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Abstract

This thesis presents the research work that has been carried ottamd @ansmission
windows as support to the saturated optical fiber transmisginodows. Oband is
selected based on advantages it offer including operational cost effectiveness, low
absorption coefficientlow dispersion wavelength range and operated with existence
system. The aim of this research work is to investigatectimeponentshat could be
usedin developingO-band as transmission windows. The components studied in this
research work are the optical amplifiers and multiwavelength fiber laser as the
transmitter. The optical amplifisare Bismuth doped fiber amplifigiBiDFA), O-band
Raman fiber amplifier (RFA) and Booster optical amplifier (BOA). The BiDFA produce
low amplification (~2 dB) but high nonlinearity coefficient measured td %88 W*

km™ utilizing the four wave mixing (FWM) effect. The RFRfastested wih 4 different

types of fiber, where dispersion compensated fiber (DCF) shows the highest
amplification performance with gain of 12 dB for single pass configuration and 14 dB
for double pass at 1330 nm signal wavelength. The BOA is an improved version of
semiconductor optical amplifier (SOAJapableto amplify up to 28 dB and 31 dB at
1350 nm for single pass and double passfiguration respectively. The optical
amplifier is not only use as the amplifier but also to support the process of generating
multiwavelength fiber laser (MWFL). Three techniques demonstrated in this thesis
include; multiwavelength Brillouin fiber laser (MWBFL), Sagnac loop mirror (SLM)
and Fabry Perot Interferometer. The MWFL was demonstrated by various
configurations to investigatéé performance including its peak power flatness and tune
ability. The MWBFL generated from nonlinear effect of stimulated Brillouin scattering
(SBS). The Brillouin threshold power required to generate SBSar@ is less than
threshold of Gband. The MWBFL demonstrated in 2 different cavites namely linear

cavity and ring cavityBoth cavities produce 4 Stokes with the linear cavity giving a



closed spacing of 12.5 GHz while ring cavity 25 GHz. Inserting BOA in the multi pass
linear configuration induce miinearity and hence produces 3 abtokes signals. The
flathess of MWBFL achieved via 2 techniques namely by in cooperate the BIDF in the
cavity to provide FWM effects and by relocating the BOA. The spacing tunability for
MWABFL is limited to two spacind2.5 GHz and 25 GHz. Sagnac loop mirror were also
demonstrated in linear and ring cavity, where the linear cavity provide stable and more
number of channels (~16). The uniformity of MWFL via SLM was provided by the
nonlinearity of BIDF. The tunability ofhe SLM is controlled by the length of
polarization maintaining fiber (PMF). The FPI was only demonstrated in linear
configuration. The spacing generated was doubfLdf with the same length of PMF.
The uniformity of peak power was also improved by theoiporation of BiDF. The
tunability is achieved by controlling the polarization state. The spacing varied from 5.0

nm to 1.25 nm with 4 m PMF.



Abstrak

Tesis ini membentangkan ketffarja penyelidikan yang telah dijalankan ke atalsad
penghantaran tingkap sebagai sokongan kepada tingkap penghantaran-bema O
terpilih berdasarkan kelebihan ia menawarkan keberkesanan operasi termasuk kos,
pekali penyerapan rendah, pelbagai serakan panjang gelombang rendah dan
dikendalikan dalam sisterkewujudan. Tujuan penyelidikan adalah untuk menyiasat
komponen yang boleh menjadi kegunaan dalam membangunkiand seperti
penghantaran tingkap. Komponen dikaji dalam penyelidikan ini adalah penguat optik
dan serat multiwavelength laser sebagai pemari®anguat optik termasuk Bismut
gentian terdop penguat (BiDFA),-kand Raman serat penguat (RFA) dan Booster
penguat optik (BOA). The BIDFA menghasilkan penguatan rendah (~ 2 dB) tetapi
pekali ketaklelurusan tinggi diukur menjadi 13,98*Wm™ menggunakanempat
gelombang mencampurkan (FWM) kesan. RFA diuji dengan 4 jenis serat, di mana
penyebaran serat pampasan (DCF) menunjukkan prestasi penguatan yang paling tinggi
dengan keuntungan sebanyak 12 dB untuk konfigurasi pas tunggal dan 14 dB untuk
lulus dua di1.330 nm panjang gelombang isyarat. BOA ini adalah versi semikonduktor
penguat optik (SOA) berjaya untuk menguatkan sehingga 28 dB dan 31 dB pada 1350
nm pas tunggal dan konfigurasi pas dua masiaging. Penguat optik bukan sahaja
menggunakan sebagai pemt tetapi juga untuk menyokong proses menjana laser
gentian multiwavelength (MWFL). Tiga teknik ditunjukkan dalam tesis ini termasuk;
multiwavelength serat Brillouin laser (MWBFL), Sagnac gelung cermin (SLM) dan
Fabry Perot interferometer. The MWFL dijukkan oleh pelbagai konfigurasi untuk
menyiasat prestasi termasuk kuasa kebosanan kemuncaknya dan keupayaan lagu. The
MWBFL dijana daripada kesan tak lelurus dirangsang penyerakan Brillouin (SBS).
Kuasa ambang Brillouin diperlukan untuk menjana SBS d&&band adalah kurang

daripada Gband. The MWBFL menunjukkan dalam 2 rongga rongga yang berbeza dan

iv



cincin iaitu linear rongga. Kededua rongga menghasilkan 4 Stokes dengan rongga
linear memberikan jarak 12.5 GHz manakala cincin rongga 25 GHz. Masukkan BOA
dalam konfigurasi linear pas berbilang mendorong ketaklelurusan dengan itu
menghasilkan 3 anttokes. Kebosanan MWBFL dicapai melalui 2 teknik iaitu dengan
bekerjasama dalam yang BIDF dalam rongga untuk meletakkan kesan FWM dan
menempatkan semula oleh BGtu. The tunability jarak untuk MWBFL adalah terhad
kepada dua jarak 12.5 GHz dan 25 GHz. The Sagnac cermin gelung juga menunjukkan
dalam rongga linear dan cincin, di mana linear yang memberikan jumlah yang stabil dan
lebih saluran (~ 16). Keseragaman MW melalui SLM menyediakan oleh
ketaklelurusan daripada BIDF. The tunability daripada SLM adalah kawalan oleh
panjang polarisasi mengekalkan serat (PMF). FPI hanya ditunjukkan dalam konfigurasi
linear. Jarak dijana adalah dua daripada SLM dengan panjaragPddF. Keseragaman
kuasa puncak juga bertambah baik dengan bekerjasama yang BiDF. Tunability ini
dicapai dengan mengawal keadaan polarisasi. Jarak yang berbeza dari 5.0 nm kepada

1.25 nm dengan 4 m PMF
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Chapter 1  Introduction

1.1  Overview of fiber optic communication

Optical fiber is important for modern communication world especially in the
development of ultrdast networking system. Rapid networking system thraymical
communication started with the development of optical fiber with high attenuation of
1000 dB/km @1550nm (Charles, 1970) due to contamination in the fiber glass.
Eliminating the impurities of the material redddie loss to 20dB/km (Kapron, et al.
1970) and not long after with further reduction to only 0.2dB/km (Miya, 1980) and
continue to improve. The improvements are not only on the fiber attenuation but also
against the quality of the signals such as chromatic dispersion. Optical fiber is afstrai
elliptical glass that transmitted light through total internal reflection (TIR) principle
(Bates, 2001).The imperfection of the fiber divides the signal into numbers of modes,
which disperse along the device. Step index fiber is proposed to ovetvertaomatic
dispersion effect fiber with different layers of reflective index coating which controls
the propagation of the light can transmit single modes light by controlling the size of

fiber core is called as single mode fibre (Sanferrare, 1987).

Revolution of optical fiber technology leads to others inventions to support the
technology including the transmission source. The frequency of the transmitted signal is
around 800 nm and quite recently has improved tquthQdue to current development
in the fiber technology. During the first generation of optical fiber communication, the
800 nm signal was used that utilized the GaAs semiconductor laser as transmitter. Then
it was replaced by the 1300 nm signal or is called as original window transm{€sion
band). The selection is made due to low absorption coefficient of the optical fiber
around this region whicheduceoptical electric (O/Eyepeater Furthermore, based on

the zero dispersion curves, the 1300 nm region provide lowest dispersion cotopared
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other available transmission wavelength. The improvement of absorption coefficient to
0.2 dB/km and the increment of bit rate up to 10 Gb/s has introduced the optical
communication to conventional window {and) operating at 1550 nm. The
conversion ofthe amplifier from electrical/optical to fully optical has increased the
speed of the optical communication and also extends the distance of access
transmission. The development of Erbium doped fiber leads to utilization of wavelength
division multiplexing which allows multiple signals to be transmitted and amplify

simultaneously.

As the traffic demand continue grow the bit ratesalsorising in numbers of
generations starting with 45 Mbps in 1975 to 10@gim 2010 which multiply the
speed almost 10mes for every 4 years. Therefore, proactive measures should be taken
to accommodate user needSne of the measures is to maximising the use of all
transmission windows available which consists of expanding the optical amplifier

bandwidth, more efficiertransceiver/receiver and also improves of optical fiber

1.2 Demands on expanding telecommunication capacity

The demand for faster and wider capacity of transmission signals has contributed
to the fiber optics evolution. Therefore numerous studies haye d¢earied out to find
alternatives to cater the demands. Thereaamamber of alternatives to overcome the
issue including, increasing the channel bit rate (D. Hillerkuss, 2011), reducing the
channel spacing between existing channels to maximize thentission window
utilization, or by exploring a new transmission windows (T. Kasamatsu, 2002). Between
these options, the extension of current transmission window is the only options that
utilize the existing optical and electrical technologies which mgmithe
transformations cost. The-lkand dominated most of optical communication system due

to the performance of EDFA. However, the capacity starts to saturate whiere it



approacksthe maximum capacity of 100 GHz. Thussearchers began to explowwv
transmission windows. Instead of exploring for new transmission windows, it is also
possible to extend the operation of existing windows. One of the potential windows that
can be extended is-Band operating at wavelength region 1260 nm to 1360 nm. This
window has a reliable background as transmission medium before the era of Erbium
doped fiber amplifier €. Desurvire, 1987)There are various advantages of using O
band as the transmission windows including; low fiber absorption coefficient, high
potential b be used in wavelength division multiplexing (WDM) system, and also the
zero dispersion for standard ITU fiber that makes it a highly potential windows to be

use in the long haul transmission system.

1.3 Demand on the improve transmitters

Operating in newtransmission windows requires supporting components that
have to be compatible with operativgavelength including its transmitter and signal
amgifier. Current system is usesemiconductor laser to produce single channel
wavelength. The technology isroeenience for small bandwidth but due to exponential
growth of capacity demand, the system requires high operational cost. Larger space is
needed to occupy large number of semiconductor laser for each channel. Moreover,
cooling system must be included ®nthe laser diode prodesheat and operates at
certain temperature. Therefore the transmitter must be improved together with the
expansion of transmission window so that the optical sysfmmate®ffectively.

Optical fiber allows multiple waveletigsignals to be transmitted one single
fiber without interfering with each other.hig gives a promising solution the high
capacity demands. During 1990s, the exponential growth of the data speed is
contributed by the use of the WDM. The WDM is a comgrat that multiplex and

demultiplex the signals according to their wavelengths when the signal enters or exit the



fiber optic cable. The technology enables simultaneous data trameerWWDM is
identified using its spacing betweadjacensignals.

Oneof the solutions to minimize the expenses ab&hd transmission system is
by producing multiwavelength fiber laser (MWFL). The MWFL is a system sequénce
lases at different wavelength which can be used as individual chanmbkere are
various techniges of producing multiwavelengthasers including Fabry Perot
interference, multiple fiber Bragg grating, Sagnac loop mirror, and nonlinear effect like
Brillouin or four wave mixing effect. Each one has its own characteristic. This thesis
focueson the degn and characterization of MWFL using nonlinear techniques and

interferometers

1.4 Demands on the new optical amplifier.

The development of optical amplifiers has spawned new generation of
telecommunication systems stag with the EDFA for 1.55 pum sigal. Optical
amplifiers can reducthe dependency on opticalectricaloptical (O/E/O)repeater it
also shortens the time of data transmission since the @épkateis time consuming.
Optical amplifier helps to improve the distaneguiremenbetweenrepeates from 50
km to 160 km.

Over the years the optical amplifier has undergone several upgrades in terms of
type of amplifiers, wavelength ranges, and the quality of the output signal. There are 3
types of optical amplifiers; rarearth doped opticafiber amplifier, semiconductor
optical amplifiers, and also amplifiers generated from manipulating the nonlinearity

effects of optical fibers.

Extending the transmission windows required modifications of optical amplifier
to ensure the performance of ispt communication system. The optical amplifier is not

only being used as an amplifier, but it is also been acknowledged to be used as an



optical gain block, optical linear repeater, preamplifier for the weak signal and also as
signal seed for fiber lasein terms of generating fiber lasers, the optical amplifier is one
of the important components in many fiber laser demonstrations. It is either used as

optical amplifier, signal seeding or both.

In O-band region there are various amplifiers known incigdNeodymium
Doped Fiber Amplifier (NdDFA), Dysprosium Doped Fiber Amplifier (DDFA), Raman
Fiber Amplifier (RFA), and Semiconductor Optical Amplifier (SOA). Each of the above
amplifiers has its own characteristic, advantages and disadvantdgeshdsiswill
discuss on the characteristic of three amplifiers used in the making of multiwavelength
fiber laser. These three amplifiers are a new Bismuth doped fiber amplifier (BiDFA)
which is believed to cater amplification for most of the available transmissiaows
from O-band (1260 nm) to dband (1620 nm); and Raman fiber amplifier (RFA),

and integrated circuit amplifier called asb@nd Booster optical amplifier (BOA).

1.5 Research Methodology

The research procedure for this research project is desedbte: flow map in
figure 1.1. The research methodology staiith the study ofxisting optical amplifiers
for O-band region and the techniques that are used to generate fiber lasersbdim O
amplifiers were tested to find suitable optical amplifierde use in the research work.
The research continues with generation of multiwavelength fiber laser by utilizing
sdected optical amplifier. Thenmnultiwavelength fiber lasewas degenerated using
three different methods; nonlinear stimulated Brilloswattering effect, interferometer
techniques including Sagnac loop mirror and Fabry Perot interferometer. The developed
lasers are improved in terms of its stability, flexibility, and badéwrange. Thighesis
is concluded by suggesting new future weorthat can be done to improve the

performance of this research.
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1.6  Objective of the thesis

Main objedive of the research works are

1) Characterizing the existing-Band amplifier and identifying suitab&mplifiers
to be used in the generation of multiwavelength fiber laser

2) Designing and characterizing the multiwavelengthadd fiber laser

3) ldentify the deficiency of generated-iand multiwavelength fiber laser and to
improve the work.

4) ldentify the multivavelength fiber laser techniques that are suitable to be used in

WDM system for Gband transmission windows.

1.7 Thesis overview

In this thesis, the focus is given to the development dfa@d transmission
windows. QGband transmission windows was chosen bgeanf its many advantages
mentioned in section 1.2, where the system provides less coefficient absorption and
near zero dispersion in ITU standard S&&fiber which minimize the need of optical
amplifier. It also requires no extra compensating fiber & uUsed to suppress the
dispersion during #&nsmission Therefore, the cost expenses to improve from
conventional fiber optic communications system can be reduced as compared to other

current available transmission windows.

The knowledge on the new transson windows are not only beneficitd fiber
optics communication but caalsoimprove many other applicatioti&e development

of high power fiber laser, and remote sensory system.

