25, red lightrequires FBG witlalonger period ad has

alonger wavelength.
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Figure2.25. Reflection of selected wavelend80]

Owing to the FBG technology, th@avelengthstability of thelaserdiodescan be
increased and the desired wavelengths insgiectrum can be studied. It acts as a
kind of in-line opticalfilter. There are FBG types with different properties and
purposesuch asuniform FBG, chirped FBG, blazed FBG and superstructure FBG
[49].

The grating structure produced with a uniform periodic distribution reflects the
optical signal baclor 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
laserhas a specific wavelength and narribll width at half maximum EWHM),
wavelength fluctuations occur due to its internal heating or environmental
temperature effects. The uniform FGB will not transmit shéted wavelengths

generated during this fluctuah back to the system.
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Figure2.26. 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 quadraticnfttions. 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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Figure2.27. Chirped FBG and periodic refractive index difference

Also called Blazed FBG, Tilted FB®@r Slanted FBG in the market. The variation

of the refractive index in FBG, which has an oblique grating, is at an angle with
respet to the optical axis. The tilt anglaffects 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 (LPO1 and
LP11), it has dilerent polarization compared to the first wave and continues on its
way in this way[49]. For this reason, Blazed FBG serves to obtain-arder
radiation modes. Inclined FBGs are not used in the fiber optic gyroscope application,

since it works in onlyone mode (LP01).
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Figure2.28. Blazed FBG and resulting polarization mo{#3j
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Superstructure FBG is formed by fabricating sections withef@ctive indices in
clusters along the fiber patspaced 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.
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Figure2.29. Superstructure FBG

Isolatorswork unidirectionally with the filters used their structure It prevents the
returning beam fronpropagatingon the optical path. It is especially usadthe
outputlight sources. Thus, it ensures that the Igghirce is not damagexd affected

by back reflections.

As in Figure2.30, the beam coming to the isolator is collected by a collimating lens
and split with the helpfoa spacer with high double refraction. Its polarization is
controlled with the help cd faraday rotator and halave plate. With the help of a
spacer with high birefringence, the rays are collected and their continuity is ensured
in the optical path. Téareturning rays, indicated by the red arroarg blockedn

the optical path as they canrmastterin the direction ofnput
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Figure2.31. Isolator[51]

2.4  Types of Light Sources

In FOG products, monochromatic wavelength as well as smglie fibers are used

in order to measure the phase difference precisely. In order to preveliesn
errors that may occur due to the nature of the silica material, a wide FWHM range is
preferred instead of operating in a narrow beidth (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 tatdity of the
wavelength. With the development of Erbium Doped Fiber Ampl{e#FA) light

source technology in the 1990s, the stability of the light source output optical power
has increased. However, with some passive optical components used, FRidHM a
center wavelengtthas become adjustable. Before that, in medium don-
performance FOG products, working with ASE principles, but not as stable as
Erbiumdoped Fiber SourcéEDFS) superluminescent laser diod8LD), Super

radiant Diodg SRD)andlight emitting diodesl(ED) light sources were used.

In order to better understand light sources and light sensogsjribgle ofthediode
should be explained first. After briefly mentioning the concepa dfode, light

source types and ligisiensing deviceareexplainedn the next sections.

2.4.1 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
diredion where it is large is called the reverse direction. The diode symbol is in the
form of an arrow indicating the direction tbfe current flow.

Anode l\l Cadhode

(+) L1 )

Figure2.32. Diode synbol

The most commonly used materiaked 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 obtaktyole Pand Ntype.
Basically, the diode consists of an N andige semiconductor placed side by side

with a barrier between them.

Figure2.33. (a) Forward biasing of the diode (b) Reverse biasing of the diode

(Black regions represestectronfree regions.)

When the diode is forward biased and the voltage value to overcolnerttes,the
region is applied or exceeded, the current flowing through the diode is called the
conduction currentO. Normally, the diode should not conduct current in case of
reverse polarity. Because the barrier region will become larger with the applied
reverse plarity. 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 currei@, There is a relationship between the saturation

current ad the conduction current as follows.
0 '®AT  p (2.13

‘O: Diode current
W : Applied voltage tahediode

¢: Ideality factor
®: Thermal Voltagep Q-

“Q Reverse bias saturation current

A typical diode current/oltage variation graph is given gure2.34.
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Figure2.34. Current flowing across a diode versus the voltage applied

Whena diode isforward-biased, the diode voltage turns on after a certain threshold
voltage, acting as a conductor. When the diode is reverse biased, it allgwtleer
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 carbe used tserve different purposes by usisgmiconductor technology
and infrastructureDevices such asiser diode (LD), super bright superlunsoent
diode (SLD) andlight emitting diodgLED) photodetectorare used to generate or
detect light Figure 2.35 shows various diode applications the next section

document, LD, SLD, LED and detectors will be examined.

53



™. constant current X
&

™~ diode
step recovery

\ . - {
shottkey diode x B
diodes  superbarrier
shockley diode diode
>~ —
;]
»-—/ .

po(i!mcomacl
tunnel diodes diod
varactor diodes PIN diodes

zener diodes

light emitting diodes photodiodes  transient voltage
\\ - supressiondiodes
I 2
K M M\Q

iode

a

? G- E 6 IASER diodes \-; Yeccum dlode
o ™ ? silicon controueat 4 w peltier diodes
crystaldiode / avalanche diode Tectnes

Types of Diode

v‘ -

gunndiode

Figure2.35. Diodes examplefb2]

In Figure2.36, the difference between LD, SLD and LED wavelengths is visualized.
LDs have a fairly narrow bandwidth, while LEDs have a wider bandwidth. These

light sour@s are used selectively for the purpose of application.
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Figure2.36. Laser diode, SLD and LED spectrdar InGasAsP/InP devicdg]
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2.4.2 Laser Diode

A laserdiode (LD) is an optoelectronic light sourdeveloped with semiconductor
technology and working with diode principles. Spontaneous emission with a broad
spectrum occurs by stimulated emission in a spatial smglge optical oxidizing
waveguide. With the simultaneous occurrence of these two ensssidhe 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 ddayhtoSemiconductor

lasers have a normal diode structure, that is, they hawd puRction. By applying
voltage, an electron in therptransition is allowed to recombine with a hole. As the
electron falls from a higher energy level to a lower ondatiah 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 EmissiOhSE) 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 architectureis to determine the wavelength and optical power stability of the

wave for application.
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Figure2.37. Laser diodg53]
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2.4.3 Light Emitting Diode

LED is the abbreviation of Light Emitting DiodeED is asemiconductor, diode
based, lighemitting electronic circuit elementBDs 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 switclongand off have

advantages over traditional light sources such as bulbs or fluorescents.

Anode | /‘/l Cathode
C-_i-. | | 0

+ -

Figure2.38. 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

Figure2.39. Basic LED circuit

In summary, when we examine it in terms of working principle; When the desired
voltage is appliedn the right direction, the energy released together with the

movement of the electrons shown in redrigure2.40to the spaces shown in white

on the opposite sidés the transformation of the energy into a light source called

photon with the effect of chemicals in the chip.
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Figure2.40. Light generation in PMype 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, indiuand nitrite are added to the
semiconductormaterial at the appropriate rate (GaAlAs, GaAs, GaAsP, GaP,
InGaAlP, 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.
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Figure2.41. LEDs of different types and claddifg4]
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The voltagecurrent graphs of the LEDs are exponential. A small volthgegeon

the led at the appropriate operating point causes a largentwhange. A series
current limiting resistor is connected to the LEDs to prevent deterioration due to high
current. This prevents deterioration of the 1semsitive LED voltage range.

The features and benefits of LEDs are as follows.

A Si n c e sihtheedesired gavelength, they do not require filters or prisms to

separate colors.

A Al'l the light is used. In other | amps, so
A I't saves energy.