The thesis consists of six chapters where chapter 1 is the introdtwtibe
thesis. Apart from the introduction, three types of optical amplifiers foa region

are demonstrated in chapter 2, where the characteristics such as gain, noise, stability and



other properties are studied. From the study, the best opticalfiemplas chosen
according to the requirements needed to develop Hvand multiwavelength fiber

laser. In chapter 4, multiwavelength fiber laser are produced by demonstrating three
techniques to generate multiwavelength fiber laser, including nonlirgaridggie which

is Stimulated Brillouin Scattering technique, two interferometer techniques one is
Sagnac Loop mirror and also Fabry Perot interferometer. From the demonstration, we
indicate the techniques that represent certain properties and have ddfd#rantages.

In the chapter 5, improvements are made to overcome issues such as uneven peak
power, unstable output channels and also flexibility on the channels availability. The

summary and the future work of this research work are outlined in chapter 6.



Chapter 2  Theoretical Background

21 Introduction

Optical fiber technologywas not designedsolely for application of optical
communication, but many other applications including sensor system, navigation
system, and a lot more. The use of optical fibers in other fields has stimulated photonic
research field including the laser technology. By propagating the laser entdoén,
data communication can be send throughout the world. In early days, the light emitting
diode (LED) is used as the transmitter, but due to the increase of the data capacity, LED
is no longer an ideal transmitter since its broad emission specimita the ability to
increase the transmission capacity. Therefore, the laser is an ideal sdugidaits
coherence properties, mobility, compact and availability in various frequencies. Laser
can be found ifmany formslike gas lasersemiconductor l&s and also optical fiber
laser. Optical fiber laser have numerous advantages compared to the others including
ultra-narrow emission spectrum, that is useful especially for high precision
technologies. The first pulsed optical fiber laser was discovergd78, (Stones, 1973)

and continuous wave was discovered shortly after.

A part of optical fiber laser, multiwavelength fiber laser also generates interest
especially towards improving the wavelength division multiplexing (WDM) system.
The multiwavelengtHasers have been demonstrated in various techniques including
increasing theapacity of the transmission windows. This development has forced and
enabled the éand transmission windows to be reacteatsince theesearch in this
areais less actie since the emergence tife Erbium doped fiber amplifier (EDFA) in

1980 that boosdthe use of eband transmission window.



2.2  Multiwavelength Fiber Laser by Nonlinear Effect

2.2.1 Nonlinear effect on optical material

Nonlinear effect is defined as phenomena that depend on the intensity of electric
field (Digonnet, 1993). Nonlinearity could be understood through study of dielectric
material. Dielectric is typically used to describe materials with high polaxitgre
whenever the electric field enters the material, the electric charges will not flow through
the material as in conductor material. Instead, it will rearrange spalkdive charges
are displaced toward the field and negative charges shift in the oppbaite t
causedlielectric polarization. Optical fiber is one of the examples of dielectric material,

where bymaking the optical fibedependenon theintensityof the electric field

In linear optics, the displacement of electric fieldljs defined by the euation

2.1;

O -0 v (2.1)

whereP representshe polarization induced in the optical medium. In linear and
isotropic optical media, the polarization is linearly proportional toBlield and is in

the same direction &3

v -..0 (2.2)

where the permittivity is represented ' in vacuum and? is the electric
susceptibility. Under small intensity the electrons oscillates with the same frequency as
the incident field, therefore the conditions optical properties of the medium (e.g
refractive index and absorption coefficient) are independent oflighe intensity.
However, high intensity electric field rearrange the electron to forAhaamonic

motion that makes P satisfies frequencies tloasnot include the incident frequency
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(Boyd, e al. 2003) as given by equation 2.3 as well as linear afhide@mninteractions

are illustrated by figure 2.1.

o - .0 .G ..C E) (2.3)

Linear

Output
Nonlinear

\/

Input
Figure 2.1 lllustration of linear and nonlinear interaction

The relation can be explad through equation of polarizationith numbers of
susceptibility parameters. The dominant parameters in the equation 2'3hee’ that
contributed by the second harmonics generation and sum of frequency generation.
Meanwhile, the lowesbrder nonlinear effect is contributed by the third suscepbili
coefficient,c®. The quantity in parentheses indicates that the susceptibility changes with
light intensity. In fact, this relation is faa material with a refractive index and
absorption coefficient that is intensity dependent. High electromagnaticiri optical
fiber may change the orientation of the molecules which results as many implacable
such as nonlinear refractive index and inelastic scattering as illustrated in figure 2.2.
The nonlinear effect ioptical fiber is divided intdwo categories, which is in nonlinear

refractive index effects and inelastic scattering effects.
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Nonlinear Effects in Optical Fibers

v

v v
Nonlinear Refractive Inelastic Scattering
Index Effects Effects
Self Phase  CrossPhase  Four Wave Stimulated Stimulated
Modulation  Modulation Mixing Raman Brillouin
(sPm) (XPM) (FWM) Scattering Scattering
(SRS) (SBS)

Figure 2.2 Fraction of nonlinear effects

The nonlinear refractive index is an effect when the refractive index changes with
the intensity of electric field. Thisffect includes selphase modulation (SPM), cross
phase modulation (XPM), and four wave mixing (FWM), which is dependhe type
of electric field source. Meanwhile, the inelastic scattering effects are generated when
the signal channels collides witphonon that stimulate scattering. The stimulated
Raman scattering (SRS) is an example of incident electric field that collides with optical
phonon while the stimulated Brillouin scattering (SBS) is the collision with acoustic
phonon. The intensity of scated power increases exponentially after the electric field
exceeds the threshold value. Brief explanations on each nordiffieetrare summarized

below;

® Self-Phase Modulation (SPM)

The refractive index depends on the intensity of electric field. If paflgectric
field is used, the leading edge of the source will have different refractive index with the
trailing edge. Therefore, it results in temporally varying indexes which leads to
temporally varying phase change. This nonlinear phenomenon ehdetfed phase
modulation is called as Self Phase Modulation (SPM).

12



(i) Cross Phase Modulation (XPM)

SPM is a major problem in single channel optical communication. In multiple
channels optical communication system, nonlinear effect leads to another problem.
Whenever two of more optical pulse propagates in single optical fiber simultaneously,
the SPM is generadenot only by the modulation of refractive index of the channels but
also is affected by other chagls. By having multiplenumbersof channels in the
optical system, another nonlinear phenomenon called Cross Phase Modulation (XPM) is
generated. The XPM are twice effective than the SPM with the same amount of electric

field intensity.
(i)  Four Wave Mixing (FWM)

All nonlinear effectawill generate new @mnds and suppressing other except for
SPM and XPM effectThe FWM generated through the third susceptibility coefficient
( % where whenever there are three different channels propggathe medium, this
( % will generates the fourth channels that hfreguency equals tthe frequency sum
of all three channels. Meanwhile the power of three initial channels will be suppressed.

Detail on FWM effect will be discussed on section 2.2.3.
(iv)  Stimulated Raman Scattering (SRS)

Phonon is an excitation of quantum rato cell atan early stage. Whenever the
unit cell contains more than one atom as in optical fiber, twostghbehonon will be
generated, namely optical phonon and acoustic phonon. Optical phonon is generated
when the positives and negatives ions swingiresl each other. The collision of
incident electric field generates SRS. The power of initial high intensity electric field

will be transferred into different frequency. Brief explanai®m section3.3.
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(v) Stimulated Brillouin Scattering (SBS)

The ollision between incident signal and acoustic phonon generates phenomena
whichis called as stimulated Brillouin scattering (SBS). The acoustic phisipyoduce
by the shift of positive and negatives ions that swing togditteen moving grating due
to the propagation of the electric field. Any photons that collide with this acoustic
phonon will generate signals with different frequency. The generated frequency depends
on the difference of incident frequency with acoustic phonon frequency which is around
12 THz depending on various parameters of medium and electric field source. Section

2.2.2 will briefly explain the process of stimulated Brillouin scattering.

Previously all these effects are avoided in the optical communication system.
However, recent deands on the advanced optical communication technology have
encouraged the research towards nonlinear pliepedf optics. Researches have
brought up various applications thdiave been commercially used today such as
multiwavelength fiber laser. Thesearch worké&ierecover the multiwavelength fiber

laser generatiom the O-band region.

The nonlinear effects that are used to generate than@ multiwavelength fiber
laser are SBS and FWM. The selections are magetd low development cost and

minimum adjustment of current system.

2.2.2 Principles of Stimulated Brillouin Scattering

Stimulated Brillouin scattering is generated through an electrostriction process of
dielectric medium. High electric field rearranges the refractive index of the melalaim t
changes it into an acoustic phonon and acts like a moving gratingresa#ing
scattering from collision between the incident light and the acoustic wave is called as
Brillouin scattering whichmovesin backward direction afheincident light as depted

by figure 2.3.
14
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Figure 2.3 Depletion of Brillouin pump and generation of Stokes signal process

The intense light source that trigger the nonlinear effect is defined as Brillouin
Pump (BP) while the backscattered signal that is generated is callkas or anti
Stokes depending on the freqagnshift. The nonlinear interaction between the

Brillouin pump and the Stokes wave can be governed by these following coupled

equations:
dl (2.4)
d—z’):- sl ,ls - al,
di (2.5)

dzs :-gBIpIS+aIS

Wherel, andls are the intensity of Brillouin pump and Stokes respectivgly,
representhe Brillouin gain coefficient. The process continues until the intensity of the
current Stokes power is insufficient to generate a new Stokes. This continuous process
generges multiple signals that have slightly different frequenigyfrom its Brillouin

pump frequencyfgp and is given by equation 2.6,
Q¢ erQ (2.6)

Wheren is a group refractive indexg as light velocity, and, is an acoustic
velocity. Multiwavelength Brillouin fiber laser have been demonstrated in many

transmissiorwindows (Shirazi, et al. 2008).
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2.2.3 Principles of Four Wave Mixing

Four waves mixing (FWM) is one of the nonlinear refraction effects origoat
from third order susceptibility. The FWM is an intermodulation phenomenon whereby
the interaction between two signals generates a third signal called an idler. There are
two type of FWM which are nedegenerate and degenerate FWM. Whenever three
optical signals with frequenciesy;, ¥, and ¥3; propagate inside the fiber
simultaneously,d) gener ates a f ouup wHichifelatdddo otver t h  f
frequencies byhe relation¥,= %N N % these frequencies are ndegenerate FWM
as shown in figure 2.4 (a). Meanwhile the degenerated FWM is presented by three
components that interact and are relatedvly ¥ %-¥2 shown in figure 2.4 (b).
Comparing both types of FWMt is much easier to pduce the idler using nen

degenerate FWM.

w1 w2 w1

w3 w4 w3 w2

(a) (b)

Figure 2.4 Four wave mixing with (a) non degenerate and (b) degenerate.

The nondegenerate FWM consists of two wavelengthsevin as the pump and
the signal The power othegenerated extrsignal is also known as FWM sign&wwm

(Inoue, et al. 1992 and Yamamoto, et al. 1997) is represented by equation 2.7.
P (L, DBEA(DB)P?L, 2 P2P, exp(- aL) (2.7)

wheredis the nonlinear coefficienkes is the effective length of the fiber, which

is given by
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(2.8)

TheU represent as &lewt offider ands Pgavegpbwleri c i e r
for signal and pump respectively, white( i the efficiency of FWM in terms of

phase mismatchirigb. The FWM efficiency is a ratio of FWM power over FWM

power atDb equal to Zer04(pp)= PM(M (Do, L) ). Another definition o ( qibwritten
P (DB =0,L

as in equation 2.9.

4exp(- aL)sin?(DsL/2) (2.9)

a®Lz,

[(«Zde ]

The ab is given by the difference between the propagation constant
by + bs - 2D, andbrwu, bswherebp are phase for FWM, the signal and propagation
constant respectively. When there is no phase mismat@fngs equal to zero which
makes /7(Db) to be maximum 1. By replacing the value into equa#ioithe nonlinear
coefficient can be determined. Another solution for phase mismatching is shown in

equation 2.10.

2.10
Db=2pDf 2 -2 e(f-f)/ do. 8 g(zp P.) (240

where / is pump wavelengthf, , f, and f.are represented as zero dispersion,

pump and signal frequency respectivély=f, f, , an

The term g(ZPp- Ps) represents the nonlinear phase matching faBiy, which is

small and can be neglected (Mollenauer, et al. 1996 and Vinegoni, et al. 2002). The four

wave mixing is proven technique in producing multiwavelength fitssaria
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2.3  Multiwavelength Fiber Laser by Interferometer techniques

2.3.1 Introduction on Interferometer

An interferometer technique ia technique that employthe superposition of
electromagnetic waves. The technique is used in many applications in¢luding
telecommunicatiomumberof sensor applicationsnilitary defends, astronomical and
also medicalThere are number of categories in utilizing this technique, which differ in
terms of the propertiethatincludes the properties of EM waves, the propagapiath

and also the method of splitting and combining the waves.

The properties of EM waves describe the sources that have been used in the
interferometer technique. If the waves that superposition have same wavelength it is
called as Homodynetherwiseit is called as HeterodyneThe interferometer by
Homodyne techniques will affect the intensity and also ghttern of the outgoing
signals where elseHeterodyne can be used to generate new wavelength and also to

amplify weak signals.

The propagation pragpties describe the paths that the waves travel before the
interference take place. Interferometer process that makes the beams to travel in
different paths is called as double pafbs exampleasis Michelson interferometer.
Meanwhile, if the bams traveon thesame path and interfere between the path
called as common path. Common path have numbers of example configuration

including the Sagnac Loop Mirror, Fabry Perot and gyroscope.

Last categories of interferometer technique are method of splétid combining
waves. If the splitting involving only thamplitude wavest called as amplitude
splitting, such as Mach Zehnder, Fabry Perot and Michelson interferomiter.

technique isdifferent with the splittingof wave front called as wave frontlging;

18



Young slit experiment and also Lloyd mirrors. Generating multiwavelength fiber laser

utilizing these techniques has been demonstrated through number of experiment

This projectexplored2 interferometer techniquasamely, Sagnac Loop mirror
and Faéry Perot Interferometers. The selection of these techniques is based on its
advantages including; the compactness, low cost expensedility, and possible of
future implementation Futhermore, generating MWFL with the Ma&ehnder and
Michelson interferometerexperience polarization induckading (PIF) effect from
propagation into 2 different medium that varies the state of polarization of incident light
in an unpredictable manners and leads to interferometric optical mixing efficiency and

loss d interference source (Stowe et al. 1982)

2.3.2 Principles of Sagnac Loop Mirror (SLM)

Named after the French physicist Georges Sagnac, Sagnac loop mirror is under a
category of homodyne interferometer with a common path way. It also represents
interferoneter phenomenon that depends on the polarization of light. The effect is
generated from one beam source that is spliced into two identical beams and propagates

in diredion opposite taeach other and travel in a ring shape as shown in figure 2.5.

Interference
medium

Figure2.5 Sagnac loop mirror
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Initially identical beams travel in the same distance path but due to rotation of the
ring, both beams experience changes of phase which can be defleatctoeding to

equation 2.11

S (2.11)

The birefringenceoefficient B is the product othe difference between effective
indices of fast and slow modes. The interference between two beams occurs at the point
of entry. The product of the interference is in fringe pattern that has periodic spacing.
The Sagnac loop mirror provides many advantagesding high sensitivity on rotation

which makestifavourable for sensor application.

2.3.3 Principles of Fabry Perot Interferometer

The FabryPerot Interferometer (FPIis composedof superposition ofncident
and reflected beantaused by partiallyeflected mirror or end face of fiber or both. The
reflection can be inside or outside the cavity whiglsalled as intrinsic and extrinsic
respectively. The intrinsic FPI is performed by building up the reflector inside the fiber
such as fiber Bragg graty as shown in figure 2.6 (a). Therefore, this type of FPI needs
special fabrication. The extrinsic FPI is built by just having end face of fiber or partial

reflection mirror to create reflection as illustrated in figure 2.6 (b).

R1 R2
Fiber : :
D Er—
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Air

(b)

Figure 2.6 (a) intrisic and (b) extrinsic Fabry Perot Interferometer

Similar to the Sagnac loop mirror interferometer, the result of the superposition of
FPI could also be described by the intensity modulation of incident beams which is
caused by the phase difference of iecidand reflection beams as described in equation

2.12.

¢, . (2.12)

2.4  O-band Optical amplifiers

Modern optical amplifier technology can be divided istmumbers of groups.
The amplifiers thathave been investigated includee one using rare earth fiber
amplifier (FOA), nonlinear optical amplifier (NOA) and also solid state gain medium
(semiconductor optical amplifier, SOA). The optical amplifier in FOAs and SOAs
categories operate on the same principles as the stimulatssian but with different
external energy, which providéise population inversion stat€hrough the process of
stimulated emission, the external energy is converted to create population inversion
which amplifies the propagating input light signals (Miya et al. 19f@}-OAs, rare
earthdoped fibers are the gain medium where rare earthigothe active ions.
Meanwhile, for SOA the gain medium is a semiconductor material and external current
injection is the external energy. The NOA operates based on the nonlinear optical

principle. The rext sub section will shostlexplain the properties drability of each
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amplifier, and will determine suitable amplifier to be utlized in generating
multiwavelength Gband fiber laser.
2.4.1 Rare earth doped fiber amplifier (FOA)

The amplification source for FOA is an external optical laser source which is
different for every fiber depending on their absorption wavelength. The absorption
wavelength is the wavelength region where the energy is similar or equal to the energy
gap of the active ions that excites to the next energy level. Usually the waveléngth o
external laser source is lower than the wavelength of the generated signal. Sufficient
power of external laser source will generate a population inversion which is the
phenomenon that describes higher energy level that has more active ions compared to
its lower level. At this stage, the incoming photon from the external laser source will
collide with the excited ions and generates another photon with coherence properties as
the photons strike it. This process is called as stimulated emission amplifivetiere
the generated photons will collide with the rest of the excited photons and multiply the
numbers of coherent photons instantly, therefore created an amplification effect.

The important parameters to determine good optical amplifier are highl signa
gain, lower noise figure, high signal to noise ratio, high poezmversion efficiency
andwide wavelength range.

Signal gain of an optical amplifier can be desdtilas ratio of output poweP,;
over input powerP;, as shown irequation 2.13

V)
o 0 (2.13)
V)

Noise figure determine the level of noisetire signal It is represent as input
signal to noise ratiocSNR, over output signal to noise ratiSNR; describeequation

2.14
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YO Y (2.14)
Y0 'Y

The signal to noise ratio (SNR) is another way to deterthi@aoise level in the
signal by differentiating the signal power to the noise power generated by amplified
spontaneous emission (ASE). The ASE spectrum is photons generated when the excited
ions decay to the lower ground without any external energy because the ions already
exceeed their half lifetime. Meanwhile the power conversion efficiency measures the
generated amplified power in comparidorthe power from external laser source. The
wavelemgth rangas simply the range of wavelength covered by amplifier.

Rare earth doped fiber amplifier or often call as fiber optical amplifier (FOA)
was first discovered in @oelectronicResearch Center, Southampton University of
London where the active medium used is trivalent Erbium which amplified mostly in
the C-band region (1530 n#h580 nm). Until now the modified Erbium doped fiber
manages to amplify up to 360 nm which cover most of available trasismi&indows
except for Gband As for O-band there are numbers of rare earth fibat have been
tested with hope it can supply the amplification needs tfoe future optical
telecommunication demand as good as Erbiwped fiber to Gand region. These
include Praseodymium Doped Feb Amplifier (PdDFA), Neodymium Doped Fiber
Amplifier (NdDFA), and Dysprosium Doped Fiber Amplifier (DDFA).

Recently, there has been another doped fiber optical amplifier which is proposed
through modelling that claims to amplify most of the transmission windows starts from
O-band till L-band using Bismuth ions (Chun, 2009). However, until now therestill
no demonstration on iBmuth doped fiber that can amplify all transmission windows as
claimed. In the case of Bismuth doped fiber, active ion ard atidetermined and

suggested itsontributed by number of other ions.

23



2.4.2 Nonlinear effect amplifier (NOA

As described by the title, this type of amplifier uglsthe nonlinear optical effect
as the amplification principle. Most of the nonlinear effect can generate amplification
but most have efficiency obstacle, where high power is required to prederc@asmall
amplification. However, there are nonlinear effect that can produce exceptional

amplification including Raman fiber amplifier (RFA) and also optometric amplifier.

The Raman fiber amplifier (RFA) is a nonlinear effect amplifier that manipulates
the stimulated Raman scattering (SRS). The scattering resulted from collision between
the photon and the phontimtgenerates new photoasalower energy. The rest of the
energy will be transferred as noadiate waves called as phondie amplification of

RFA, P, can be described by equation 2.15

o - ... ..G o (2.15)

The - is the permittivity of fiber,... and ... first and third susceptibility
respectively also electric field of pump and signal represerQ and C
respectively.The pump changes the absorption coefficieinthe material, making it
negative and producing gain at the signatjirency. The advantage of utilizing this type
of amplifier is that the amplification can happen at any frequency depending on the
frequency of the pump as long as the pump intensity exceeds its threSheldpacing
between the pump frequency and amgidifion frequency vary with different type of

optical fibers.
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2.4.3 Semiconductor optical amplifier

Semiconductor optical amplifier(SOA) is integrated circuit generated
amplification through similar operation of rare earth optical amplifier exceet t

medium is a semiconductor material.

current Signal
output
Waveguide s
& active
region \L\
l .

—_L

Signal -

input

Figure 2.7 Cross section of semiconductor optical amplifier

In thesemiconductolaser diodep-type (rich in hole) and-type (rich in electron)
treated silicon is pile togetherh& injected current pumps the electrons inrtigpe
As the electron flows tohe ptype it combinal with holes and release photorkhe
generateghoton bounceback and forthn the microscopic junction between slices of
P-type and rype The continuas procesalled asstimulated emissioprocessthat
produces laser effect. The wavelength of light produces through this stimulated
transition process subjected to the band gap energy. The development of energy has

been supported by 2 high reflected misrplaced at both ends.

Semiconductooptical amplifierhas similar structure with the laser diode except
that instead of having 2 mirrors at both ends figure 2.7, it is replaced bref@ttion
coating that prevents the optical feedback and helpseitate below threshold region.
Stimulated emissions by the detay photon create ASE. High intensity of electron
injected create the population inversion crucial fadhe amplification process. W

generated photon is coherence with the input signal.tlegeith the decayed photon,
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the signals travel though the SOA and producing more stimulated emission and if the
amount of photon emitted from the procesmore than its absorption (generated from

reabsorption of signddy valance band), the signal wiléamplified.

The performance of SOA depends on two factors; SOA design (facet reflectivity)
and gain medium. The SOA design affect the ripple generated from amplification
process meanwhile the gain medium gives effect on its gain, noise figure and ASE

pattern.
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Chapter 3 Characterization of O-band Optical

Amplifiers

3.1 Introduction

There have been tremendous studies on the multiwavelength fiber laser since
19806s. Through that, wvarious amplifiers
signal (AFMansoori, et al. 2009) or as seeding signal source itself (Ahmad, et al. 2009).
Optical amplifier can be divided into two categories, namely fiber optic based and
integrated circuit based amplifier. The properties of optical amplifier for genegr
multiwavelength fber laser includgroviding high gain, low noise figure and also able
to amplify multiple signal simultaneously (Nusinsky et al., 2004) without being

suppressd

In the case of @and multiwavelength fiber laser, an EDFA is thelely used
amplifier where it can produce high gain of over 30dB. Unfortunatily signal
dependency ofjain characteristic angrofile has causing problem in cascadirige
EDFAs(Mrinmay et al., 2007). Another choice is to use integrated circuit amgikes
C-band SOA. Gain mode competitidoes not occur in SOA since it is inhomogeneous
gain medium (Wang, et al. 2003), but with its high noise figure and low gain

characteristic it might pose a problem.

In O-band region, there aenumbers of commeialized amplifiers including,
Raman Fiber Amplifie(RFA) (Dianov, et al. 1994)%emiconductor Optical Amplifier
(SOA) (Assadihagni et al. 28D and fiber optical amplifier (FOA) such as Neodymium
Doped Fiber Amplifier (Naftaly, et al. 2000) and PraseodynDoped Fiber Amplifier
(Ohishi, et al. 1991)Unfortunately none can be as efficient as EDFA febadd
amplification. Most of the FOA, for O-band requirehigh pumping power, meanwhile
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the SOA suffer from high noise figure and low gain. This chapter dislcuss the

characteristic of three amplifiers for multiwavelength fiber laser.

Recently another new fiber is believed ttmbe able tgrovide amplification to
most oftheavailable transmission windows from 1260nm to 1620nm wisi&ismuth
doped fber (BIDF). First broad emission of Bismuth silica glass was discovered by
(Fujimoto et al. 2001). In section 3.2, the performance of Bismuth doped fiber is studied
by characterizing its absorption spectrum, ASE, and gain. The double pass configuration
wasused to study the improvement in its gain properties. Apart from general studies of

amplifier parameters, the nonlinear coefficient value is also includedtiseéttion.

As discussed earlier, the nonlinear effect can be manipulated addsisn
amgifier such as stimulated Brillouin scattering or stimulated Raman scattering. The
stimulated Raman scattering is proven to produce better performance among nonlinear
amplifier, therefore @and Raman fiber amplifier (RFA) was included and discussed in
nex section. Gband RFA has high dependency filmer nonlinear value and length,
hence different fibers and length are used to study the Raman gain coefficient value.
The final section of this chapter will discuss on the improvement of integrated circuit
amgifier, which is called Booster optical amplifier (BOA). The gain and noise figure
characteristics of BOA is measured together with the performance of polarization
dependent gain (PDGMultiple pass amplification happens during the process of
generating naltiwavelength fiber laser. Hencehe performance of BOA with double

pass configuration is also demonstrated.
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3.2  The performance of Bismuth Doped Fiber Amplifier

Bismuth was first uskin the optical fiber to overcome the quenching effect of
Erbium doped fiber amplifier and tmprovethe amplification in the tband (Cheng, et
al. 2009), where bandwidth have improve to 90 nm (1530 nm to 1620 nm). Bismuth
was next used as the nonlineaedium, which was dopedn the oxide base optical
fiber (Lee, et al. 2006). The highest nonlinear coefficient recorded fnuhoxide
nonlinear fiber was 1360 Wm™ (Sugimoto, et al. 2004). Meanwhilénfrared
luminescent from bismuttoped silica glas was first discovered (Fujimoto et al. in

2001) that show wide luminescent from 1000nm to 1600nm.

The Bismuth doped fiber (BiDF) used for the following experiments is obtained
from the Optical Research Center (ORC), Southampton University, UK ancelethb
as L30157T0220. The Bismuth fiber is doped together with alumina, germanium

oxide, phosphate and bismuth asa&tive ion(BiSiO,GeGP,0s).
3.2.1 Absorption Spectrum

The absorption spectrum provides information on absorption losses along the
operting wavelength and also clues on available pumping wavelength for the
respective fiber amplifier. The cut back mathis a commonly useto measurdhe
attenuationloss due to the absorption of active ioBy insertinga broad spectrum of
white light souce into 1mof BiDF that connected with connecsoast both ends, the
spectrum otheloss is gathered. Next the 1m BIiDF will be cut into 5cm pieces to ensure
that no absorption takes place is other than the splicing loss. The spectruthefiom
BiDF will be deducted with the 5 cm BiDF spectrum to shibaactual absorption loss.

The absorption coefficient is shown in figure 3.1.
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Figure 3.1 The absorption spectrum of BiDF

Due to the limitation of optical spectrum analyzer (OSA) the spectran only
be analyzed from 600 nm to 1700 nm, high absorption spectrum was observed from 600
nm to 850 nm which is around 35 4B and 5 dB/m fothe aimed regiorof 1310 nm.
The absorption spectrum shows a broad selection of pump wavelengths. The broad
absorption spectrum is caused by the multiple active ions present in thelfibenétto,

et al. 2006)

3.2.2 ASE at different excitation wavelength
A broad pumping wavelength is an advantage aariety of pump wavelength
could be used to excite the doped inrthe fiber. Therefore in this section, the BiDF is

tested with various pump wavelengths to observe the efficiency of the pumping scheme.

Titanium OSA
Sapphire Laser

- ]
’
I 1

_’
Cleaved
angle

Figure 3.2 Experimental setup for collecting ASE of the BiDF
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Experimental configuration in figure 3.2 consist of the Ti:Sapphire laser used to
generate tuneable wavelength with ranges from 800 nm to 890 nm and the power output
Is up to 1.0 W for each selected wavelength. The excitation source output is directly
cowpled into the input of the WDM using a 20X magnification objective (@1g. The
direct coupling of the excitation source into the WDM minimizes fibre mode mismatch
which may occur if a separate fibre is used for coupling. The free sgdwre coupling
efficiency measured to benore than 60%. The laser then enters the BiDF system
through 800/1300 wavelength division multiplexer (WDM) with 1 dB Id3se power
coupled intothe BiDF is around 390 mW. The ASE spectrums were extracted at the
WDM signal outptr andanalysedusing OSA which was fixed to be at a resolution of

2.0 nm (Seongwoo, et al. 2009).

The study of optimum length of BIiDF is important due to ASE spectral profile
dependency on the active medium length. The spectral power level of the ASE wit
different BiDF lengths is shown in Figure 3The pump power use in the measurement

is 270 mW at 840 nm.
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Figure 3.3 The BDF ASE at different length.

ASE spectral power in the wavelength range from 990 nm to 1390 nm reduces
with longer BiDF length On the other hand, for wavelength range from 1390 nm to
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1690 nm, ASE spectral power for 1 m ofBF is lower compared to the of 3 m and 5
m length. These characteristic is similar to Erbidoped fibre in which, by utilizing a
longer length fiber, the 8E spectrum power shift to the longer wavelength. This
condition is due to rabsorption of the signal at a shorter wavelength by the BIiDF
followed by reemission at longer wavelengths. This effect is proportional to the length
of BIDF used as higher f&sorption rate occurs in a longer active fiber length

(Seongwoo, et al. 2009).

The figure 3.3 illustrated that 3m BIiDF gives the highest and stable ASE.
Therefore in the case of studying the effects of different excitation wavelength, 3 m
fiber wasused The effect of different excitation wavelengths power on ASE generation
by BIiDF is observed by fixing the tuneable-Sapphire laser to 270 mW and tuned
from 820 nm to 870 nm with 10 nm incremeanid the length of BiDF is fixed at 3 m.

The corresponding AS&pectra is measured and analysed.
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Figure 3.4 (a) ASE spectrum and (b) intensity of signal at wavelength 1200nm and

1450nm at different excitation wavelength

Figure 3.4(a) shows the ASE spectra of BiDF when excited with different
excitation waelengths. The peaks at the end of the spectrum in figure 3.4(a) are the
harmonics ofthe excitation source. The spectra show visible changes of the ASE
spectrum when different excitation wavelengths are used. The ASE power level at
longer wavelength rangé€l245 nmi 1560 nm) decreases when longer excitation
wavelengths are used, while at shorter wavelength range (9501246 nm), the ASE
power level increases with increasing excitation wavelengths. Spectral power at
1200nm (representing shorter wavelengiimge) and 1450 nm (representing longer
wavelength range) when excited with different excitation wavelengths are shown in
Figure 3.4(b). The figures show an increase in spectral power at 1200 nm when longer
excitation wavelength is used. At 1450 nm, thectral power decreases towards longer
excitation wavelength. This condition is caused by the presence of different active
centre sites in the BiDF with slightly different transition energy levels. This observation
is believed to be similar to that repattby (Gumenyuk et al.2011), where signal at
shorter wavelength is higher when longer excitation wavelengths in the absorption band

were used. Spectral power level of the two wavelengths is observed to be the same
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when the excitation wavelength is set &08nm, indicating a relatively uniform

spectrum profile when 840 nm optical source is used for excitation.