A Very fast response (200ms)

A | longlasting. They can work for about 1000 hours. (ina laboratory

environment)

A Since they are small, they have many desi
A It prevents the | oss of eneThgyaluas heat by
goes up to 2700AC in incandescent | amps.

A Light intensasiyyy can be adjusted e

A It is resistant to impacts thanks to its
A 1t does not contain heavy metals harmful t

in other lamps.

2.4.4 SuperluminescentLaser Diode

Supetuminescent 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 ergisn into waveguide mode followed by strong

laser amplification.

SLD is an electrically driven-p junction optical waveguide. Electric current will

flow from the psection to the section and through the active region sandwiched
between the pand nsecton. During this process, light is produced through
spontaneous and random recombination of positive (holes) and negative (electrons)
electric carriers anthenis amplified as it travels along a SLED's waveguide. Fhe p

n junction of the semiconductor mate 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 valuesfor 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., withigh output power and wide bandwidth selection. sizes

are available.

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

nanometer per Kelvin, following the shdf the semiconductor's gain spectrum.
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Figure2.42. SLD example$55]

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

broadband spectrum of LED.

2.4.5 Amplified Spontaneous Emission Source

Amplified Spontaneous EmissionASE) 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 singlaode 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 cemeras 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 (SiQ-Silicon dioxide) is used as fiber material in order to achieve low power

losses.

In Figure243 theyaxi s shows a few dB mbbsgath,l oss per
while the xaxis 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 1550n1f5]. For applications with different performance requirements,
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3 wavelength®ften work in the FOG literature: 850nm, 1300nm and 1550nm. Nd
YAG lasers working wth 1060nm are mostly used in the healthcare industry.
Although wavelength aroundefn has more power loss compared to longer
wavelength, it has higher quantum efficierig.
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Figure2.43. Graph of power Iss in fiber versus wavelengjbl

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

losses at 2000 nm.

The fiber material is not perfecthomogeneoughereforethe beam may be subject

to dispersion in rough areas. There are 3 types of dispersion: material dispersion,
chromatic dispersion, and waveguide dispergijn Chromatic scattering can be
defined as the separation of the beam into different waveledgtso Rayleigh
scatteringln Figure2.44, chromatic dispersiors groundzerofor the wavelength of
1550nm.
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Figure2.44. The scattering of the light in the fibj&i]

ASE light source sulsomponents are given kigure2.45. Different architectural

designs can be developed in accordance with different performance usilgthe
given subcomponents ofhe ASE light source.

ASE Source

Pump Laser

FBG and
Isolator

WDM

Active Fiber

Isolator

1:99 Coupler

Photodiode

Figure2.45. ASE source ¢
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FBG is added tothe output of pump lasers available in the market by the
manufacturer. Thus, wavelength stability is tried to be ensured. A lasersihithr

to the example given irFigure 2.46 operating at 980nm is expected to produce a
spectrum as ifrigure2.47.

5

Figure2.46. Pump lasef56]
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Figure2.47. Pump laser spectrum

After the beanfed 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 spectrum as iRigure2.48. This spectrum wave propagates from
both ends of th&r-doped fiber and haslmoadFWHM to use in the IFOG optical
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path.However, this boad spectrum has poor central wavelength stability over broad

temperature range. Therefore, many techniques needed to lower thig3&fect

Erbium Doped Fiber
Amplified
w—p  Output
Signal
Pump
Laser
10 =
-2 =~
3
T
I
0 o
0 J| T T | |
1500 1520 1540 1560 1580
wavalenglh fnm}

Figure2.48. ASE output spectrurfor 1550nm ASE sourd@5]

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 FWFerbiumdoped ASE sourse

are cktailed in the next sections.

2.5  Optoelectronic

2.5.1 Phase Modulator
The piezoelectriphase 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 tracted by applying voltage.
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_-drving voltage

piezoelectric tube

Figure2.49. Piezoelectric phase modula{si

Today, the piezoelectric phase modulator is no longer used in fiber optic gyroscope
applications. The reason is thaloses efficiency at certain mechanical resonances.
The biggest disadvantage is that although it is efficient in-tgum configurations,

it cannot perform wideange feedback modulations such as the phase ramp used for

closedloop.

Instead of the piezoadtric 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. LINb@Q material produced with the Photon Exchange (PE) technique is
used as an optical waveguide at the MIOC entrance. MIOC incladegar
polarizer, Y splitter/combiner and electrodes. The beam, coming to the entrance of
MIOC with PM fiber, firstly moves tlough LiINbGQ 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

Figure2.50. MIOC [5]
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The crosscoupling or crosgalk 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 ti@es.

In order to reduce the crotalk 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 Rivtlidbe
appropriate length of fiber can be determined, minimizing the tatls®rror and
saving space at the same time.

Polarization control in PM fibers is not perfect. Along the fiber, residual coupling
occurs in crossegolarization modes. This incressthe 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
than60dB [57]. Therefore, whenever the PER of a gyroscope etmeasured, the
test setup must have MIOC and coil.

2.5.2 Photodetectors

With the development of semiconductor technology, diodesnd
photodiodes/detectors, which can convert optical sifoatlectrical signal have

also started to develop. There ardatiént photodiodes according to their working
principles and material type. Some of th@se the PN photodiode, PINp-type,
intrinsic and rtype) photodiode, phototransistor, photoresistor, photoconductor and
avalanchephotodiode (APD). Among thes#)e 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 congghto other photodiodes.

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

on the market, they all work on the same basic principlessd can be classified as
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PN photodiode metalsemiconductor photodiode Schottky photodiode PIN

photodiodeand avalanchphotodiode

Anode ﬁ Cathode

Figure2.51. Photodiode electronic symbol

Photodiods are one of the iportant optoelectronic devices widely used in optical
fiber communication systesnOf these, PINbhotodiods are preferred especially in
fiber optic gyroscope technology, both for their high quantum efficiency and for the
wavelength studied. There are thmones in the PIN diode. There aneegion, inner
region and fregion. The pregion and #region are relatively heavily doped from the

p-region and fregion of common {m diodes.

Figure2.52. P-N type phaoodiode working principl¢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 waytoaase

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 tebe ca

focused on the full junction surface, and the valence bonds can be broken, and the

67



number of minority current carriers and, accordingly, the reverse current can be
increased. Such diodes are caldobtodiods. These diodes are used as converters
thatconvert light intensity and wavelength irtteevariable 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 comparbkd to t

PN junction photodiode. Therefore, the PIN photodiode caarggeater minority
carrier current than the PN junction photodiode. When a forward voltage is applied
to the PINphotodiode it behaves like a resistor. Like capacitancetha PIN
photodioe, the p region and n region act as electrodes and the inner regionaacts as
dielectric. The separation distance between the p region and the n region in the PIN
photodiodeis very large due to the large depletion width. Therefore, the PIN

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

A Wide bandwidth

A High quantum efficiency

A High response speed

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

shawvn in Figure2.53.
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Figure2.53. Photodiode characteristi]
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The parameters of the photodetectors arfelbsvs.
A Quantum-Efficiency (

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

current.
A Detector Response / Responsivity

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

power (P) falling on the detector.

(2.14)

'Y: Detector responsivity

‘Q Detector current

0: Optical power athe detector
—: Quantum efficiency

‘Q Electron charge

"Q Planck constant

0: Photon frequency

_: Wavelength

AResponse 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 eldatterpair

formed by the detector to detect the light falling on the semiconductor regiba. If t

RC time constant is considered as the sum of the PIN region of the semiconductor,

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

AGain

It is the total amount of charge that a photon creates in the detector Hidcphoton
creates a charge Q instead of 1 free charge:
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0 G0 (2.15)
Gain:

"0 (2.16)

0
Q
Detector responsivity
Q

Y OLT (2.17)
A GRandwidth Product
A S it@Nviad Ratio (SNR)
The most common materials in the semiconductor industry are Si, Ge, GaAs, GaP,
and InGaAs. Since these materials have different energy rangg$ave their own
characteristics and different responses when detecting light falling on them. Specific

sensitivity to the working wavelengths of the PpXotodiodemanufactured in
different materials is given iRigure2.54.
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Figure2.54. Comparison of detector material tydé$

Responsivity is an important parameter for photodetectorshdtacterizes the
relationship between the input and output power of the photodiode. It is expressed

by | or R [ Al W] . It I's proportional t
photocurrent generated.