3.2.3 Gain characterization

The gain performance of optical fiber amplifier is defined as the positive signal
difference after propagating through the BiDF. The signal that enters the BiDF will be
amplified by the bismuth ion excited from the energy of the pump. The conventional
setp to examine the gain is similar with the previous experimental setup of ASE
measuremenexcept an unoccupied port of WDM wasntinued totuneable laser
source as shown in figure 3.5. The tuneable laser so(B¢NTEC510 has
wavelength rangé&rom 1260 i to 1360 nm. Signal gain of BiDFA is measured by

comparing the signal power with and without the presence of excitation source. The

gain is calculated by the relatida =109,, (P, / P) whereP, is the output signal power

with pump excitation and® is the input signal power without pump excitation (Young

Seok, et al. 2009). The fundamental experimecdaffiguration of BiDFAutilizesthe

co pumping scheme where theb@nd tuneable laser source (TLS) and theatation

pump propagate in the same direction. Both signals are coupled by the wavelength
division multiplexer (WDM) into the BIDFA. The excitation source is a Titanium
Sapphire laser operating at a wavelength 840 nm witmthemumexcitation powenf

270 mW.

Titanium
Sapphire Laser

Figure 3.5 Experimental setup for gain charaterization of BiDF with co pumping

scheme
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The performance of BiDF for singlgass configuration with co pumping scheme
is shown in figure 3.6. The experiment was repeated for 3 different fiber |levagtiedy
1 m, 3 m, and 4 m. Input signal power and excitation power are ¥ dBm and 270

mW, respectively for both configurations.

09

08 4 —e— m copumping o

0.7 - —&— 3m copumping |
06 - 4m copumging |

0.5 1
0.4 -
0.3 -
0.2 -

0.1 -

Gain (dB)

1240 1260 1280 1300 1320 1340 1360 1380

Signal Wavelength (nm)

Figure 3.6 Gain performance of co pumping BiDFA

The co pumping scheme shows better performance for the 3 m length compared
to that 4 m due to insufficient pumping power to pump the overall 4 m length of BiDF
which resulted in the absorption of the generated signal. To overcome this issue and to

providemore power into the fiber, bidirectional pumping scheme is used.

Titanium
Sapphire Laser

Coupler

Figure 3.7 Experimental setup for gain charaterization of BiDFwith bidirectional

pumping scheme
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As illustrated in figure 3.7 the bidirectional pump can be achieved by placing a 3
dB couper before the WDNI. The fiber is pumped from both ends. The signal is
amplified at the start of the fiber and has a loss in the middle of fiber due to insufficient

pump power but later the signal is amplified again at the end of the fiber.
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Figure 3.8Gan performance of bidirectional pumping of BiDFA

Figure 3.8 shows an increase of 50Pfain from the cgopumping configuration.
Unfortunately the gain generated from both pumping scheme, are still very low to act as
the Gband amplifier. Hence doubfessconfiguration is demonstrated as it has been
one of the methods commonly used in improving signal amplification for -ihen8&
(Roselem, et al. 2005),-kand (Nishi, et al. 1990), and-hand (Harun, et al. 2003,
Aozasa, et al. 2002) amplifiers. The solatis also cost effective and a compact
solution to amplifier performance gain as no additional active fibre length or excitation

source is required.

3.2.4 Gain improvement by doublepass configuration

Due to low amplification in single passnfiguration, the double pass technique
was proposed. Double pass configuration is a basic technique to increase the gain of an

amplifier. It still resembles the fundamental fiber amplifier setup except with an
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additional optical circulator (OC2) at thaceof the BIiDF fiber as shown in figure 3.9

that act as mirror to create double pass.

Titanium
Sapphire Laser

oL

Figure 3.9 Experimental setup of Bismuth doped fiber amplifier with depdds Bi

DFA configuration

The extra OC2 bounces the amplified signal back into the BIiDF by connecting
its port 1 and port 3. Due to 1dB insertion loss induced by OC2, reflection by the optical
circulator is limited to 80%. The amplified signal emerging from port 3 of OC1 is

analyse using the optical spectrum analyser.
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Figure 3.10 The spectrum amplified spontaneousmission of singlgass and double

pass BiDFA.
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An improvement of ASE spectra of doulglass as compared to singlass
BiDFA is as shown in figure 3.10 by havinget excitation power fixed at the same
power as the singlpass configuration (270 mW). Both singland doublepass
configurations exhibit similar ASE profile, with a peak level48 dBm at 1340 nm for
the doublepass BIiDFA. The ASE level for the doukpass BiDFA increases by 8 dB at
1340 nm over that of the singtass BIDFA. The ASE enhancement between 7 8B
dB is observed throughout the measured wavelength range. The ASE 3 dB bandwidth
for doublepass BIDFA is 188 nm. The ASE bandwidth is limitegl the 1310 nm
optical circulator which has a spectral transmission window that reduces towards the
shorter (1100 nm) and longer (1700 nm) wavelength range being measured. The 3dB
bandwidth of the ASE is expected to be wider if optical circulators withderogiat

transmission range are used.
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Figure 3.11 Signal gain for singland doublepass BiDFA with different signal

wavelengths.

Signal gain for singleand doublegpass BIDFA at different signal wavelengths is
shown in Figure 3.11. By keeping thearameter the same as for single pass
configuration the maximum signal gain is obtained at 1340 nm with 1.0 dB for-single

pass and 2.0 dB for doubpmss BIiDFA. Doublgass BIDFA shows a 25% gain
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improvement over singipass BiDFA between 1310 nm to 1360n. A longer
measurement wavelength range is limited by the tuneable laser source which has tuning
range from 1260 nm to 1360 nm only. Gain enhancement below 1310 nm reduces
towards 1260 nm. This is due to the higher loss at this wavelength range inguced b
OC2. Whereas in a singfemss BIDFA the input signal only passes through OC1 once,
the signal in a doublpass BiDFA need to pass through OC1 and OC2 twice. Therefore,
gain enhancement in the shorter wavelength is limited by the transmission bandwidth o

the components used in the configuration.
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Figure 3.12 Signal gain of singland doublepass BiDFA at different input power.

The study of gain characteristic at different input power levels is important to
understand the dynamic behaviour of BIiDFA.r&iggain of BiDFA at different signal
input power is shown in Figure 3.12.The signal wavelength is set at 1340 nm. The
signal gain enhancement in the doupéss BiDFA is around 25% for the input signal
levels between40 dBm and10 dBm. For smaller sigh@ower, gain enhancement is
observed to increase to 48% for input signal leveb6fdBm. While gain enhancement

reduce to 12% when input signal power is increased to 0 dBm. The larger gain
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enhancement for small signal is due to low extraction of erfeogy the gain medium
in the singlepass BiDFA and hence higher population inversion is available for signal
amplification for doublgrass BIDFA. On the other hand, gain enhancement reduces

towards the large input signal region as BiDFA reached gain gatukgith high input

signal power.
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Figure 3.13 Signal gain as a relation of pump power.

Figure 3.13 shows the signal gain variation with pump power. The input signal
wavelength is set at 1340nm with input power3fidBm. Gain enhancement increases
with increasing pump power from 0.4 dB to 1.1 dB with pump power of 270 mW and
360 mW, respectively. Gain efficiency for singlass and doublpass BiDFA are 5.9
dBW™ and 10.0 dBW, respectively. Gain enhancement is believed to be higher if a
longer lengthof bismuthdoped fiber is used as reported by other research groups
(Mridu, et al. 2009). Another area that requires research attention to realize ultra
broadband fiber amplifier is the improvement of transmission bandwidth for optical

components used tawrstruct BiDFA. Nevertheless, results obtained in this work are
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evidence that signal gain in thel@and using BiDFA can be enhanced with dotgdss

amplifying technique.
3.2.5 Determination of nonlinear coefficient of BiDF

In order to increas¢he ampification, longerlengths of BiDF are proposed.
Longer fiber results in generating greater nonlinear effects. Therefore the study of
nonlinearity of BIDF is required. It was reported Bismuth based fiber (BiBF) shows
high nonlinearity up to 1360 Wm™(Sugmoto, et al. 2004), probably due to the
Bismuth ion. Third order optical nonlinearity of glass material strongly depends on
l i near refractive index (Millerés rul e)
obtained by applying high refractive indglass as a nonlinear medium. Bismuth has an
average reflective index of 2.5&ospodinov,et al. 1989hich is high enough to
produce a high nonlinearity effect. Therefore in this section, the Bismuth doped fiber
nonlinear coefficient value was measutwadutilizing the Four Wave Mixing (FWM)
effect. The FWM technique was chosen due to its mobility and less complex. As
describé by Inoue, et al. 1992, the FWMfect supposed to be operateffectivelyat a
region close to its zero dispersions waveler(@@Ww). When the pump wavelength is

equal to zero dispersion wavelengthb, will be zero. Hence, determining the

nonlinear coefficient using four wave mixing technique requires knowledge of the zero

dispersion region of the fiber. Unfortunately, the ZDW for BilSkinknown.

A numerical studywas done on highly nonlinear fibetHNLF) to show the
relationship between FWM power distribution with spacing of signal wavelength and
ZDW. The HNLF properties: zero dispersion wavelength at 1531 nm, dispersion slope
of 0.007 km.ps/nf with length of 100m, and nonlinearity coefficient & 21 W* km’

! The result of the simulation is shown in figure 3.14, where the signal wavelength is

fixed at 7 different wavelengths acros$@nd region which is 1525 nm.
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Figure 3.14 The simulation of FWM power over FWM signal wavelength

The smulaton indicates that the powef FWM are maximum at two peaks as
shown in figure 3.14, where the first peaks is when the pump wavelength is at the ZDW
(f:d d). It is also observed that at the second peakPtag generates a wider bandwidth

towards the ZDW. In summary, of tReww bandwidth is as depicted in figure 3.15.

BW of FWM power (nm)
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Figure 3.15 Bandwidth of the-\v against the spacing between ZDW and signal

wavelength

According to the simulation result, it shows that #igW can be measured by

observing the bandwidth &f-wv whenever the wavelength of the pump and the signal
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are closely spaced. The experiment was done to measure the ZDW of BiDF. The FWM

nonlinearity measurement setup is illustrated in figure 3.16

LS1 l\sdacoupler 99:1 coupler

OSA

Figure3.16 Four wave mixing ZDW nonlinearity measurement setup.

The measurement was conducted in 2 wavelengths regions, O and C band. Two
external laser source (LS) is use as the pump and signal. The signal source is fixed at
one wavelength with power of 11 dBS1) or mark as signal while the pump source
is a tuneable laser source with power of 12 dBm (LS2) marked as pump as refer to
figure 3.17. The signalare coupled intothe Bismuth doped fiber (BiDF) by using a 3
dB coupler. The power of both LS1 and L®as observed by the optical power meter
(OPM) thru tapping 1% of its power by t98:1 dB coupler. The FWM power can be
observed from the FWM spegum by OSA at the end of BiDBY measuring the
bandwidth of FWM signal for each different signal wavelengfie, zero dispersion

wavelength (ZDW) can be obtained.
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Figure 3.17 Spectrum of four wave mixing by the BiDF

In the case of BiDF, due to the limitation of the second tuneable laser source at
the Gband region, the bandwidth can only be fully observed at thar@ region. As
for the Gband region the signal source is extracted from the fiber laser which is
adjused to have similar properties as the other tuneable laser source. The fixed laser
sources for the @and region were at 1300 nm, 1308 nm, 1310 nm and 1340 nm using

the FBG technique

An example of FWM power distribution against the spacing of signalswamg p
wavelength is as shown in figure 3.18, where the signal wavelength is fixed at 1550 nm
and thepump signals are varied with an increment of 0.1 nm. The bandwidth of the
distribution was measured by taking the width at half of the maximum intensity whic

is 0.39 nm wide.
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Figure 3.18 The distribution of FWM intensity over wavelength spacing of pump and
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Figure 3.19 The bandwidth of FWM power distribution against signal wavelength.

A summary of the bandwidth collected at available O ardah@d region is as
shown in figure 3.19. The bandwidth collected from the available signal source shows
that Gband region has a higher reading compared to thar@ region. The maximum
reading was taken when the signal source is at 1308nm which isr.84ance, the

zero dispersions wavelength determined to be approximately at 1308 nm.
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The experimertl setup for the measurement afonlinear -coefficient
measurement is same as experinfentneasuring ZDW. Referring to equation 2.7, the
measurement can be conducted by taking the zero dispersions wavelength to be 1308
nm. The signal wavelength is fixed at 1308 nm while the pump is scanned tlardugh

nm span as shown in figure 3.20.
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Figure3.20 ThePrww distributions at signal wavelength of 1308nm

The maximumPgyy is measured at 0.23 nm from the signal wavelength taken at
the point where the nonlinear efficienay,( aa® maximum 1. From the calculation
made from equation 2.7, by replacingetvalued ( &b ) the calculated nonlinear
coefficient is proposed to be at 13.98"Wm™ which is higher compared to a highly

nonlinear fiber.

From equation 2.9, another way to d&b to be nearly equal to zero is whan

andasare closely spaced. Meaning that, the nonlinear coefficient can also be calculated
at a wavelength further than ZDW. The nonlinear coefficient is also calculated when
the signal wavelength at 1550 nm as depicted at in figure 3.18. The calculated nonlinear
coefficient is 10.92 W km™, which shows that the value is not far from the nonlinear

coefficient at ZDW.
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According to equatior2.1Q, the value of chromatic dispersion slopglils

proportional to theDb which affects the power of FWM. The simulation of FWM

: D. . g .
power at various value ngls shown in figure 3.21. The perfect match for chromatic

dispersion slope value is at 0.0p8.nnikm. The chromatic dispersion value is vital

because high chnoatic dispersion will reduces the FWM effects as the signals losses
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Figure 3.21 Fluctuation d®ryyat different dispersion slope

The responsible nonlinear refractive indexhmat causes the nonlinear refractive

related to nonlinear coefientis givenby;

p El (3.1)

wherec is speed of lighty is the frequency of propagation optical field akg is the

effective cross section of fiber used and is given by;

“ 0 "00 (3.2)
T
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The MFD, which represent mode field diameter is given by;

N

(3.3)

000 g ——

S
g

with V is the number taken to bé ——— NA is a numerical aperture

Vo & ¢ orfromthe measured value of 0.25. Meanwhile r e pr esent t he
the fiber core which is given as 5 &m. F
7.9 em amnd 508 0Myemaki ng mlt oame 3 98t

0.229 THz, so theais calculated to be 0.917xtdm%/W.
3.3  The performance of OGband Raman Fiber amplifier

Another optical amplifier tested in this chapter is Raman fiber amplifier (RFA).
As discussed in chapter 2, the RFA is an amplifier generated from the nonlinear effect
of the optical fiber, where a portion of the energy is transferred from the pumptsignal
the new generated signal. Like any other nonlinear effect, a high intensity of the light is
needed to trigger the nonlinear effect. For RFA, the pump wavelength depends on the
targetsignal region. Raman scattering effect is the result of the inciddighocollides
with the optical phonon (vibration of molecule), resulting in the transfer of energy that
causes the incident light to lose some of its power. Hence, new shorter wavelength is
generatedcall as StokesThe new wavelength generatedll have an absorption
coefficient of be negativevalug thus providing gain to the incoming signal. The
frequency difference between the incident or pump wavelength with the new generated

signal is around 100 nm@13 THz depending on the material of the nomhiadam.
3.3.1 Determining the Raman Threshold

The power needed for a pump to generate Raman effects is called Raman

threshold. It is defined as the power of the pump at which the Stokes power equals
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pump power at the output ends 0 0 A@B 0. The Raman threshold can be

approximated as

s P® (3.4)

where"Q represents Raman gain coefficient, which depamdthe dopant of the fiber.
The"Q can also be measured by analysing the backscattering ASE of RFA (Zhlo, et a
2010). The technique requires measuring the ASE of the RFA before and after the

stimulated emission occurs.
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Figure 3.22 Experimental setup of backscattering RFA

The simple setup of backscattering ASE measurement is shown in figure 3.22.
The Raman ga spectrum can be obtained by measuring the ratio between the
backscattering ASE at low pump power and high pump power. This was tested with
different fiber under test (FUT). The ratio between both spectrums is defiri@daasl

is given by;

"0 b
° op (3.5)

Whered representhe pump power. By obtaining the Raman gain spectrum the

Raman gain coefficient can be obtained mathematically.
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The Raman gain coefficient was measured for 4 types of fiber with different
length whichare 7.7 km Dispersion Compensated Fiber (DCF), 20 km True Wave

Reach Fiber (TWF), 50 km Single Mode Fiber (SMF), and 100 m Photonic Crystal
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Figure 3.23 Raman gain coefficidot different types of fibers

Figure 3.23 shows the Raman gagefficient for every tested fiber. The highest
Ramangain is obtaired at frequency shift arounti3.2 THz except for PCF where it
gives highest Raman gairfi 1.8 x10'°mW at 12 TH. By utilizing the value of Raman
gain coefficient obtained from this expaent the Raman threshold is calculated as

listed in table 3.1.

Beside the gain coefficient, equation 3.4 also shows that Raman threshold is
inversely proportional to the effective length of the fiber. Longer fiber lengths make it
more efficient to produe Raman amplifier. The dependency clearly showrPBy

where even possessing high the Py, for PCF is high due tthe limitation of it length.
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The DCF requires the lowest power to @ié the Raman scattering effect.

Table 3.1 Thearameters for Raman fiber amplifier

Optical Fiber Type Acir ( 1AN| Legr (km) I‘I P (dBm)
mly e
Single Mode Fiber (SMF) 69.40 12.56 0.17 15.05
Dispersion Compensated Fiber (DCF) 16.62 5.76 0.49 7.69
Photonic Crystal FibeiPCF) 63.17 0.03 1.8 42.58
True Wave Reach Fiber (TWF) 55.42 10.00 0.18 14.87

3.3.2 Gain Characterization of Raman Fiber Amplifier

Raman amplifier is a reliable choice foptical amplifierdue to its advantages

of its ability to generate amplification in any fiber. As a result, it can minimize the

upgrading cost, and it can provide a flat gain spectrum which depends on the pump

distribution and the RFA can also have gain in entire trangmnisegion. This section

describes a demonstration ofland Raman fiber amplifier for different types of fibers.

RAMAN PUMP
1240nm

Figure 3.24 Experimental setup of Raman fiber amplifier
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To generate the amplification at theb@nd region, a 1240 nm Raman pump
with 280 mW was used. By utilizing the fundamental experiment setup of FOA with
addition of RP, the RFA can be characterized as shown in figure 3.24. The gain
characteristic was dortgy analysing the on/off gain, which is the gain is ratio between

the signalof pumped fiber over the signaf the urpumped fiber.
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—— SMF 50km
—m— SMF 25km

PCF
10 1 ></ N —x—DCF

e x\ —— TWF
8 4

12 1

On/Off Gain (dB)

1300 1310 1320 1330 1340 1350 1360 1370

Signal wavelength (nm)
Figure 3.25 Performance of RFA against signal wavelength

The performance of the on/off gain against the signal wavdlasgshown in
figure 3.25. From the figure, the DCF shows the highest gain even though PCF gives
the highest.. Unfortunately due to the limitation of the PCF length, high gain cannot

be obtained. Besides that, tRg of DCF of length 7.7 km is the lowest among all the

tested fiber.
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Figure 3.26 Doubkgpass configuration of RFA

The RFAhasalso tested with double pass configuration where the tested fiber is
chosen to be 7.7 km DCF. Additiont two optical OC a inserted in the RFA
configuration; one as the reflector (OC2) and another (OC1) to drop the spectrum to be
analysd as in figure 3.26. The increment of nearly 4.5 dB from previous configuration
is obtained with signal wavelength at 1330 80 dBm andmaximum Raman power

(280 mW) refer to figure 3.27.
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Figure 3.27 Gain performance ddublepass RFA over (a) signal wavelength (b) signal
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3.4  The performance of OGband Booster Optical Amplifier (BOA)

As mentioned previously, optical afifigrs can be divided into two categories,
namely generated from fiber optics and those generated from the integrated circuit. Both
types of amplifiers fall under the category of fiber optic amplifier (FOA). The
semiconductor optical amplifiglSOA) is generated from integrated circuit where the
amplification process of SOA is similar with that of conventional FOA; however instead
of using light as the pump source, an external current is used in the process of
generating population inversion state. Therent injection excites the electrons from
the conduction band into the valence band. Simultaneously that leaves the holes in
conduction band, which is similar to the inversion population of the FOA process. The
band gap energy defines thvavelengthregion of amplification, therefore the signal
frequency need to coincide with the energy of the band gap. The signal enters the

medium of SOA to generate amplification through the process of stimulated emission.

The performances of the SOA characteristic ddpam two factors namely, the
design of the SOA and the material used as the gain medium. The SOA design

determines on the reflectivity of the whole SOA chip to avoid gain ripple. Meanwhile
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gain medium material affects the performance of the gain and figise. By
experimenting on the material, the manufacty@®VEGA) managed to fabricate the
SOA with an improved gain and called it as Booster optical amplifier (BOA)ba@i

region.

In this section the comparison is made between conventional sematon
optical amplifier (SOA) and proposed BOA. The BOA used in this experiment is model

QBOA1310by COVEGA It operates within the region 1260 nm to 1360 nm.

TLS OSA
PC
B g0
[ =7 = U
[ =7 [

Figure 3.28 Experimental setup of single pass BOA

The conventional setup of measuring the performance of BOA is shown in
figure 3.28. It consists of a tuneable laser source (TLS), Booster optical amplifier
polarization controller (PC) and OSAhe PC is used is to change the polarity of the
signalto maximise the electric field entering the BOA structufbée ASE performance
of BOA at its maximum injected current (450 mA) is shown in figure 3.29. The ASE
spectrum shows maximum power at 1340 nm and full width half maximum of nearly 60

nm from 1310 nm to 137nm.
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Figure 3.29 The ASE of ®andBOA
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Figure 3.30 Characterization setup of ORP

The QBOA1310o0perate bi-directionally. The spontaneous emission spectrum
emitted at both ends of the configuration gives a high unwanted reflection. This
unwanted refletion or called optical return power (ORP) affects the amplification
performance where the BOA amplifies the signals together with the spontaneous
emission which increases the noise figure. The ORP is observed by extracting the
reflecting power by placingptical circulator before the signal ergghe BOA, as
depicted in figure 3.30. The ORP obtained at different current values and different

wavelength is plotted in figure 3.31.
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Figure 3.31 Optical return power for BOA (a)varieswavelength (b) ataries

operating current

In order to prevent the ORP, additional components were includéte setup. An

isolator or an agle cleave connector is usékhe isolator creates a unidirectional path

and herehe isolator is plaakat both ends of the BOA. Mewhile angle connectors

prevent the Fresnel reflection at the air gap of the connector. The reflection of the ASE

increases the NF of BOA, thereforé @t connector replaced by angle connector. The

effects of the isolator and the angle connector orgttie and noise figuréor various

wavelengtl are as shown in figure 3.32.
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Figure 3.32 Characterization of BOA with unidirectional device (a) gain and (b) NF

By setting the power of the signal to be as smaiB@sdBm and BOA power at
400 mA, gain improvement of 3 dB was obtained when the angle cleaved connector is
used in the system as in figure 3.32. Meanwhile, only 2 dB is obtained when an isolator
is used,probably due to the insertion loss of the isolator itself that is approximately 1
dB. The noise figure shows an average reduction of 3dB for BOA system with the

isolator and the cleave angle connector.

The performance of BOA improved by utilizing theddtbnal components,
therefore the following experiment will be conducted by using this type of connector.
The performance of BOA against feedback current is shown in figure 3.33. The current
threshold for the BOA shows positive gain at 100 mA. After 220the gains appears

to be saturated with an increment of 4 dB.
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Figure 3.33 BOA characterization over operating current

As a comparison to the BOA, the performance of the conventional SOA for
different signal wavelengths is shown in figure 3.34. Betwidenconventional SOA
and BOA, BOA shows better performance including higher gain (28 dB @ 1350 nm),
wider operating wavelength at 1270 nm till 1360 nm (90 nm) and generate extremely
lower noise figure (~6 dB) as illustrated in figure 3.35. As for congaatiSOA, it can
amplify at limited wavelength range of 1300 1835 nm (35 nm) at a maximum value

of 15 dB and large value of noise figure ~20 dB was obtained.
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Figure 3.34 The performance of conventional SOA against signal wavelength
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Figure 3.35 Theerformance of BOA against signal wavelength
The gain performance against signal input power is important to predict the
maximum input power before it reaches its saturated point. Referring to the figure 3.36,
saturated point of BOA occurs when the inpotver is at-10 dBm @ 1340 nm, at
which spectrum gain decrease gradually. If the input power is higherlBaiBm it
will experience a small amplification from the BQOdue to the lack of active ion

(electrons}o reacts with all the photon that entdre thedium.
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Figure 3.36 Characterization of BOA over the signal input power

As discussed in chapter 2, SOA experience a polarization dependent of gain
(PDG). The PDG is defined as the difference between minimum and maximum gain

obtained when the polaation of the system. Due the same structure, BOA inherit
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the same properties. Since optical fiber random polarizer ari@lQAeprovide different
gain for each TM and TE modes, the differences obtained is large. In this case, the

maximum and minimum gaiobtain can be observe at figure 3.37.
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Figure 3.37 The gain performance at ar various polarization state

The maximum gain obtained is the same as the previous result shown in figure
3.35 . Certain polarization not only reduce the gain but also cause negative gain where
the signal experience losses instead of amplification due to components attenuation.
This geatly affect the generation of multiwavelength fiber laser. The polarization of the

system need to be observed to generate better multiwavelength fiber laser performance.
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Figure 3.38 Configuration of doublepass BOA

Some of the techniques of producimgltiwavelength fiber laser system require
the generated signal to be reamplified in the same amplifier. Therefore, the performance

of doublepass configuration is vitdalhe doublepass configuration for BOA assemble
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mirror at end of the configuratioas llustrated in figure 3.38For BOA, the result of
doublepass configuration is shown in figure®.Bhe mirror is placed at one end of the
BOA and the gain is measured by tapping the power using the ocillator placed between

the BOA and the TLS.
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Figure 339 Gain spectrum over wavelength for single and doublepass

The result of figure 38shows a comparison being made between a single and
doublepass performance. The doublepass BOA configuration produces a maximum of
31 dB gain, however the gain flatteniggality is reducéd to 40 nm. Moreover the NF
of the doublepass BOA configuration is around 3dB higher than singlepass
configuration. This means that, in the case of multiwavelength fiber laser with multiple
pass amplification for BOA, the gain might beyleér at certain wavelength, where an

uneven amplification of the channels is shown.

The next chapter will demonstarate the generation of multiwavelength fiber laser
utilizing the optical amplifiers. The Booster optical amplifier is utilized as the main
amplifier, together with the Raman fiber optical amplifier. The bismuth doped fiber will
be used as the nonlinear medium to increase the stability of the multiwavelength fiber

laser.
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Chapter 4 Generation of O-band Multiwavelength

Fiber Laser

4.1 Introduction

There has been much interest in nwaiielength fiber laser (MWFL) with
promising applications in thareaof fiber optics sensor system (Talaverano, et al. 2001
and Sun, et al. 2010), precisispectroscopy (Denizmaat al.1993 and Yumotoet al.
2010, optical testing of amponents, and as a source faavelength division

multiplexing system (Hurh, et al. 2005 and Tkach, et al. 1989)

There are numerous demonstrations on the multiwavelength fiber laser but
mainly in Gband (Peng, et al. 2003);dand Zhao, et al. 2002), and lately irkf&and
(Zulkifli, et al. 2013. The need of generating multiwavelength fiber laser in tiea
region is due to support the possible application in the FTTH project. It is also required
in the component testing of devices used in the optical network system. Therefore, this
chapter poposes 3 techniques to generatdbddd multiwavelength fiber laser and
demonstrates its advantages as comparison to the other Wanidais techniques has
been proposed and utilized teneratethe multiwavelength output namely, the
technique of polarizeon hole burning (PHB) (Chen, et al. 2007 and Yeh, et al. 2008),
fiber Bragg grating (Ahmad, et al. 2009 and Liu, et al. 2008), utilizing thayeair
waveguide grating (Latif, et al. 2010) and also the stimulated Brillouin scattering effect

in optical fier (Zhan, et al. 2006).

However, only 3 techniques will be discaddn this chapter. In section 4.2,
multiwavelength generation by Stimulated Brillouin Scattering (SBS) effect is proposed
where the study of its threshold and the pattern generated widredi cavity
configuration setup are discussed. Another technique is using interferometer to generate
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MWEFL. Only two methods using interferometer are adopted namely the Sagnac Loop
Mirror (SLM) which is discussed in section 4.3 and Fabry Perot Interfeteymn

section 4.4.

4.2 Design and Characterization of Multiwavelength O-band Brillouin Fiber

Laser (MWBFL)

As discussed in chapter 2, the stimulated Brillouin Scattering (SBS) is one of the
nonlinear effects in optical fiber that can generatentiiétiwavelength fiber laser. The
presere of high electric field modifies the refractive index of the medium that changes
it into an acoustic phonon which acts like a moving grating. The scattering resulted
from the collision between this incident lightdamcoustic wave is called Brillouin
scattering which moves in a backward direction of the incident light. The prastss
until there is no sufficienBrillouin pump power to producesnew laser at shorter
wavelength. Themultiwavelength fiber laseprodu® is call asmultiwavelength

Brillouin fiber laser(MWBFL).

P,,(z=0) : P,(z + dz)
e

Py(0)

Figure 4.1 Depletion of Brillouin pump and generation of Stokes signal process

There has been greatémterestin using the Brillouin effect to generate
multiwavelength fiber laser, partly dueite simple approachndits ability to produce
multiple wavelengths ina single mode opticafiber. Requirementsuch as low
thresholdpower and narrow linewidth pumgourceareattractve area of study (Zhu, et

al. 2005, Bakar, et al. 2009 ard-Mansoori, et al. 2009). Howevendre have been
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numerous demonstrations in the literatanghe operation omultiwavelength Brillouin
fiber laser (MWBFL) in the &and region (Shirazi, et al. 2008, and Harun, et al. 2007),

S-band and also-‘band (AFMansoori et al. 2007, 2008 and 2009).