70

(0]

t

h e



Yojk - (2.18)
The parameter that shows how efficientlgretodiodeconverts 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 ther.u&/hen high light

power is applied iphotodiods, 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 &so related to the wavelength studied. Theoretically;
The quantum efficiency (, the speed of
wavel engt h o a isdalculated 128eV.am i$ avaluatedyfor HR.

S
—38
PCTTY
According to the above equation, quantum efficiency and high wavelength are

Y 0] W (2.19
preferred in terms of increasing sensitivity and taking good measurements. When
examined; It is preferred to work with the InGaAs material, wreffeiency 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, lesstitlaore

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 reélaehexpected value. In
modern photodiodes, typically at room temperathee dark current sensitivity is
about5nW. As the temperature rises, the dark curaésdincreases.

In Table 2.2, typical parameters & PIN photodiodeand APD, which are widely
used in the market with the highest efficiefaythreedifferent materials. When the

operatingwavelength, dark current, quantum efficiency and sensitivity parasneter
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are evaluatedthe PIN photodiode, produced withn optimum level of InGaAs

material, is preferred in fiber optic gyroscope applications.

Table2.2. Comparison of materials usedphotodetectorfs9]

Photodetector : Spectral Qu_a_n tm Response| Dark Current
Gain Efficiency .

Type Range (nm) (%) Time (ns) (nA)
Si PIN 1 4001150 60-90 0.33 -
Si APD 50-300 | 4001150 70-80 0.55 0.1-1.0
Ge APD 10-100 | 8001750 50-80 0.33 5-100
InGaAs PIN 1 900-1700 70-90 0.051 -
InGaAs APD 10-40 900-1700 60-90 0.1-1 0.55
Photomultiplier | 105107 | 160-850 30 0.1513 10-200

PINFET (ptype-intrinsic-n type field effect transistor) developedy combininga

transimpedance circuit to the PIN diode aadrrentamplifier. An example of a

PINFET suitable for use in commercially available FOG is shovigare2.55.

Figure2.55. PINFET examplg60]

PINFET hasa PIN photodiodeand FET opamp circuit in its structure. Its output is

thevoltageas shown irFigure2.56.
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Figure2.56. 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 doghet&dive
medium of fiber lasers and solgdate lasers. Generally, ytterbium gain medium is
pumped at 90A000nm wavelength range afite such system operates at 1.03

1.12em wavelblgngth range

2.6.1 Ytterbium Gain Medium

The interest in Ytterbiurdoped fiber lasersasbeen increasing rapidly since its first
development in late 80$62]. Having broad emission bandwidth and high excited
state absorption mag¥tterbium-doped fiber attractive compared to other raaeth
elementfibers. Emission bandwidth spans between 975 and 1200 nm wavelength
range andhe simple energy level structure of Ytterbium enables to afsguch
systems in various diode pumping applicatif§8y, [64].

The shell of ytterbium ions has one laiflanelectron. Energy levels of Yb ions that
correspond light emission &ifer>, and®Fs> which are ground level and excited level,
respectively{61].

The starleffect which is energy level splitting undbeexterior electric field results
in thesgitting ofthepump and | aser 0s -eeergelevglst These v el s

energy levels are shown kigure2.57.
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Figure2.57. a) Threelevel b) fourlevel c) quasthreelevel systera

In Figure2.57, horizontal lines corresportd energy levels. The highdines have
higher energy For threelevel systemsthe transition othe laserendsat a ground
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energy levelOn the other handhé transitions of thdaser endat an energy level
higher energy compared to ground level for flawel systems. Ithe case ofjuast
threelevel system, population occurat the lower laser energy state thermal

equilibrium.

Compared to other rare earth elements, ytterbamive 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 Ybdoped gain medium&tokes shift means thiaising photonsave

lower energy compared to pumping photons. In other wotlds, emission
wavelength is longer thathe pump wavelength. This efficiency is determined by

guantum defect and can be calculatefbag

n 2 T 1 p o (2.20)
Here,” and’ are pump and lasing frequency, respectively &ns the Planck
constantA smalldifference betweethefrequency othepump and lasing emission
results in small quanturdefecs, high power conversion efficiency and low heat
dissipation fora Yb-doped active mediunQuasithreelevel behavior is observed
for asystem having.small quantum defect. During laser transitittreemitted light
is strongly absorbed ithe unpumped region cén active mediunthat creates an
intermediate level close to ground level in gtthseelevel. This increases the pump
power threshol@61]. The intermediate level has mainly populated by itias have
a temperature of their environment. Therefore, unpumped active region reabsorbs
emitted wavelengths. For an amplifier systéhg pump and signal wavelength
determinavhich energy level behavior is presented. 1030nm region dominates three
levelbehavior whereas longer wavelengths than 1080nm presedét@lbehavior
wherethe reabsorption level is lowetn this condition,the energy gap between

excited and ground level increases resulting in lower laser threshold[@&ljels
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Yb-doped actie fibers are used in various applications including fiber laser and
amplification systemsThe range of 800 to 1064 can be used as pump wavelength to
achieve 975 to 1200 nm of output wavelengtlyh absorption and emission cress
sections can be achievadle to simple electronic structure and high doping
concentration optionf51]. In Figure 2.58, absorption and emission cressctions

are displayed.
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Figure2.58. Absorption and emission crasections of Ykdoped fiberg63]

Two pump wavelengthegionsareoptional according t&igure2.58. 910nm region
has a broad absorption cressction although higher pump powers areded to
achievea higher gain level. This will result in ASE which limitke maximum
achievable gain. On the other hanlle 975nm wavelength region has higher
efficiency in both pumping and absorption crgsstion which mitigates ASE.
Quastthreelevel behavior fothe 975nm region has high+absorption loss where
total gain fiker 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-stedibe
state, reduced twievel systens can be used as an alternativéhteelevel systems
[65]. Ytterbium gain medium can be modeledaasmple twaolevel laser scheme

when the medium is pumpeda®75 nm pump wavelength.

In Equatiors (2.21) and (2.22), the rate equations of Ytterbium ionstire excited
energy state and ground energy state are given.

Q¢

— Y w £ Y W 0 ¢ (2.21)
Qo

Q¢ .

- Y w £ Y W 0 ¢ (2.22)
Qo

Here¢ arenormalized populations of excited energy state @anis normalized
populations of lower energy stateY and’Y are rates of pump excitation and
relaxation, respectivelyw and w rates of signal absorption and emission,

respectivelyd is the rate of spontaneous emission.

The btal number otheexcited and ground state is normalized and the conservation
of energy law states this number equals 1.

e p ¢ (2.23)
The normalized populatiorgaations are given in Equati®(R.24) and(2.25) when

the system is iasteady statei(e.,—  TI).

€ . . ~ (2.29)

€ , . ' . .‘ (2.25
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In an opticalfiber, the absorption and emission crgsstions of the ions which are
found in the gain medium determine the pump and signal transition rates. These
transition rates are given in Equatd.26), (2.27), (2.28) and(2.29).

Y —O (2.26)
Q

Y —O (2.27)
Q

0 —O (2.28)
Q

w —O (2.29
Q

Here, and, are effective pump absorption and emission esessions,

respectively, and, are dfective signal absorption and emission cresstions,
respectively.O andOare the intensities dhepump and signal field. and’ are
frequencies of corresponding transitions. The rate of spontaneous emission is given
in Equation(2.30).

. P
P 2.30
o) T (2.30)

Here,T is thelifetime of the Ytterbium ions in the excited state. Given formulas are
used for quasiwo-level fiber systems. The propagation equations as ginen
Equatiors (2.31) and(2.32) are used in order to calculate the pump and signal power

through the gain fiber.