In order to generate the MWBFL, the intensity of electric field generated by the
laser source has to exceed the Brillouin threshold. Brillouin threshold estimated by
neglecting pump depletion of equatiod and equatio 25 thatwould besimplified to

equation 4.1 and 4.2;

04 OnQ’ (4.1)

N L . (4.2)
(O])) (O])) ana— %0

The depletion of Brillouin pump intensity and the growth of Stokes intensity can
be represented as equation 4rid 4.2 respectively. Equation 4.2 shows that Stokes is
generated in the backward direction. Both equations suggest that the Brillouin threshold
can be manifested when the power of the backward scattering Stokes is equal to the
initial power of the Brilloin pump. The closest approximation of the +ideal
condition, the Brillouin threshold is estimated at the backward scattering power of 10
to 10* of the Brillouin pump power. By considering that the Brillouin gain spectrum to
have a Lorentzian shapegtBrillouin threshold powerR,) is defined as;

) Yo (4.3)
Qo0 ° W

C2

where,Act is the effective cross section of the fiber usged, s is the peak value of the
Brillouin gain coefficient— for is the ratio of frequency linewidth of the pump over

the spontaneous Brillouin linewidth (Bayvel, et al. 1990) lands the effective length.

The Stokes energy has a slightly lower energy than the Brillouin pump and resulted in a
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longer wavelengttiThe spacing between the BP and tfé&fokes and subsequently for

2" 39and so forth, is governed by equation 4.4 as shown below (Agrawal, 1995);

"Q ceL T (4.4)
wheren is a group refractive indeg; is an acoustic velocity, aras the wavelength of
the BP. Referring to the equation 4.3, the Brillouin threshold dependsi@md Acs

which vary for different wavelength.
4.2.1 Experimental study of the Brillouin threshold.

Measurement of the Brillouin threshold is conducted by observing the
backscattered power which represents the Stokes pdvigures 4.2, depicts the

experimental setup of measuring the Brillouin threshold.

TLS FUT Angle
oc / cleaved
] L2
’ g
L) L)
oS 3
OPM

Figure 4.2 Basic setup of measuring the Brilhoscattering backscattered power.

The basic setup of measuring Brillouin scattering consists of a tuneable laser
source at 131Gim (TLS), 3 port optical circulators in the-kandregion (OC), fiber
undertest(FUT) as the Brillouin gain medium and aptical spectrum analyser (OSA)
(YOKOGAWA AQ6370) was used to measure the backscattering pawitbr a
resolution of 0.015 nm. The tuneable laseurce(SANTECTSL510) has a tuning
range thaspansfrom1260 nm to1360 nm whichoeers the entire and regiorwith
an output parer of 12 dBm and a linewidth of 40 MHz. The TLS acts as the Brillouin

pump (BP)and the output is connectetb portl of the OC, whictithen travelsto a
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spool of nonlinear optical fiberdm port 2. The Brillouin pump generates an acausti
wave which acts as amwing grating which then interacts back with the Brillouin pump.
This generates aackscatteredstokes signal which travel backwards relative to the
Brillouin pump and this is labelled a& $tokes. The end of the fiber was andaved

to minimize Fresnel reflection. The reflection can affect the measurement of the
backscattered power. THeackscattered powdas measured by optical power meter
(OPM) at port 3 of OCWhenever the backscattered power reach 00its BP power,

that particular BP power will be considered as the threshold p&ugr (

The experimental results shows the measurements on FUT for three different
types of fibers, namely, the normal single mode optical fiber (2B)Fof length 50 km,
dispersion compensated fiber (DCF) of length 7.7 km and Truewave Reach fiber (TWF)
with a length of 20 km. Figure 4.3 shows the backscattered power against the Brillouin

pump power for all the three fibers tested.
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Figure 4.3 Comparison of backscatterazkes power between there different fibers

under test.

The red dotted line and dotted vertical lines as indicated in the figure show the

points where the backscattered Stokes power readings are 10% of the input power as
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defined in equation 4.5. According tike measurements, the Brillouin threshold power
Is approximately equal to 5.2 dBm for 20 km of Truewave Reach fiber (TWF), 6.2 dBm
for 50 km SMF, and 7.5 dBm for a 7.7 km DCF. Tig preferred to be as low as
possible to easily generate the SBS effestsong these three fibers, the TWF has the
lowest Brillouin pump threshold. Therefore, this optical fiber is the preferred fiber for

the remaining part of the experiment on the Brillouin fiber laser in thar@ region.

Again by referring to equation 4.3he Brillouin threshold depends on its
effective length, effective core area and also the Brillouin gain coefficient. The Brillouin
gain coefficient is defined as gain at the peak of Lorentzian spectrum of Brillouin gain
spectrungg( . The peak of the ilouin gain spectrum is given lgquation 4.5;

“ e 4.5
o Q- ¢" €1 (4.5)
o) 3

By using the value measured from the previous experiment of Brillouin
threshold, the Brillouin gain coefficient can be obtain mathematically from equation 4.3.

Table 4.1 shows parameters of each tested fiber together with calculated Brillouin gain

coeffidentgs( 8.

Table 4.1 The parameters for different types of fibers

Type of fiber At (HM?) Les (km) gs( 8) (x10 m/W)
SMF 69.40 12.56 2.767
DCF 16.62 5.76 1.102
TWF 55.42 10.00 3.488

The value ofgs( g helps to create a numerical study on the effect of the lengths

of each fiber towards their Brillouin threshold. The effect is as shown in figure 4.4.
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Figure 4.4 Brillouin threshold power over length for different types of fibers

According to figure 4, the threshold power for all the 3 fibers decreases with

increasing fiber length. The threshold power is high for the first 8km and exponentially

decreases before saturation occurs. The TWF has the lowest saturation value compared

to others fiber.

Equaton 4.3, also shows that the values of Brillouin gain coefficient depend on

the Brillouin pump wavelength, which means that at longer wavelength the Brillouin

gain coefficient decreases hence it affect the Brillouin threshold. Therefore an

experimental comarison between the Brillouin threshold for Stokes generation for

1310 nm (Gband) and 1550 nm {Band) is demonstrated as indicated in figure 4.5.
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Figure 4.5 Backscattered stokes power for BP wavelength of 1310 and 1550 nm.

By utilizing the same technig and employing 20 km of the TWF, it can be
shown that the BP threshold for operation in the 1310 nm is lower than that for 1550 nm

with values of 5.2 dBm and 8.5 dBm, respectively.
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Figure 4.6 Comparison of the line spacing between the BP and its 8ioka&sOband

and (b) Gband regions.

From figure 4.6, the spacing between the BP and the 1st Stokesas5t2z for

O-band and 10.41 GHz for the-l&and. This can be verified using equation 4.4. From
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these measurements and the results obtained, thatiopesf the Brillouin fiber laser in

the Gband gives a better performance as compared to-tren@ region.
4.2.2 Generating Multiwavdength Brillouin Fiber Laser in Ring Cavity

Once the threshold of Brillouin pump is known, the multiwavelength Brillouin
fiber laser can be generated and controlled by manipulating the Brillouin pump power.
In this technique, the nonlinear medium is destceddave a high value of Brillouin gain
coefficient gg( @ and low threshold power. Therefore, the True wave Reach Fiber
(TWF) is selected as the medium to generate multiwavelength Brillouin fiber laser in
the following sections. Multiwavelength Brillouin fiber laser is generated by either a
ring or linear cavity Therefore, both configurations are demonstrated in this section
starting with the ring cavity configuration as shown in figure 4.7 that allows

unidirectional pathway.

TWF
c1
e

-

SOA

@:

Figure 4.7 The configuration of ring like shaped cavity.

The MWBFL by ring cavity cofiguration is obtained by using an optical
coupler (C1) where the BP signals from TLS enters the C1 and stimulated Brillouin
scattering generated from the nonlinear medium of TWF. The generated SBS signals
then travel to another coupler of which 10% efpbwer is tapped to be analysed by the
OSA. The remaining signals are then feedback into the TWF through C1. An isolator is

placed in between C1 and TWF to prevent any signal from damaging the TLS. By
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varying the ratio of C1 with 80:20, 60:40, and 50:6@ spectrum of multiwavelength

IS observed as shown in figure 4.8.
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Figure 4.9 The performances of Multiwavelength Brillouin fiber laser wittp cawvity

for different couplers.

Due to the unidirectional path created by the cavity, preventing the beam

generated in opposite direction of signal propagation. Therefore, the odd Stokes

suppresses and seems to generate multiwavelength with 25 GHz sp&oiyigg the

C1 ratio, the connection of the BP power and feedback power is optirBigestting

the BP at 12 dBm awavelength 1310 nm, the number of channels generated from the

ring cavity is 5 for the ratio of 50:50 and 60:40. Meanwhile for C1 80a®0 only

72



gererates 4 peaks but with higleak power. The maximum peak powers-4t85 dBm,
-11.14 dBm, and-14.14 dBm with coupler ratio value of 80:20, 50:50 and 60:40

respectively.

4.2.3 Generating Multiwavelength Brillouin Fiber Laser in Linear

Cavity

(a) Double pass configuration

Linear cavity allove bidirectional propagatios in the nonlinear medium
dependhg on its numbers of passes. Configuration of linear cavity double pass feedback
is similar to the configuration of figure 4.9 with addition of optical circulator (OC2) at
the end of TWF fiber as reflector as illustrated in figure 4.10. The port 2 of OC2 is
connected to the end of TWF while port 3 and port 1 is spliced together to insure the

bidirectional position of the signal.

TLS FUT
oc2

Figure 4.10 Multiwavelength Brillouin fiber laser linear cavity configurations
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Figure 4.11 Brillouin fiber laser evolvesditferent Brillouin pump powers for TWF

The dependence of number of Stokes with BP power is shown with varied pump
power in figure 4.11. A maximum of four peaks can be generated from this set up with a
BP pump of 12 dBm. The first peak is the BP with a &¥@ngth of 1310.2 nm and the
second peak is the first backward Stoke¥ $tokes) at 1310.08 nm"2Stokes at
1310.17 nm, and"8Stokes at 1310.26 nm. The analysis of important parameter like

peak power and the SNR is shown in following figure 4.12.
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Figure 4.12 The performance of peak power and signal to noise ratio (SNR) of each

peaks.
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Unfortunately the performance of generated multiwavelength Brillouin fiber
laser was unsatisfied where the fluctuation of peak power for all 4 of them is more than

3dB. The same case is found for signal to noise ratio (SNR) in figure 4.12.

(b) Multiple -pass configuration

Multiple-pass configuration allows the backward and forward signals of two
interfering multiple times in the nonlinear medium. In order to generatenthigple
pass MWBFL another optical circulator OC was inserted at the other ends at the

configuration as shown in figure 4.13

Mirror 2

— e,

Mirror 1

- -
- = TWF P

/ oc2
I2 1 \

Figure 4.13 The multi pass configuration of multiwavelength Brillouin fiber

laser

Multiple pass of MWBFLis generated by two ogpgl circulators (OC1 and
OC2) actas mirrors. The two mirrors are constructed using 3 ports optical circulators
and 1x2 couplers. For mirror 1, optical circulator OCL1 is connected to coupler C1 with a
coupling ratio of 70:30. The reflection is createddmynecting port 3 and port 1 of
OC1 with 30% leg and common leg of C1 respectively. As a result, any signal coming
from port 2 that transmitted to port 3 will flow through C1 with transmission of 30% of
its power and entered port 1 of OCL1 to be transthiti@ck at port 2. This arrangement

will created mirror with 30% reflectivity. Meanwhile, the 70% leg is connected to
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external source laser to tunnel the Brillouin pump into the cavity. For mirror 2, the
optical circulator OC2 was connected to coupler Cthwoupling ration of 90:10. Port

3 of OC2 was connected to common leg of C2 while its port 1 was connected to 90%
leg of C2. Signal that approached from port 2 OC2 will appear at port 3 which then run
through common legs of C2 and split its power. Appraation of 90% of its power
were transmitted back to port 2 OC2 through its port 1, while another 10% of the signal

power used to analysed by connecting it to optical spectrum analyser (OSA).

The configuration mechanism set up 70% of the BP signalni#tesl from C1
through port 1 of OC1 which subsequently entered its port 2. Then the BP interacts with
the nonlinear medium to generate tfieStokes which moving at the opposite direction
of BP. The following figures 4.14 shows the generated MWBFL spactwith
multiple-pass configuration by setting the parameters as previous linear cavity

configuration.

The performance of MWBFL in linear cavity has shown an improvement of
SNR with an average of 20dB as illustrated in figure 4.15. The peak power does no
show much comparison with the doulplass configuration but the aistiokes starts to

develop.
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Figure 4.14 The spectrum MWBFL with multiple pass configuration.
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Figure 4.15 The performances of multiwavelength Brillouin fiber laser with multiple

pass configuration.
4.2.4 Generating the MWBFL utilizing BOA as Amplifier

The requirement of good transmission system are sources with high optical
signal to noise ratio (OSNR), narrow line width, broad wavelength tune ability, flat or
even peak powerand stable lasing output powefFhus far the multiwavelength
Brillouin fiber laser demonstrated have poor quality where the SNR measurement is low
and has broad line width. The performance could be improved by increasing the
Brillouin pump power. Therefer small transformation made not only to boost up the
BP power but also to amplify the Stokes signals. The transformation is made by adding

amplifier in the configuration.

Previously, chapter 3 demonstrated the performance of 3 tyes@optical
amplifier. Among those three, booster optical amplifier (BOA) has produced the highest
gain. Hence, in the following section, the BOA will act as an amplifier to improve

multiwavelength Brillouin fiber laser performance.
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Figure 4.16 Experimental set upliwfear cavity for multiwavelength Brillouin/BOA

fiber laser.

Besides the amplifier, the transformation is also made to the configuration of
cavity where instead of passing only twice before spectrum extracted to be dnhlgse
BP will pass multiple timéy placing another optical circulator as shown in figure 4.16.
This multiple pass configuration is chosen according to the performance of high gain of

BOA and also to increase the interaction of BP and Stokes signal to the BOA.

Figure 4.16 illustrates lgar cavity of multiwavelength Brillouin/BOA fiber
laser (MWBBFL). The configurations consists of an external laser source as a Brillouin
Pump (BP), Gband BOA to amplify the Brillouin Pump and Stokes that produced from
the cavity, a PC to change the pdation of BP, and two mirrors like reflectors at both

end of the linear cavity. The nonlinear medium is the 20km TWF.

The mechanism of the configuration is similar to the section 4.2.4 (b) where the
beam passes the nonlinear medium and BOA multiple tifiles BP signal of 70%
transmitted from C1 through port 1 of OC1 which subsequently entered its port 2. The
BOA then amplified the BP power where the gain characteristic is as shdgura
3.32 (a). The amplified BP was then interacts with the nonligear medium TWF to
geneate the 1 Stokes which moving at the opposite direction of the BP. This generated
Stokes, were then amplified by the BOA and moving towards mirror 1, which then

reflected only 30% of its power back to the BOA to be amplifiedragéhe amplified
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1% Stokes now interacts with TWF as BP to generdfeStokes, this process will
continue to take place until the latest Stokes have no sufficient power to be BP for the
following Stokes. At the same time, the peak power of the Stokesmwglfied by the
Brillouin amplifier and until reached its saturated gain. Meanwhile, the remaining BP
power that passed through TWF was reflected by mirror 2 and back to TWF, which will

generate Stokes if it has sufficient power.