Q0 i
— b, & , & 0 a (2.31)
Qa

Q0 i

= o6 o, & L, & 0a (2.32)
Qa

Here,w is the overlap factor dhepump which can be explained as the pump signal
area ovethe Yb-doped area ratio which is ando is the pump lighfield mode

Total ion density is shown by . @ is the overlap factor ahe signalwhich can
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be explained as the pump signal area élveiyb-doped area ratio which is- and

0 is the signal lighfield mode.

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

forward and backward directiois addition to simple gontaneous emissian .

Y o 0°7Y

S YTV o @ 6 b8V b5V (233
Transition rates for ASE are given as:
O nY ” "O 234
5 (2.34)
5 Y - © 2.3
o 5 (2.39)

The sunof forward and backward traveling waves gitlestotal ASE intensity.

O O ©° (2.36)
Furthermore, the model can be extended with the inherent fiber loss. The final rates
are given as:
” O ” "O ” O
. Q 0 0 03
€ )
" . O .~ O p ” (@) (2:37)
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(2.42)

The second term in Eatiors (2.40) and (2.41) represents the contribution of the
spontaneous emission into the m@aie)].

These equations require two boundary conditions at z = 0 and z = L timdjthe
length of the gain fibeThe bidirectionakplit-step method can be used to calculate

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

Equatiors (2.40) and(2.41) can be used to model SBngle pass forwardnd SPB
(single pass backwardSE sources. In order to model DRfouble pass forward)
and DPB(double pass backward)SE sources, results of single pass configuration
are used. SPB acts asforward signal after reflection and results in DPF
configuration. Similarly SPF acts aaforward signal after reflection and results in

DPB configuration. These statemeatedisplayed inFigure2.59 andFigure2.60.
|

SPB SPF
pump - >

Direction
‘

z=0 =L

Figure2.59. SPB and SPF representason
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DPF: DPB:

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

Figure2.60. DPB and DPF representat®n
2.7  ASE SourceOptimization

Generally ASE can be classified into four groups singlass forward (SPF), double
pass forward (DPF), singleass backward (SPB), and doupkess backward (DPB).
The preferred configuration determiriee output characteristics of a XlopedASE

in terms of the central wavelength, spectral bandwidth, optical power, and
wavelength and power stability.

Especially for fiber optic gyroscopemean wavelength stability is crucial fthre
scale factor whiclsithe relation betweeheinput and output ahesensof25]. The

mean wavelength of a spectrum is givefcas.

01 1A

S 2.42
01 A (242

For anASE sourcethere are certain parametaffect mean wavelength stability
such as gain fiber temperatufd,(pump power{ ), pump wavelengthl (), pump

state polarizationY 0 9, and feedback powei reflected from the outp(i67].

oy YO O g (243

(

1. v o
ARl T v

—ll—-
C-

Cl
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2.7.1 ASE Configurations

Four basic ASE source configuratsoare 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 wavelengthdofied

fiber andanin-line isolator to block back reflections resng from fiber outputs.

2.7.1.1 Single Pass Configurations

For SP configuration, Ydloped fiberis pumped ina forward direction. Output is
observed either through the active fibeitloe second input of WDM. APC is used

to block back reflection. Designs are shoim Figure2.61.

APC Yb-fiber
Isolator

Yb-fiber WDM APC
WDM H A Isolator m -

LD a) LD b)

Figure2.61. SP ASE architectures a) SPF b) SPB

2.7.1.2 Double Pas<Lonfigurations

For DP configuration, Yidoped fiberis pumped ina forward direction. Instead of
APC, anin-line mirror is used to reflect some portion of the backward ASE through

Yb-dopedfiber for onestage amplification. Designs are showrrigure2.62.

In-line mirror Yb-fiber
Yb-fiber Isolator WDM
WDM Isolator

—
\ |

In-line mirror

LD a) LD b)

Figure2.62. DP ASE architecture a) DPF b) DPB
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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 ghoin Figure2.63.

Thermal Chamber

Figure2.63. Temperature test setup

2.7.2.1 Single Pass Forward

Spectrum outputs of SPF configuration fiifferent Yb-doped fiber lengths are
given inFigure2.64 for different pump currents.
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Figure2.64. SPF configuration output spectrum for different pump currents a)
0.6m b) 0.8m and c) 1.0m

The resulistates thaspectral characteristics change with theddped fiber length.
Output power and mean wavelength analysifASE configuration are given in
Figure2.65.
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Figure2.65. SPF a) output power and b) meegavelength for different Yiaoped

fiber lengths. c) Mean wavelength for different temperatures

Generally themean wavelength of the spectrum shifts towards shorter wavelengths

as the output power increases. On the other hédmedmean 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-diped fiber lengths are
given inFigure2.66 for different pump currents.
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Figure2.66. SPB configuration output spectrum for different pump currents a)
0.6m b) 0.8m and c¢) 1.0m

Output power andnean wavelength analysis of SPF configuration are given in
Figure2.67.
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Figure2.67. SPB a) output power and b) mean wavelength for differerdofied

2.7.2.3

Spectrum outputs of DPF configuration for different-tfdped fiber lengths are

Temperature [°C]
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Double Pass Forward

given inFigure2.68 for different pump currents.
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Figure2.68. 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
Figure2.69.
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Figure2.69. DPF a) output power and b) mean wavelength for differendofied

fiber lengths. c) Mean wavelength for different temperatures

2.7.2.4 Double Pass Backward

Spectrum outputs of SPF configuration for different-dtiped fiber lengthsire
given inFigure2.70for different pump currents.
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Figure2.70. 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
Figure2.71
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Figure2.71. DPB a) output power and b) mean wavelength for differenddied
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2.7.3 Simulation Results

2.7.3.1 Single Pasg-orward

Power [a.u]
© o o o o o o o
N w S [$,] (=) ~ (o) © -
,

o
o

Simulation
Test

0 . L L L L 1 T
980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

Wavelength [nm]
Figure2.72. SPF spectrum simulation and test result

The mearwavelength for simulation results is 1031.0nm #mmean wavelength
for 1.0m Ybdoped fiber test results is 1032.7nm at 500mA pumgentirThe mean
wavelength difference is less than 2nm.
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2.7.3.2 Single Pass Backward
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Figure2.73. SPB spectrum simulation and test result

The mearwavelength for simulation results is 1027.1nm #mmean wavelength

for 1.0m Ybdoped 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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Figure2.74. DPF spectrum simulation and test result

92



The mearwavelength for simulation results is 1030.7nm #m@mean wavelength
for 1.0m Ybdoped fiber test results is 1031.4nm at 500mA pump current. The mean
wavelength difference is less thamin

2.7.3.4 Double Pass Backward
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Figure2.75. DPB spectrum simulation and test result

The mearwavelength for simulation results is 1028.5nm #m@mean wavelength

for 1.0m Ybdoped 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 reflectah&@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 ifrigure3.1.
Drift

Noise (KB()

J
FOG Output 0

Time (Q

Figure3.1. Noises in FOG5]

FOG output is the sum of bias instability and ARW. Bias instability is the shift in
gyroscope output in long term. Evérthere is no rotatiorthe gyroscope produces
an output due twariousreasons and this output varies with tiriee maineffects
causng this noise aréhe 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 thie equivalent rotation rate per square root ofdvaidth of

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

for control and stabilization applicatiofty.

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

will be investigated detailed the next sections.

3.1.1 Allan Variance Analysis

The frequencystability of oscillatoravas analyzed usintpe Allan variance method
formerly [68]. Additionally, this technique has been used to characterize random
noises in data of any systefrhe sourcef noise could baninherent characteristic

of the device or due tohe test setup. Therefore, understanditige physics of the
device is critical to evaluate the resulfhe methodology applie® any inertial

sensors such as acceleromgtandgyroscops.

In general Allan varianceis used to determinBve basic gyrgcopenoise ypes
angularrandom walk, ree random walk, bias instability, quantization noise, and rate
ramp.An Allan variance example and associated noise source are gi¥eguie
3.2. In this studythemost dominant sources for IFOG such as angular random walk

and bias instability are detailed.

quantization

Allan deviation

correlation time

Y

averaging time ¢

Figure3.2. Allan variance graph and related noife3j
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Assume gyroscope output hasnumber ofsamplesand samplingime interval 1 .
Allan variance is a function of clustertervak thathavelengthst , ¢t , ..., &
(Q 0 7c). Averages of the sum of the data points in each cliugaval over the
total length oftheclustergive Allan variancg69].

N|o

0 o (3.2)

T
R

0— — — O 3.2
ot © C (3.2
Here, isanaverage rate calculated as:

R (33)

Here,t & t.Estimated Allan variance is given as:

P
—_— — — — 3.4
. T 70 <a G (3.4)

Instead ofingular increment, PS{power spectral densityy "Q) of output data can

be used to calculate Allavariance.

i Q¢ 0
Th-

., T 1T Y'Q— OF Q (3.5)

3.1.2 Bias Instability

Bias instabilityhasresulted fronthe flickering of components such as electronics.
The noise causes shift in the output of sensors as biasifd The PSD of bias

instability is given ag69]:

P .
q 20 (3.6)
n h Q ~

5
Y 'Q MQw ¢

Here,0 is thecoefficient ofbias instability,Qis the cutoff frequency.
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Using Equatior(3.1), avariance of bias instability can be calculated as

T O B
., T — 0¢ C—(bOE(d TWAT® 6 Quw 0 2w (3.7)

Here,wis “ "Qt, 6 8 the cosinéntegral function.

In Figure3.3, a loglog plot of Equation(3.7) is given. After cutoff frequencyllan
variance for bias instabilitflattens 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

Figure3.3. Bias instability parameteraviance plo{69]
3.1.3 Angular Random Walk

Angular random walk iawhite noise type erroi.he componentsf this noise will
be detailed inthe next sectionThe dominansource forangular random walkrror
is the spontaneous emission of photamiich is characteristic othe light source.
Therefore,theangle random walkannot be eliminated and determinesgbantum

limit performance othe sensof[69].

Gyrogope anglar random walk has noise components whose correlation time is
shorter tharthe sampling time intervalNeverthelessmost of thes@oisescan be
preventedvith designmeasuresThese noise terms are pitesentedby awhite noise
characteristiof the gyoscopeoutput. Theelatedrate noise PSD igivenby:
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YQ 0 (3.8)
Here,0 isthecoefficient oftheangle random walkJsing Equatior{3.8), avariance
of bias instability can be calculated as:

(3.9)

In Figure3.4, a loglog plot of Equation (3.9). Theslope ofdata is-1/2. Moreover

the numerical value af coresponddlirectly value ofthe slope line at  p.

10N

100

Figure3.4. Angle random walk parameteawance plo{69]

3.2  Noise Analysis

3.21 Two-level Modulation

Each ofthetwo modulation levedgives a current output #itephotodiode afollows

q

[70], [71]:
(3.10)

‘O o
?p I v n h

(3.12)

q

143 o i

99



‘Oisthecurrent output ofhephotodiode at each levéDis maximum current output,
Y is phase shift due to rotation, is modulation depth, f, is current noise afj

level modulation. In order to calculatiee rotation anglethe second current level

can be subtracted frothefirst current level and the difference will befalows:

Yo oY h hy OY h hy (3.12)
Put Equation (3.10) and(3.11) into (3.12):

.. O . .
Yo —p A YD = p ATYH =
C (313

Usingtheproperty of cosine function:

~ o s

'y Al Y (3.14)
The currendifference will be:

YO

0 ... NS
Z IY) AI D ” F] ” F] (3'15)

Usingtheproperty of cosine identity:

O . u .. foen s

— Y Al O OBl OEI

C (3.16)
ATY AT G OBF OET ., .5

YO

The firstand third terms cancel each other.

YO 00BM OEI] w B b (3.17)
The additiorof uncorrelated noises gives:
” " " (3.18)
Final FOG output is given as:
yo oo®i OE1 Vg, (3.19

Leave phase difference due to rotation and use small angle approximation:
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g 4O G,
"'OOEl "OOEI

The seconderm gives the!l noise contribution on rotation phase change.

(3.20)

ME”
v R OOBET (3.21)

Sensitivity to noise is related tbhe sampling of current. Therefore, noise spectral
density should be considered as:

5

_TQ (3.22
Electronic bandwidth is defined as:
<o Y
YyQ — (3.23)
co

whereo is sampling time. The phase noise per unit bandwidth will be:

R NcO
yo O00EI]

(3.24)

3.2.2 Four-level Modulation

Each ofthe four modulation leved gives a current output dhe photodiode as

follows:
o .. ‘O .
Oy h h! F] E p AI D ¢ ” F] (325)
o o~ . (O] . o
oY h hj i AlY o h (3.26)
N KO) o e
OY h h; P AiYp =« o i (3.27)
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VR ‘O o
OY h hj < p Al Y “ o (3.28
Subtract leved one and four from two antiree to gethe phase of rotation.

Yo OY h hgy OY h h

h
o o (3.29
OY h hr ©OY h hj
Using similar steps as secti8@rR.1
YO ¢cOOBN OET i Wi ni »h (3.30)
The additionof uncorrelated noises gives:
” ” ” ” » (3.31)
The differencewill be:
YO ¢coOBM OET ¢, (332

Use small angle approximation and leave phase difference due to rotation:

v y’o ”
¢OOET 'OOEI

The seconderm gives the noise on phaskange due to rotation for folavel

(333

modulation.

b OB ET (3.39)

Usingthe same definitions as beforeet phase noise per unit bandwidth will be:

. R 0
YO O0E] (3.35)

The result is dependent on modulation depth. i@l modulation haa two-fold
signal increase andiq fold noise increases with respect to iggel modulation.

The resultant signdb-noise is itreased byic fold.
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3.3 Sources of ARW

Sources of noise are displayedHigure3.5. In thenext sections, these noisegtie

fiber optic gyroscopeareanalyzed.

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

Figure3.5. Noise sources in FOG

3.31 Shot Noise

In theory, FOG measurement is limited by shot noise which is causedabgom
distribution of photons on the detection device. Shot noise is also gditaddn

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 distributidi@2]. In unit time t,anaverage numbeaf photons

can be calculatebly dividing total average energy by photon energy.

5 2 (3.36)
Ois total average energy given as:
. P
@) EU 0 (3.37)
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wherel is average optical power. Photon energy:
- Q (3.38

Qs Pl ank 6 s’ ische opscal #aguency othe photon.Average photon
numberis given by:
p0 0

il 3.39
Q (339

i

The standardeviation ofthephoton number is proportional tiee square root athe

average photon number:

\ 6 5 o (3.40)

The relatiorbetween power and current is given as:

0 Q
K — 341
® ,,Q (341)
Shot noise is given as:
Q T
" = U ¢Q (342
o]
Here,Qis the charge of an electron.
~_ 0 WMQO
0 (3.43)
Phase noise due to shot noise can be calculated as:
. R 0 MgQo 344
% OOET OOET (349
Using interference equation:
o) o
” F] CQE p, ,AAI O (3.45)
YO ‘O0E I
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Trigonometric identities and simplification gitleefinal result.

R Q p

— (3.46)

3.3.2 Relative Intensity Noise

Low-coherence sources such aElb-dopedASE sources have a spectrum with
broad bandwidth. Many wavelengths in this spectrum beat against other
wavelengths. This results in relative intensity noise (RTS].

] (OF (347)

——— 3.48
o (349)

whered ’ isthepower spectral density dfieoptical spectrum athelight source.