The addition of BOA i the Brillouin fiber laser setup hast only increased
the BP power but also the Stokes power. The spectibt@ined forthe setup is as

shown in figure 4.17 with variation of BP power.
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Figure 4.17 Multiwavelength Brillouin/BOA fiber laser

The generad spectrum increase in different channels and there is also
appearance of an8tokes. The antbtokes is generated from the nonlinearity of the
BOA according to the structure of the BOA. High nonlinearity has incdagsability
to produce four wave ming effect. Four wave mixing (FWM) is one of the nonlinear

refraction effects originated from the third order susceptibility. The FWM is an
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intermodulation phenomenon whereby the interaction between two signals generates the
third signal which is calledraidler. As the BP generates its first Stokes, both of the
signals generate the third and the next fourth signals FWM effect. The fourth signal is
represented with blue shift and looks like an -&tokes of the Brillouin laser. By
adding BOA into the caty it managed to generate 3 aStokes and 4 Stokes with BP

power to be set at 12 dBm.
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Figure 4.18 Comparison of multiwavelength Brillouin fiber laser for the first 4 peaks

with and without BOA

As compared to the previous setup of multiwavelength @il fiber laser, an
improvement restilis illustrated in figure 4.18 thahows the SNR and the peak power
for the first 4 peaks. The SNR shows an improvement on its fluctuation and value but
the peak power suffer losses caused by the 10 dB coupleruseid iexperiment to

extract the spectrum.
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Figure 4.19 Number of Stokes at different wavelength

By utilizing the BOA the numbers of stokes generated will depend on the gain of
the BOA. As depicted in figure 4.19, the highest number of peak generdt8d0ahm

is compatible with the gain spectrum of the BOA.
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Figure 4.20 peak powers of transmitted Brillouin and the first three Stokes.

As mentiored previously, flatness of the peaks power is one of the requirements of
decent multiwavelength laser source. Therefore the details of multiwavelength
Brillouin/BOA fiber laser flatness are shown in figure 4.20. Unfortunately the channels
show irregularitym peak power. All first 3 Stokes have at least 1 dB separation between

each other at 12 dBm BP power and have larger differfor the 3 Stokes due to
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insufficient power of Stokes. Hence improvement shall be made to the flatness of the

MWBFL.

4.3 Desigh and characterization of multiwavelength Gband fiber laser by

Sagnac Loop Mirror technique

Another way of producing multiwavelength fiber laser is by utilizing Sagnac
Loop Mirror (SLM) technique. The SLM is the assembly of slicing technique, where the
SLM acts as comb filter through interferometer principle towards a broad band source

such as the ASE used as the signal seed.

The O-band SLM multiwavelegth fiber las@roduced byemploying the BOA
as an ASE source due its high ASE peak power level anddad bandwidth. As
illustrated in figure 4.21, the BOA is placed right before the SLM. Once the ASE of the
BOA reach the SLM, the power will split evenly into two beams and both beams will
interfere at the PMF. The SLM generate multiwavelength fiber thseto constructive
and destructive interference which resulted from slicing of the ASE. The cavity or
resonance architecture can be either ring or linear as shown in figure 4.21(a) and 4.21

(b) respectively.

Linear cavitygenerated bylacedmirrors at the both end of the SLM setup so
that the generated beams can pass through the BOA repeatedly for multiple
amplifications. As for the ring cavity configuration, the setup is assembled by
connecting the end of the 2x2 coupler with the BOAetsurethe feedlck of the
beams in unidirectional pass. The 10dB coupler in placed between to extract the

spectrum generated.
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Figure 4.21 Multiwavelength fiber laser with (a) linear cavity (b) ring cavity SLM fiber

laser setup

Both cavities resulin different spectrunasshown in figure 4.22. The spectrum
generated by taking the length of PMF to be 2m and the BOA power to be set at

400mA.
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Figure 4.22 The spectrum of the ring cavity and the linear cavity of fiber laser SLM

configurations.

The ringcavity generates only few numbef channels with poor SNR due to
high ASE noise which also been amplified by the B@s\in figure 4.23The ring
cavity generates only 5 high peak channel8@>dBm) meanwhile the linear cavity
managed to generate morearth 10 channels. Linear cavity also generates better
performance of SNR which average value is more than 30dB. Due to this improvement,

therefore for the next experiment related to SLM fiber laser, linear cavity configuration

is utilized.
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Figure 4.23 The performance () linear andb) ring cavity

Both configurations consist of Polarization Controller (PC) that changes the
polarization state of the beam that goes through it. By adjusting the PC hence varying
the polarization state, differeimterference patterns were found but the spacing between

channels unchanged
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Figure 4.24 The spectrums of multiwavelength fiber laser by Sagnac loop mirror with

different BOA power.
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4.4 Design and characterization of multiwavelength Gband fiber laser by

Fabry Perot Interferometer technique

Another interferometer technique that benefit the multiwavelength fiber laser is
Fabry Perot interferometer. In this section, we propose and demonstrate a
multiwvavelength BOA fiber laser scheme using a FaPBeyot reféctor inside linear
cavity. The FabryPerot interferometer usually consists of two parallel (highly)
reflective surfaces separated by a small gap. The fRdmgt interferometer is able to

produce sharp interference peaks because it uses multiple bedarentze.

The advantage of utilizing this technique was not only for its simple configuration
but also its ability to generate higher resolution or SNR. High SNR can be produced by
generating multiple pass of beam employing linear cavityflustratedin figure 4.25.

The configuration consists of BOA as the seed source and aandiViF with different
length, PCto change the polarization state of the beam, mirror with reflectivity of 90%,
coupler 90:10 (C) and OSAhe PMF is the gap where the interfaze occursThe

seed source of the BOA travels into the PMF where 4% of the light is reflected back due
to the Fresnel reflection of air. The reflected beams then interfere with the incidence
beam,where the patterdescribed by the intensity modulationin€ident beams which
caused by the phase differeause by the PMHA he phase differaeis describd asin
equation 3.2The channel spacing predicted to béwice thespacing channel LM

with similar length of PMF.
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Figure 4.25xperimental sefuof linear cavity FabrpPerot interferometer

The performance ofthe multiwavelength fiber laser with FabBerot
interferometer using 4 different PMF lengthamely 1 m, 2 m, 3 m and 4 nyg
illustrated in figure 4.26The peaks were generated around wavelength 1345 nm to
1360 nm. The fluctuation is clearly seen for peaks power which is ar@OrdBm to-
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Figure 4.26 Spectrum of multiwavelength fiber laser via Fitanot Interferometdor

(@ 1m, (b)2m,d) 3 mand (d) 4 m.

The spacing between channels or in terms of interference is contingent to the
length of the PMF due ttihe change of phase difference created. As mention in section
2.3.2 and 2.3.3, the interference of two propagated beathe optichfiber is depend

on the phase different, as illustrated in equation 2.10 and 2.11. The birefringence
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present as the product of slow and fast indices difeereBirefringence b canalso be

interpreedasin equation 4.6

(4.6)

<

Where Lg is beatlength of the PMFand a-is the incident laser sourc&he
relationship between the channels spacésgand phase differentti is as describe in

equation 4.7 (Lipson, 1995)

(4.7)

v

(G
y & =
1

As mentioned in the previous section the phase different¢beofabryPerot
interference is twice the Sagnac loop mirror interferometer with the same PMF length.
The differences resulted in the channels spacing of the multiwavelength fiber laser
FabryPerot Interferometer to be twice the spacing of Sagnac Looprmafer to figure
4.27. In other words, generating the same channel spacing via -Fedoty
interferometer only need half of the PMF length than the SLM technigaence, the
results showthat technique is more cost effective than the rest of multiwagéh fiber
laser technique demonstrated so far. Another advantage ofPalwiinterferometer is
an improvement of its SNR as shown in figure 428en though the valusmaller
compared to SLM interferometer but it SNR less fluctuating. Note that he
comparison is made by taking PMF length to bm.TThe 1 m PMF is selected due to

lessnumber of channels that make comparison easier.
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Figure 4.28 Th&NR performance of multiwavelength fiber laser with Faeyot

interferometer

So far the entire O-band multiwavelength fiber laser demonstrated via 3
conventional techniques fails to meet the requirements of a transniliber.
multiwavelength fiber lasehat generated does not have even peak power and ability to
vary its channel spacingherefore the next chapter will focus thre improvements of

MWEFL peaks power flatness and variability of channel spacing.
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Chapter 5 Improvements of O-band

multiwavelength fiber laser (MWFL)

51 Introduction

The multiwavelength fiber laser can be useful not only for DWDM system but
also for various applications such as sensory system (Venkataraayan, et al. 2011).
Unfortunately theequired propertiesf multiwavelemth fiber laser for each application
are differentfrom each otherOne of the requirements is the channels spacing. The
channels spacing in multiwavelength Brillouin fiber laser could be obtained by
combining the ring and linear configurations. Meanwimleorder to vary spacing for

interferometer technique, the phase has to be manipulated (Lee, et al. 2012).

Apart from varying the channel spacing, multiwavelength fibesrlatso needs
to have even peasower. Even peak power allows better maintenance and calibration
especially in the DWDM system. The even peak power for multiwavelength Brillouin
fiber laser could be achieved by adjusting the optical amplifier, adding more optical
amplifiers or accomparmyg nonlinear effect such as four waves mixing to levelled the

peak power.
5.2  Improvement of O-band multiwavelength Brillouin fiber laser (MWBFL)

As demonstrated in section 4.2.4, the generated multiwavelength Brillouin fiber
laser consist of spectrum Witineven peak power fluctuatifigm 3 dB to 20dBA key
concern in operating communication system as mentioned previously is to have source
with even peak power and less fluctogtin order to provide stable data transmission
performance. Synchronous sas are also important for DWDM calibration process.
This gives motivation to run an experiment to improve the flatness of output spectrum

BFL. There are few ways discussed in this section to generate flatter peak power
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multiwavelength Brillouin fiber lasr including relocating amplifier, utilizing highly

nonlinear fiber and hybrid amplifier.
5.2.1 Design and characterization to improve flatness of MWBFL
(a) Relocating the amplifier

In the conventional MWBFL setup in sectigh2.4 the BOA was used to
amplify the power of BP and Stokes signal was generated from the setup. The BP was
the first to be amplified by the BOA, then followed by generation of Stokes, where the
number of Stokes depending on the power of BP. By the time Stokes reaches the BOA,
the amplification of BOA was dominated by the BP signals. Hence, the

multiwavelength spectrum resulted in uneven peak power

Mirror 1 Mirror 2

P -~

oct M

Figure 5.1 Experimental setup of linear cavity of multiwavelength Brillouin/BOA fiber

laser.

Therefore an investigation on the effexft amplifier location in the Brillouin
fiber laser system to the output flatness was conducted. The BOA was eélaitat
the TWF as depicted in figure 5.1. Thus, the BP will interact with TWF initially to
produce i Stokes before it was amplified blyet BOA. At that point, the BP power has
less power and Stokes already started to gtberefore the BOA amplification is no

longer dominated by the BP but th&stokes.
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Figure 5.2 Spectrum of Multiwavelength Brillouin Fiber Laser with even peak power

Even peak power is generated, as shown in following figure 5.2. There are 9

peaks generated by m&aming the BP power at 12 dBm atnvavelengthof 1310 nm

and BOA current at 400 mA. Between these 9 peaks, 4 peaks including the BP have

even peak powewith fluctuation of less than 1dB. Moreover, this setup reduces the

effect of FWM due to low power of BP and Stokes entering the BOA. The growth of the

transmitted BP and the first 3 Stokes is shown in figure 5.3
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Figure 5.3 Peaks powers of transmittedi®uin and the first 4 stokes

The result shows that each Stokes has its own threshold BP power®The 1

Stokes generated together with the transmitted BP as lo® éBm, and once the’l
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Stokes reach aroun@6 dBm with the BP power set at 0 dBm, tH& Qtokes start to
generate with power a#5 dBm. This condition is applied to all other Stokes. THe 3
Stokes emitted at 5dBm soon after tH¥ Stokes reach25 dBm. Meanwhile, the
transmitted BP experienced drop of power-28 dBm when the " Stokeswas
generated. By the time BP power reach 12 dBm all 4 peaks have less than 1dB
differerce nearly the same &2 dBm. It can also be concluded that the power needed
for the Stokes to generate following Stokes have to be higher-B#@mBm. The
flatnessof multiwavelength Brillouin fiber laser was easilghgéeved by having the

BOA to placeas an amplifier of all signal and not just booster for BP signal. It also
manages the waste of energy of BOgaturated by high power BP from the earlier

configuration.
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Figure 5.4 Number of Stokes with different BP power

The number of generated Stokes and number of flat Stmkeiferent input
power is as shown in figure 5.4, where the BP wavelength is fixed at 1310 nm. The even
Stokes was represented at least bathe maximum number of Stokes generated from

the configuration.

The variability of multiwavelength Brillouin fiber laser over the BP wavelength
is illustrated in figure 5.5. The BP power was fixed at the 12 dBm and BOA current at

400 mA.
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Figure 5.5Number of Stokes at different BP wavelength

The maximum number of Stokes generated is 12 at BP wavelength of 1340 nm
and 1345 nm. The maximum even peak power of Stokes is at BP wavelength of 1340
nm with 6 peaks. The pattern of number of Stokes for MWBFtompatible with the
BOA gain spectrum. The ratio of even Stokes with maximum number of Stokes is also

more than half along the available BP wavelength.
5.2.1(b) Utilizing the Bismuth Doped Fiber (BiDF)

Other ways of achieving even peak power is by egipf nonlinear effect into
the configuration. The nonlinear effect could generate more lines through the four wave
mixing effects. By adding nonlinear medium, the FWM effect will be stronger. In
chapter 3, Bismuth doped fiber shows high nonlinear coefficvalue at 1310 nm

region, due to the location of zero dispersion wavelength.
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Figure 5.6 Multiwavelength Brillouin/BOA fiber laser with additional nonlinear

medium.

The BIDF was plaa# after the BOA as illustrated in figure 5.6. As in section
5.2.1(a) this experiment is repeated without changing any setup parameter, where the
BOA is driven by the same current with same BP power and all parameters are left
intact. The only differece is the 4m BIDF was placed after BOA to induce the FWM
effect. The BPgenerateStokes athe TWF and then amplified by the BOA oBh of the
peaks then enter the BiDF which generates FWM which then emits new channels with
the same spacing. All the channels bounce inside the cavity and generate more new
signals. The spectrunof the multiwavelength Brillouin/BOA fiber laser with an
additional nonlinear medium is as shown in figure 5.7. The spectrum shows an increase
of anti-Stokes whicharetagged as the"band the ¥ Stokesand also the increasing of

the 8" Stokes
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Figure 5.7 Multiwavelength Brillouin/BOA fiber laser with BiDF

95



All 7 peaks show even peak power in figure 5.8 with lower average peak power
of -32 dBm and the fluctuation less than 3 dB. Lower peak power resulted from the loss

contributed by the BiDF with anomt of 45 dB/m.
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Figure 5.8 Properties of peak power for multiwavelength Brillouin/BOA fiber laser with

BiDF

5.2.1(c) Multiple optical amplifiers

Other method of generating more channels and even peaks is by adding another
amplifier in the configurationAn extra amplifier not only increases channels and
flattening the peak power, but also it increases the peak power level. An amplifier that
suitable for this task is Raman fiber amplifier (RFA). The RFA can be added into the
setup by inserting a Raman Ppib250 nm in between TWF and BOA. No extra fiber

needed to create RFA as shown in figure 5.9.

Mirror 1 Mirror 2
- — -~ TWF - o~
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Figure 5.9 Multiwavelength Brillouin/BOA fiber laser with addition of RFA

By adding the RFA, the initial signal BP that enters the TWF will not only
generate first Stokes but also amplifies the BP and Stokes simultaneously. Theeefore
BP is continuously be amplified and continues to generate more signals lisfoyee-
amplified by the BOA. As the previous setup, the recent Stokes will develop new
Stokes until it no longer has sufficient power to generate more Stokes. Spectrum
generated from the setup is shown in figure 5.10 with BP at 1310 nm and power of 12
dBm. The setupuccessfully generated more than 8 channels with high peak power and

with fluctuation of less than 3 dB.
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Wavelength (nm)

Figure 5.10 Multiwavelength Brillouin/BOA/RFA fiber laser.