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

<o |

r___ — 0 O (3.49
YQ
Phase noise due to RIN candadculated as:
60V 9 P (350)
yo OOEI OOEIl VY
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» h M (351)
2o ‘OOE I y
Usingtrigonometric identities:
” p
] (352

3.3.3 Electronic Noises

The mairelectronic noise contributors are PINFET, analog to digital converter ADC,

digital to analog converter DAC andltage amplifier.

3.3.3.1 Photodiode Noises

A photodetector in this case PINFET creates current with incident optical power.
The currents converted to voltage aramplified via theamplifier part of PINFET.
A basic TIA asanequivalent circuit is modeled #igure3.6 [74].

Ry

MWy

4kT

—— PHOTODIODE —— €n Ry
— a1

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

Figure3.6. Equivalen circuit of a transimpedance amplifier

Each element in this circuit experiences a curtain type of nbsenoisevoltage

spectral density of these noises can be calculated in Eq(a&ajt
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where"Q dark current,’Y photodiode dynamic resistanc¥, photodiode series
resistanceQ Boltzmann constantytemperature€Q;  op-amp input noise current
spectral densityy feedback resistance,; op-amp input noise voltage spectral
density. Equatiori3.53) consists of dark current Shot noise, photodetector Johnson
noise, opamp input noise current noise, feedback resistance Johnson noise and op

amp voltage noise dkelast term.

Using practical assnptions, Equatiorf3.53) can be simplified. In general is

much larger thai¥ andY which gives the result:

QY
b G Y Uy (354)

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

0
6 Q - Q O

35
v, y v (3.59)
Phase noise due to PINFET total noise:
, . QY U j
o0 G
. F i Y Y (3.56)
o O0EIT OOE1
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3.3.3.2 A/D Converter Noise

Voltage noise density of A/D convertar () 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.

w ” U
U o Y (3.57)
Phase noise due to ADC:
v F 0] 0
Yo OOET YOOET (3.58)

3.3.3.3 DJ/A Converter Noise

At this stage, noise ithe D/A converter and voltage amplifier of MIOC create phase
noise inan interferometer. Therefore, phase noise analysis should be cauied

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

"O
~ ~

oY h R P ATy - o E (3.59)
o . 0 ...

oY h hj P Al ¢ - (3.60)
o . 0 ...

oY h hj P Aido ¢ R (3.61)
o . 0 ...

oY h h P AT =« o (3.62)
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. i is directly phase noise instead of current noisej™ modulation levelThe

currentdifference will be:

Yo OY h hsg ©OY h hj
L .. (3.63
OY h h OY h hj
o, O .. o O
yo E A I Y) “ ” F] A I Y) “ ” F]
A I ‘i) 1] , Fl (3.64)
AlY ¢ .k
Usingthe property of cosine function:
ATy - AT YD (3.65
The currendifference will be:
.. O . o O
YO — Al YD » R Al O » R
C (3.66)
AT Y v R AT Y v R
Usingtheproperty of cosine identity:
yo qoOEy  thrh_rh rl GE]
) ) ) ) (3.67)
n h n h n h » h
T
The additionof uncorrelated noises gives:
" " ” » » (3.68)
77, [ A= CH A = 1 CH
YO ¢OOEY = OEI S (3.69)

and use small angle approximation:
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YO ¢o VY CT OE] (3.70)

Leave phase difference due to rotation

~ y’o ”

COGET ¢ 579

The seconderm gives the noise on phase chadge to rotation for foulevel

modulation.

(372

N

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

IR 3.73

yQ ¢ 3739
If 0 is power spectral density of D/A converter voltage, corresponding phase noise
can be calculated byonsideringw which is the voltage applied to credtgphase

difference:

Yo <o (3.74)

Here,0  isthevoltage noise density dfie D/A converter.

3.3.3.4 Voltage Amplifier Noise

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

v B v
Yo @ @79

Here,0 isthevoltage noise density dfievoltage arplifier.
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3.34 Total ARW of FOG

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

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

» h » h » h » h » h (3.76)

~ ~ ~ ~

YyQ YQ YQ YQ YQ

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

electronic noise.

I R S N
YyQ YyQ YQ YQ L Oa

In order to calculatehe ARW scale factor of FOG should be considered. Instead of

expressing per square root of Hz, per square raiedfour is used commonly.

CEmMTT
e e R Lo __ (379)
\Q Y

pQ i MO«

Phase noise can be converted to angular quantity in terms of degrees by:
1!
5Yo =3y 2 LYL (3.79

Sampling(0 ) and integratiorime (© ) of dataarealso included.

Equation (3.79) can be used to identify the dominant noise type of a FOG.
Additionally, wavelengthdependent RIN can be reduceyl decreasinghe mean
wavelength of IFOGvhile SFis alsoimproved Consequentlythe Yb-doped ASE
source which haashorter central wavelength comparetheEr-doped ASE source
results from better ARW performanceThis theoretical improvemernin ARW
performancas shown inFigure3.7. The effectof optical power athe photodiode

on ARW is displayed foeach wavelength.
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Figure3.7. ARW analysis of (a) 1030nm; (b) 1550nm FOG
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The lowoptical power athephotodetectoexhibits EN as the dominant noise source
type If the optical power igbovel 0 QWRW is limited by RIN Usinga 1030nm
ASE source improweARW about 2fold theoretically assuming the same optical
power at PINFET for each wavelengthabout1 0 0 ORNdoped ASE source is
limited to aboutl 0 0 OW o0 pt iindhéslcase Blowevethe Yb-doped ASE
source is limitedoa b out 2 0 0 OW whiphtresuttsan bettercARM values
for IFOG.

3.4  Phase Noise and SNR Optimization

In Equation(3.33), thefirst term is the phase change due to rotation for-fewel
modulation and the second term gives the noise on phase change due to Tdtation.
ratio of the first and the seconertn givesa signatto-noise ratio(SNR) value as
[75]:

YO

vy SOOET (3.80)

DOET
After simplifying SNR can be calculated using:

o, YO
YO Y — (3.81)

The noise () at the photodetector thamatchesa specific noise levebf phase
change in the interferomet8ihe minimum detectable rotation ragdimited by this
noise level The opticalpower of the light source is very critical fothe noise
component ai@ detector.Consequentlyoptical power has to be optimized and
contrdled in order to optimize th&tio between phase difference due to rotation and

phase noise levePhase signal which is optimat is shown inFigure

C
3.8. Thenoise and SNR valuesre analyzedfor 1030nm att 0 0 OW and 1050V
optical. Earth rotationrateal at i t u d és used as Bt rdafioh that results

from phase change.
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The optimal SNR and modulation valskift with the %5 change in optical power.

Modulation Depth, qsm [7]

analysis of 1030nm FOG

(a)

Correspondingly the phase SNR valualters from8.3 to 9.8for a constant
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modul at i on .Ttezefotepptical powdmuBtbemeasured andptimized

in order toimprovethe SNR value for @onstant value ahodulation depth.

In Section2.7.1, ASE source configurations are studied in detadch design
configurationhas advartages and disadvantages regardogiical power, central
wavelength stability and optical bandwidth. SRBigurationwhich results irthe
broadest bandwidth isealizedto reduce ARWasthe mainpurposeof this study.
ASE configuration itludesa pump LD operating at 976nm, a WONatcombines
pump and emission wavelength, -dbped fiber with high concentrah andanin-
line fiber isolator to block back reflections resulting from fiber outputs. §ystem

is shown inFigure3.9.

Isolator Yb-fiber
WDM
APC

S
BF

LD
Monitoring
Laser Signal
Drive Processing
\

Figure3.9. Single pass backward configuration

A control mechanism ofpiical poweris ne2ced toimprovephaseSNRas inFigure
3.8. The proposednethodology in this studgontainsa closedoop control system
that optimizegphase SNR with respect twitput optical power aheideal value as
displayedn Figure3.9. Back faced (BF) output of LD issed to monitor thpower
output of the system. Theesulting value is controlled using digial signal
processing unitProcesing of signal decides consequéger currentThis closed
loop methodologyenhance phase SNRy over 106 for a 5% variationof optical

power.
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CHAPTER 4

EXPERIMENTAL RESULTS

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

terms of ARW performance.

4.1  Fiber Coil AssemblyTests

In order to have a lowolumetestsetupand devicea compact fiber coil assembly
is produced. Fiber optic coil assembly consists of fiber optic coil, MIOC and

mechanical support.

A specialpolarizationmaintaining fiber is selected which is optimized &€10m
operating wavelengthAdditionally, this fiber hasa reduced coating of 1@%n
diameter compared the standard 250m diameterA smallerform factor enables
reduced component size. The fiber is Nufern/PMB®380 pandatype fiber.

Specificationof panda fiber are listed ifable4.1.

Table4.1. Nufern/PM986XP-80 specifications

Optical Specifications Specifications| Actual
Operating Wavelengtfmm] 96071 1550 -
Core NA 0.130 -
Mode Field Diametef € m] 6.0 N| 6
Cutoff [nm] 910 N4| 894
Core AttenuatioidB/km@21060nm] 02.0 1
Beat Lengtimm @ 980 nm] 02.6 | 1.9
Clad Diameter [ ¢ 7981 80
Coating Diamet eyl 155175 163
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PM panda fiber is wound usirtge quadrupole winding technique. The total length

of thefiber is 150m. Final fiber coil parameters are liste@atle4.2.

Table4.2. Fiber coil specifications

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

Maintaining mlarizatian in fiber isa crucial parameter. A polarization extinction

ratio meter (PER) test setup as showhigure4.1is used to evaluate this parameter.

Table top
ASE source

PER Meter

Polarizer

Figure4.1l. PERmeter test setup

The output of the polarizer is usedaagference and the result is compared with PM

fiber output as given imable4.3.

Table4.3. PER meter results

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

The fibercoil is wound usinghe quadrupole winding tectique.The final fiber coil

is displayed irFigure4.2.
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MIOC is used for multiple purposes such as polarizing, coupling and modutaing

Figure4.2. Fiber optic coill

phase of the input light. Characteristics of Ml@t@given inTable4.4.

Table4.4. MIOC characteristics

Parameter Unit Test Data
Operating Wavelength nm 1550 N
Insertion Loss dB O 3.5
Input Optical Power max mwW O 200
Split Beam Ratio - 47/53 ~ 53/47
Optical Pigtail Polarization Crosstalk | dB 0-30
Polarization Extinctiorchip dB O 60
Additional Intensity
Modulating % 02
Optical Return Loss dB O 50
Half Wave Voltage \Y; O 4.5
Applied DC Voltagé max Vv O 15
Electrical Pushpull
Electrode Type - .
modulating
Bandwidth MHz O 300
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Table4.4 (Continued)

, Electrical Connector - 3 PIN
Mechanical _
Pigtail Type - PM
Environmental | Operating Temperature AcC -55 10 +85

PERs of first and second output MIOC are 27.4dB and 26dB respectiVély.
couplingpower of MIOC is given iTable4.5.

Table4.5. 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
114 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 fromhe bottom side using special glue. MIOC is

placed in the center of the assembly.

The picture of the fiber optic coil assembly is showRigure4.3.
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Figure4.3. Fiber optic coil assembly

4.2  ASE AssemblyTests

The first step for ASE source manufacturing is characterizimg laser diode.

Eledro-optical characteristics dlfielaser diode are given ifable4.6.

Table4.6. Laser diodespecifications

Parameter Symbol | Value Unit
Case Temperature Tc 25 AcC
Operating Power Pop 450 mwW
Threshold Current lth 65.40 mA
Operating Current atop It Pop 720 mA
Operating Current atof+ 10% I+ ref 792 mA
Forward Voltage at g+ 10% Vi 1.62 Vv
Monitor Photo Current atgp lpd 657 OA
TEC Currentatip+ 10% a1 TEG 1.55 A
TEC Voltage ati+ 10 % a| TECy 1.80 Vv
Peak Wavelength abp 3 974.0 nm
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The powerand voltage versus currecharacteristis of the laser diodearegiven in
Figure4.4.
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Figure4.4. Laser diodecharacteristics

A pumpprotection filter (PPF) is used protecthelaser diode from back reflections
due to fiber splices and other component connections. PPF characteristics are given
in Table4.7.

Table4.7. PPFspecifications

Parameter Unit Value
Transmission Wavelength Rangl nm 900- 995
Max. Insertion Loss dB 0.7
Min. Isolation @ Wavelengt
1020- 1120 nm a8 30
Max. Polarization Dependent Lo{ dB 0.1
Min. Return Loss dB 50
Thermal Sensitivity dB/ O 0.00
Thermal Wavelength Drift nm/ O 0.00
Fiber Type - HI 1060
Max. Optical Power (CW) w 1
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Table4.7 (Continued)

Operating Temperature Range

AC

-5to0 +70

Storage Temperature Range

AC

-40 to +85

WDM is used to collect backward emisssofrom Yb-doped fiber. WDM

characteristics are given rable4.8.

Table4.8. WDM specifications

Parameter Unit TestData
Fiber Type - OFS980 Bare Fibet
Operating Wavelength nm 980/ 1030
I nsertion Loss dB 0.41/0.36
| sol ation @980/ dB 14.95/13.49
PDL @980 dB 0.05
Directivity dB 66
Operating Temperature Range AcC -40 to +85
Storagelemperature Range AcC -40 to +85

Yb-doped fiber is used asgain medium. Fiber characteristics are giver atle

4.9.

Table4.9. Yb-doped fiberspecifications

Optical Unit Value
Mode Field Diameteat 1060 nm | Om 4.4 N (
Peak Core Absorption at 976 nn
(nominal) dB/m (1200)
Peak Core absorption at 920 nn dB/m 280 N §
Core Numerical Aperture ] 0.2
(nominal)
Cut-off Wavelength nm 1010 N

123



Table4.9 (Continued)

Geometrical and Mechanical

Core Concentrig¢ Om 0.7

Cladding Diameter (flato-flat) Om 125 N

Cladding Geometry Round

Coating Diameter Om 245 N 1

Coating Material - D.ual coated high
index acrylate

Proof Test, O kpsi 100

A polarizationinsensitive isolator is used to proteébe 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

givenin Table4.10.

Table4.10. Isolator data

Parameter Unit Test Data
Center Wagel en¢ nm 1030
Insertion Los{ 0 ~50 AC) dB 2.78
| sol ation (23A( dB 27
PDL (23AC) dB 0.02
Return Loss (Input) dB 52
Return Loss (Output) dB 56
Connector Type - None
Fiber Type - HI 1060
Fiber Jacket - 250 Om B
Max. Optical Power (CW) mwW 80
OperatingTemperature Range AcC -40 to +85
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Thetabletop ASE source is shownkigure4.5.

Figure4.5. ASE source

Detailed ASE source test results are given in Segtioi2 After optimizingthe ASE

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

A mechanical tray is used to organize optical and optoelectronic components such
as laser diode, PPF, WDM, ¥ioped fiber, optical isolatoand anoptical coupler.
A laserdiode is driven by a laser diode driver while optical power and spectrum tests.

ASE assembly is shown Figure4.6 andFigure4.7.

Figure4.6. ASE source assembly
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Figure4.7. ASE source assembly and laser diode driver

Lastly, theoutput power and optical spectruritheYb-doped ASE source assembly
arecharacterized. ASE sourbasacentral wavelength df030.0nmwith anoptical
bandwidthof 15nm.Spectum ismeasurd usinganoptical spectrum analyzefhe

spectrabutput of ASEemissionis displayedn Figure4.8.
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Figure4.8. Yb-doped ASE sourcgpectrum output

The outpubptical power otheYb-doped ASE sourceasmeasuredisingathermal

power meter. Theestresults aresshownin Figure4.9.
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Figure4.9. Optical power output of Yidoped ASE source

A doublelaser diode currens needed in order to achieve comparable power levels
with an Er-doped ASE sourc&.5W power is gainetbr around 0.5A laser diode
current and 5V voltage.