From figure 5.11, the improvement of peak power and SNR for everywssak
validated.There were 8 channelgith average peak power e2.5 dBm and SNR of

more than 18 dB.
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Figure 5.11 Characteristic of multiwavelength Brillouin/BOA/RFA fiber ldag¢mpeak

power (b) SNR.

The combination of 2 amplifiers increasehe variability along the BP
wavelength. According to figure 5.12, the number of even Stokes that is generated is
approximately 8 from 1311 nm to 1350 nm with highest number of even Stokes of 12 at

wavelength 1340 nm.
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Figure 5.12 Number of Stokes through oub&hd wavelength

Therefore, it could be concluded that generating a MWBFL is much more

effective by combining 2 amplifier or by increasing gain performance of BOA.

5.2.2 Design and characterization of varied channel spacing of MWBFL
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Another concern in designing a mulavwelength fiber laser source is variability
in the channels spacing. The multiwavelength Brillouin fiber laser configuration with

variable channel spacing is demonstrated by combining two cavities in a configuration.

According to equation 4.6, the spaciafthe multiwavelength Brillouin fiber
laser was depends on its BP wavelength. However the spacing is not significantly
visible (2 GHz) in the transmission region. Therefore a new technique should be
proposedio generate varieties of channel spacing fottimavelength Brillouin fiber

laser.

Different spacing was demonstrated for different cavity configurations in section
4.2. Hence by combining both of the configurations the variability of channel spacing

could be obtaied.

TLS

OSA

Figure 5.13 Configuration dtineable multiwavelength Brillouin fiber laser

The variable spacing multiwavelength Brillouin fiber laser setup is built by
combining ring cavity and linear cavity with a switch component. The BP generated
from TLS is connected to 70% port of C1 and is kimepd by BOA after pass through
port 3 and 2 of optical circulator OC1 and 3dB of coupler C2. The Amplified BP then
generates the Stokes which then travelsptical channel selector (£3). The OG is

an optical switch that changes the routes of the Brillouin pump and generation of
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Stokes. By changing the route it creates different cavity can be created. On channel 1,
the OCS is connected to the OC2 which looped the beam back into the nonlinear
medum and form linear cavity. The 10% of its power is tapped by coupler C3 to be
analysed by the OSA. Meanwhile, channel 2 of the OCS is linked to coupler C2 creating
the ring cavity configuration with power observation by 20%. The spectrum losses it

power de to the insertion of the C&

The spectrum of multiwavelength Brillouin fiber laser is demedn the
channel selected by the OCS. The figure 5.14 shows the spectrum generated by both of

the channels.
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Figure 5.14 Spectrum of tuneable multiwaveleri§ptiiouin fiber laser

Figure 5.14 shows the overlapped of the spectrum results from 2 OCS channels.
The variability of MWBFL is limiedto two channel spacing whigk 0.072 nm/ 12.75

GHz and 0144nm/ 25.50 GHz.
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5.3 Improvement for O-band Multiwavelength fiber laser of Sagnac Loop

Mirror technique

5.3.1 Design and characterization of improved flatness dfAWFL via SLM

Generation of even peak power of multiwavelength fiber laser by Sagnac Loop
Mirror (SLM) can be achieved by utiliznnonlinear effectwhich is by adding 4m
BiDF in the cavity. The BIDF was placed in between coupler and the PC. High
nonlinearity of BIiDF generates four wave mixing effect that helps to improve the

quality of multiwavelength fiber las¢Cholan et al. 2012)

By maintaining the parameter from the previous setup of the multiwavelength
FabryPerot Interferometer fiber laser, the performance is as shown in figure 5.15. The
performance of the peak power is more stable. Meanwhile, numb&aohels above
power of-50 dBm has increased. The uniformity of peak power is shown in figure 5.16
by comparing the performance of 1m PMF with and without BIDF. The peaks powers

are stable with BiDF show stability €it7 dBm with fluctuation less than 3 dB

(a) 10 (b)

Power (dBm)

20 (c) 20 (d)

Power (dBm)

60 -60

70 + i =70
1345 1350 1355 1360 1365 1370 1375 1380 1345 1350 1355 1360 1365 1370 1375 1380

Wavelength (nm) Wavelength (nm)

Figure 5.15 Performance of multiwavelength fiber laser SLM with different sp&ming

(@)1m, (b) 2m, (c) 3m and (d) 4m
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Figure 5.16 The peak power performance of Fabry Perot interferometer with and

without BiDF.

5.3.2 Design and characterization ofvaried channel spacing of MWFL by

SLM

Both configurations consist of PC that changes the state polarization of the
beam. Adjusting the PC and varg the polarization states only give different
interference patterns, but not the spacing betwtbenchamels. In order to build
variable spacing multiwavelength fiber laser SLM, the PMF length shouidated
The channel spacing is inversely proportional with PMF leng)haé describe in
equationd.6. By utilizing linear cavity the tuneable multiwavelength SLM fiber laser is
obtained by varying 4 different PMF lengths, 1 m, 2 m, 3 m, and 4 m as illustrated in

figure 5.17
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Figure 5.17 Demonstration of multiwavelength fiber laser SLM with different PMF

lengthfor (a) 1m, (b) 2m, (c) 3m and (d) 4m.

As in equatior4.7, the spacing can bmalculated if the value of the phase diffarens

known As shown in figure 5.18, with thbeat length of PMRgiven by the fiber

manufactureto be 3.5 mmthe calculatedpacing over length of PMF is approximately

equalto thechannel spacing frorine experimental result. The peak and SNR analysis is

plotted in figure 5.19 for 2 m PMF performance for the highest six peaks.
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Figure 5.18 Channel spacing over PMF length
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Figure 5.19 Performance (d) peak power an¢b) SNR of multiwavelength fiber laser

SLM

The variability of multiwavelength fiber laser SLM was demonstrated but
unfortunately this technique required manual adjustment to the configuration. Direct

adjustment might interrupt its actual performaaselultiwvavelength fiber laser.

5.4 Improvement for O-band Multiwavelength fiber laser of Fabry Perot

Interferometer technique

5.4.1 Design and characterization of flatness of MWFL via Fabry &ot

Interferometer

In generating uniform peak power of the MWFL by FPI again utilizing the BiDF in the
configuration to induces the nonlinear effects. The BiDF was inserted before the BOA
to insure that the generated multiwavelength fiber laser FPI to be amplified first by the
BOA as illustrated in figure 5.20@’he nonlinear BiDF was inserted between the mirror

andthe BOA.

104



Mirror ok —
ocC

PC
h-FAL
OPM

3

Figure 5.20 The flattening multiwavelength fiber laser FPI
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Figure 5.21 Performance of even multiwavelength fiber lase(&jRleak power and

(b) SNR.

Comparison made between multiwavelength fiber laser FPI with and without
BiDF as in figure 21. The result is for 1m PMF length. The peaks powers have less
than 1 dB of fluctuation and higher SNR. Even though the peaks power for
multiwavelength fiber laser FPI without the BiDF is much higher but the peaks with

BiDF are more stable.

5.4.2 Designand characterization of varied channel spacing of MWFL via

FPI.

As any interferometer, the spacing between FPI multiwavelength fiber laser channels
depend on its phase change. Therefore to obtain different channel spaciRC thas

placed at the end dfie PMF or simply creating the half plate rotator by using the PMF.
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By placing the PC at the end of the PMF, the beam trafresnel reflection will have
different polarization state which resulted in change of channel spaPingse
difference change simultaneolys with the change of polarization state therefore,

different channels spacing produce.

PMF
oc PC | PC
1 2
3 | l l I
OSA

Figure 5.22 The configuration of the multiwavelength fiber laser FPI with even peaks

power.

The 4 m PMF is used in these demonstration due to its performance on
producingthe smallest spacing. The spacing channel was successfully varied from 5.0
nm to 1.25 nm around the region of 1350 nm to 1370 nm as shown in figure 5.23. This
technique is nofnvasive and cost effective where changese only made without

changing the PMF length physically.
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Figure 5.23 Multiwavelength fiber laser FPI with varied channel spacing
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Chapter 6  Conclusion and Future Works

6.1 Thesis Summary

The demonstration and findings of the research work are summarized and
discuss in this chapter. The works focused on the research on the multiwavelength O
band fiber laser for the WDM use. These research works are necessary to cater the
exponential growthn the transmission capacity. In order to overcome the issue, the

transmission window must be expanded frorhdhd to Gband.

The research works start with the characterization of thiear@ optical
amplifier. The optical amplifier is a crucial componémigenerate the multiwavelength
fiber laser and also help to boost up the power of generated signals. There aso8 type
optical amplifier testedh this work. The first optical amplifier testedBssmuth doped
fiber laser (BiDF) that couldamplify throughout the entire available transmission
windows. The ASE of BiDF cover wide range of transmission window, unfortunately
the gain generated from this amplifier is very low which is around ~2TtB.BiDF
also measured for its nonlinearity effecthie rext optical amplifier that was tested is
the nonlinear effect which called Raman fiber amplifier (RFA) where its performance
depends on the gain medium dseAnother type of optical amplifier ighe
semiconductor amplifier that provides the highest perfoomamong all three types.
Therefore semiconductor optical amplifier is selected for the generation of

multiwavelength fiber laser setup.

The optical amplifier is a vital component in communication systems.
Conventionally the optical amplifieronly used toamplify signal. However the

development in laser and optical fiber industries provides roapabilitiesto the
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optical amplifier such as seed source for fiber laser, and gain controller. Therefore, the
characteristics, and parameters of the amplifiedsi¢e be verified.

The Bismuth doped fiber amplifier is claimed to provide wide amplification
from 1260nm to 1620nm. Unfortunately, the tested BiDF provided low power around
2 dB at Gband wavelength and negative gain at other transmission windowsheven
ASE shows wide coverage of O to L band. The Bismuth doped fiber had been tested for
the nonlinearity effect via four wave mixing effect. Higbnlinearcoefficient of BiDF
was measured ak3.98 W' km™, and nonlinear refractive index was calculatedé
0.917x10°°m%W.

Another type of optical amplifier is by manipulating the nonlinear effect of
optical fiber. The amplification using nonlinear effect could be generated using various
configurations but only the stimulated Raman scattering (SRSuseb in thiswork.
Raman fiber amplifier has advantages especially in the flexibility of amplification
region. The Raman fiber amplifier was tested on 4 different optical fibers. Dispersion
compensated fiber (DCF) of 7.7 km length required less powerettiecthe Raman
scattering due to high Raman gain coefficient and low threshold power. The 1250 nm
pump power was used to generate the amplification arodp@n@® region, which is 12
dB atawavelengthof 1340 nm.

The booster optical amplifier (BOA) isnaexample of integrated optical
amplifier. The BOA demonstrated very good performance of amplification with gain of
28dB at 1350 nm along spectrum of 90 nm (1270 nm to 1360 ni)is is higher than
the conventional integrated optical amplifier (~16 dB). However this performance can
only be achieved with the inclusion of angle connectors to minimize the feedback
signal. Meanwhile the double pass configuration gives improvemegdiim(~31 dB)

but decrease the spectrum width to 40 nm. Hence due to the high amplification power
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provided by the BOA, the multiwavelength fiber laser was demonstrated using the BOA
as the optical amplifier and as seed source.

The multiwavelength fiber aser had been demonstrated by 3 different
techniques; Brillouin scattering effect, Sagnac Loop mirror and Fabry Perot
Interferometer. The multiwavelength Brillouin fiber laser (MBFL) will be generated
whenever the incident source or Brillouin pump powerads) or exceed its Brillouin
threshold. The Brillouin threshold was measured for different types of fiber and shows
that the 20 km True Wave Reach fiber (TWF) required lowest power to generate the
Brillouin effect of 5.2 dBm. The Brillouin threshold stuslievas also extended by
comparing the Brillouin threshold for O and C band, which shows that ien® has
small Brillouin threshold compared to C band. The MBFL was generated from 2 cavity
setup, namely ring and linear cavity configurations. Both cavgmserate 4 Stokes
channels but linear cavity provides much higher peak power and narrowengspaci
between channels which is €Bm and 12.5 GHz respectively. By inserting the BOA
into the multiple pass configuration the channels peaks power lower2@ dBm but
adds 3 antBtokes channels into the linear spectrum. The multiwavelength fiber laser
utilizing the Sagnac loop mirror (SLM) also demonstrated in 2 pattern of cavity, and
shows better performance from linear cavity where the number of channelstgen
are 16 with even peak power €20 dBm. Meanwhile another multiwavelength fiber
laser generated from basic interferometer technique is the Fabry Perot Interferometer
(FPI). The FPI was demonstrated using the end face reflector. The channel s@acing w
twice thevaluegenerated from multiwavelength fiber laser of SEkdl same length of
gain medium.

The improvements of the multiwavelgth fiber laser we also demonstrated.

The improvementsnclude the flatness of peak power and varying channel sgsci

The peaks power of multiwavelength Brillouin fiber laser was levelled by utilizing three
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different techniques, which are relocating the optical amplifier, utilizing the BiDF, and
adding an extra amplifier. Locating the BOA after the nonlinear medaguced the

effect of FWM and enables the Stokes to be amplified when the BOA is not saturated
with the BP signal. Then another nonlinear effect is applied by adding the 4m BiDF.
The even peak power obtained was the result of the four waves mixing effecatgel

in the BIiDF. Another proposed technique is by adding additional RFA, which
minimizes the absorption loss of the TWF fiber and also amplified the generated signals
all in one fiber. The improvements of levelling the peaks power of multiwavelength
fiber laser using Sagnac Loop Mirror and Fabry Perot Interferometer were demonstrated
by utilizing the BIiDF techniques. The BiDF was placed before the BOA to ensure that

the powers of the generated signals are amplified to generate FWM effect.

Due to the warious applications, which required different specific spacing, the
multiwavelength fiber laseshouldbe able to vary its channels spacing. The spacing of
multiwavelength Brillouin fiber laser could be changed between 12.5 GHz to 25 GHz,
by combining twocavities into one configuration with an optical switch included to
adjust the spacing. Meanwhile for multiwavelength fiber laser that use interferometer
technique, the change of phase is important to vary the multiwavelength fiber laser
spacing. The chamgof phase for Sagnac loop mirror was obtained by changing the
length of PMF. Utilizing 1 m, 2 m, 81 and 4 m PMF length the channel spacing varied
from 0.8 nm to 4.5 nm. As for the Fabry Perot tf@geometer, the channel spacimgs
varied by inserting taPC at the fiber end to change its phase. The spacing varied from

5.0 nm to 1.25 nm around the region of 1350 nm to 1370 nm by utilizing the 4 m PMF.

6.2 Future Works

The mutiwavelength fiber laser in-kand have demonstrated in this thesis work

could ke futher improved in few ways including;
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Expanding the transmission capacity

The extension of the research work of the multiwavelength fiber laser with
conbination of all available tranmission windows to study the effectiveness of
transmitting signals imultiple communication bands simultaneously. The combination
might required numerous components combinations to producing the multiwavelength
fiber laser for each windows. This increase the complexity of the configuration and the
maintance. Therefore, fim¢r study should be undertake to propose new components
that are compatible to all transmission windows. The example is by usingBismuth
doped fiber. Detailed analysis should be made to overcome the Bismuth doped fiber
problem, where there is still no sigifi successful broad optical amplifier, BiDF at the

moment.

Commercialization the O-band transmission window

Since the thesis only proposed the techniques of generating multiwavelength in
O-band, a complete system that uses this multiwavelength fiberdaskt be further
investigated. Furthe research of should be include to utilize the proposed
multiwavelength fiber laser in the CWDM or DWDM transmission system. This study
includes the data test sucheage diagrams, jitter performance, BER tests, artct@p

modulation analysis.
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