4.3 IFOG Prototype and Tests

1030nm IFOGcontainsa light source asrb-doped ASE fiber coil asgyroscope
sensor, detection and reading electronldge outputof the ASE source isoupled
to MIOC and coilwith PM fiber. Here,the sensing elemens the PM fiber coibnd
MIOC is used ta@oupk, polarzeand modula the light Furthermorea closedloop
feedbacksignal is directed to MIOCPINFET convertsthe optical interference
outputof thesensing element of FOIGto voltage The voltageoutput of PINFETis
converted toa digital signal via an ADCSensor controldata acquisition, signal
processig, and input/output communication managemenetimplemented in a
main electronic cardhat consists o processing unit (CPU)The digital signal
processing (DSP) moduéalculateghe mathematical operations of the clodedp
FOG. FOG is modulated iorder to increase sensitivity and achieve a cldsefd
operation. Basing modulatiorshifts the interferometer taan operatingpoint with
higher sensitivity. Rte control loop feedback modulatisrapplied taull the phase
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shift due to the Sagnac Effeatthe interferometeA diagramof IFOG isdisplayed
in Figure4.10.

Yb-doped Fiber
A\PC WDM Isolator oM Fiber
- !NW\J Coil
MIOC
Coupler f O
|

PINFET

Digital Signal Processing

Digital Signal
FOG Output

Figure4.10. Functional scheme of Yb ASEEOG

Characteristics od50/50 couplearegiven inTable4.11.

Table4.11. 50/50 couplespecifications

Parameter Unit Test Data
Operating Wavelength nm 1030N10
EL dB 0.43
TDL dB 0.15
RL/Dir dB 16
Operating Temperature AcC Oto +70
Storage Temperature AcC -40 to +85
Proof test Level kpsi 200

Characteristics of PINFET fibaregiven inTable4.12.
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Table4.12. PINFET specifications

Parameter Unit Test Data
Minimum Bandwidth MHz 250
Suggested DatRate Mb/s 350
Sensitivity dBm -32/34
Dynamic Range dB 25
Transimpedance kohms 10
Dark Current nA 0.5
DetectorResponsivity
At 850/1300/1550nm AW 0.50/0.907.095
Max Output Vpp 2.5

An electronic board drives the laser diode and PINFET. AdditiorthifRINFET

output signal is collected viae same board. An electrical board is showfrigure
411

Figure4.11. Driver electrical board

ASE source, fiber optic coil, MIOC and electronic cards; sucth@main board,
ASE board and power board were assembled using and mechanical frame. Electrical
signals and currentredelivered using and internal cablifithe picture othelFOG

prototype is shown ifigure4.12.
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Figure4.12. IFOG prototype

In order toproveproof of conceptanopenrloop operationis demonstrated. Square

wave voltage is applied to IAC for phase modulationPINFET signals are

displayed inFigure4.13 andFigure4.14. The fibercoil is stable and rotated whitée

signal is recordedespectively.

Signal [V]

0.5 [
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Figure4.13. Signal outpuwith no rotation
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Figure4.14. Signal output while rotating

ARW performance is analyzed using Allan Variance analgsithreeoptical power

levelsat PINFET. The ARW results asaownin Figure4.15. Allan deviation curves

for 10, 110 and 1200W ( aleshewmsstraightliresn d gr e €
which are the tangential lines wifslope of-0.5. The ARW parametds determined

by analyzing thei nt er s e & fhr walue aod extridpolated line the Allan

variance graphic.
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Figure4.15. Allan variance analysis far0, 110and1200 Woptical power

A good agreementvas observed betweehet ARW performance resultend the

theoretical analysisf 1030nm IFOGARW values ar@.013Qj '}, 0.00831j N'Q

and 0.00823 1@ f or 10 Ow, 1100wW and 1200W respec:
change indicateshat the optical dependency of ARW is still observable. This

dependency isnore noticeablat1 0 OW opti c al powelFOGmeasur emert
system is optimized order to achieve improveiRW performanceOn the other

hand, las stabilityperformanceas not consideredlhe drift at the output signah

long termis due to the heat dissipation of electronics and mech@i&s stability

performance can benlkancedby improving the mechanicalesign and having

temperature calibration.
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CHAPTER 5

CONCLUSION

In this study,varioustypes ofYb-doped fiberASE sourcesvere examined and
demonstratedParticularly, bur main configurations werestudied by simulating
their spectral outputs and comparinghem with experimental results. Each
configurationcontainsa WDM to isolate the pump laser diode from backward
reflections especially foforward configurationsEach configurationvastestedor

three different fiber lengths order to determinethe optimal fiber length.

ASE configurations were tested foariouslaser diode currentdn the meantime,
the output spectrum and powevere measuredAdditionally, mean wavelength
stability wascharacterizedn the rangeof -40A C + 60C.ACentral wavelagth
stabilityis one of the modtritical parametesfor fiber optic gyroscope applications.

It determines the scale factarcaracy of the sensor.

The Centralwavelengthstability of the sourcelepends orespeciallytemperature
characteistic of Yb-doped fiber Additionally, pump laser characteristics such as
pump wavelength, power and polarizatibave acrucial effecton emission
wavelength Fiber joints and fiber ends creatgack reflectios that result in

perturbatiorin Yb-fiber gain Using an inline isolatorsuppressed this effect.

Yb-doped fibetASE sourcetiavespectral bandwidth comparableEcdoped fiber
ASE. Higher efficiencylevelsof Yb-doped fiberenablehigher output power levels
with lower input pump laser currentdoreover the high radiationtolerance ofyb-
doped fiber makes it morsuitable for applicationsthat involve low power

consumptiorand radiation tolerancgich as space applications.

Spectral snulationsend spectrunmeasurements hawegood agreemerfor SPF,
SPB and DPIeonfiguration regarding centralavelength. DPB configuratidmas a
differencein mean wavelength betwedme simulation and test resulfhe spectral
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response of the ihne reflector used inthe DPB ASE source may cause this
difference Temperature dependency of both mean wavelength and optical power
output simulationsnay be studiedbr a betterunderstanding of theewardsof Yb-
dopedASE sources.

Novel closedoop control of thelaser diode insie the ASE sourcevasrealizedin
the IFOG structure This originalmethodenhancedSNR byregulating thepower
output ofthelight source abptimumpower. Phase SNR can imeprovedby more

than%210 fora change o%5 optical power.

For the firstime, an all-fiber closedloop 1030nm fiber optic gyroscopeasstudied
Yb-doped ASE sourchaving abroad bandwidtiwasimplementedto reducethe
mainsource of ARWARW was limitedby therelative intensity noisef the ASE
source The centralvavelergth of the light sourcéncreasd the scale factor othe
gyroscopewhich results in higher sensitivitpll fiber assemblyenablesa compact
and robust systemYb-doped fiber has higher efficiency ithe gain medium
compared to Edoped fiber. Loweoperatng currens are avdable which resuts
from low power consumptian This is very critical, particularly for space
applicationsThe rotationrate sensitivityof the sensomwasincreasd by around2-
fold with the increase in scale factoomparedto a common ASE sourcesing
1550nm.Additional tothe increase in sensitivity, ARW performaneassimilarly
enhancedBetter gyroscope performance compatedsimilar gyroscope operating

at 1550nmwasachieved.

In order to enhance ARW performanc#fatent techniques such as laser broauaign
by phase modulatiowere developed ithe literature A 2-fold increase in ARW
performancewas confirmed Combining the phase broadening methahd Yb

doped ASE source would yield 4-fold ARW performanceenhancement
Additionally, the device volumean be decreasdyry designingasmaller gyroscope
coil usinga shorter fiber length for targetARW performanceRadiation resistant
characteristiof theYb-doped ASE source mak#gedesign suitable fagpacegrade

missionsin addition to low power requirement and low volume design.
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