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ABSTRACT

In this thesis, the characterisation of Bismuth based Erbium-doped Fibre
Amplifier (Bi-EDFA) for Conventional- and Long- (C+L) Wide-band optical
amplifier in Wavelength Division Multiplexing (WDM) optical network was
presented and performed. Bismuth based Erbium-doped Fibre is a novel optical gain
material that was specifically developed for current and future optical amplifiers.

The work focuses on the optical amplifier's characteristic and performance of
Bi-EDFA using bi-directional pumping configuration as a potential optical amplifier
for 1.55 um optical communication. The material, physical and optical characteristics
of Bi-EDF are calculated, measured and successfully demonstrated the necessary
properties for efficient optical amplifier but also highlight the problem associated
with higher Erbium ions dopant concentration and Bismuth host glasses. In addition,
the effect of self-saturation was investigated and found to influence the gain, noise
and efficiencies of the output signal. These important knowledge then discussed for
development and prospect of Bi-EDFA as potential optical amplifier in future optical

communication system.



ABSTRAK

Dalam tesis ini, ciri-ciri penguat gentian berdopan erbium berasas Bismuth
(Bi-EDFA) untuk gelombang konventional (lajur C) dan gelombang panjang (lajur L)
lajur-lebar di dalam sistem multiplek pembahagian panjang gelombang telah di
lakukan and di bentangkan. Penguat gentian berdopan erbium berasas Bismuth
adalah penguat cahaya yang nobel yang telah dibangunkan khas untuk penguat
gentian kegunaan sekarang dan masa hadapan.

Kerja-kerja penyelidikan menumpukan ciri-ciri dan prestasi Bi-EDFA
menggunakan konfigurasi dwi-arah pam sebagai peguat gentian yang berpontensi
untuk komunikasi cahaya di 1.55 pum. Ciri-ciri bahan, fisikal dan cahaya Bi-EDF
telah dikira, diukur dan telah berjaya menunjukan sifat-sifat yang diperlukan sebagai
penguat gentian yang cekap tetapi juga telah mengemukakan masalah-masalah yang
berkaitan dengan kandungan erbium ion yang tinggi and gelas berasas bismuth.
Tambahan itu, kesan-kesan tepu-sendiri telah disiasat dan di dapati telah
mempengaruhi keluaran penguat, kebisingan dan kecekapan isyarat keluaran.
Pengetahuan yang penting ini telah dibincangkan untuk pembangunan dan prospek
penguat gentian berdopan erbium berasas Bismuth sebagai penguat gentian yang

berpotensi di dalam sistem komunikasi cahaya masa hadapan.

il
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Introduction

CHAPTER 1

INTRODUCTION

1.1 Optical Fibre History and Technology

The idea of using light as a method of communications is not new. Since the
advent of man, light has been extensively used convey signal and information over
long distances, especially when quick messaging is required (i.e. Warnings and cues
used in ancient war, lighthouses, beacons etc.). In modern telecommunications
however, the boom of the internet and mass communications networks, requires for
rapid transfer of large amounts of information over even larger distances across the
globe. As the bounds of wired communications become strained, man has again
turned to light signals as a conduit to meet up to the demands of the ever increasing
information bandwidth. These light signals traverse the globe through bundles of fine
glass strings known as optical fibre glass.

Works on the optical fibre glass began with the research team headed by
Antoni E. Karbowiak who worked under Reeves at the Standard Telecommunication
Laboratories to study optical waveguides for communication. It was they who first
begin to work on glass fibres that could be used in communications. However, the
revolutionary breakthrough came when a young engineer named Charles K. Kao
joined the team and speculated that silica-based optical fibres may exhibit losses as
low as 20 dB/km [1]. At the same time, researchers at Corning Glass Works (now

Corning Inc.), Robert Maurer, Donald Keck and Peter Schultz began work on fused
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silica; a material that could be made extremely pure, but has a high melting point and
low refractive index, which was then made into a cylindrical preform and drawn to
silica fibre using a process known as ‘Inside Soot Deposition’ [2].

In 1974, a group from Bell Laboratories made a significant breakthrough. By
developing a Modified Chemical Vapour Deposition (MCVD) method, they managed
to produce fibres with a loss of 1.1 dB/km at a wavelength of 1.06 pm [3,4,5]. Over
the next several years, fibre losses saw a dramatic drop, due to improved fabrication
methods and the lesser impurity in the the raw materials used. The communication
window was then shifted to the longer wavelength region where silica fibres
exhibited lower attenuation.

While the losses in optical fibres had been significantly reduced, transmission
signals were still subjected to the inherent losses within the optical fibre. As a result,
the signal power degrades over distance, making optical communications is only
suitable for short distances. Overcoming this problem required the use of an
amplifying mechanism, and early systems employed electronic regeneration to
accomplish this task. However, electronics regeneration devices are expensive and
bulky; its components are bit-rate sensitive and required reprimand for higher bit
rates and so a more viable alternative was sought after.

C. J. Koester et.al first reported an 'optical amplifier' using a Neodymium ion
doped into a silica fibre [6, 7]. Subsequently, further work has been done by some
groups to develop semiconductor laser diodes as a pump source. Progress was slow,
until 20 years later when a group from University of Southampton reported high-gain
fibre amplifiers operating in the 1550 nm region using Erbium-Doped Fibre (EDF)

[8] as gain medium. These research efforts, in conjunction with the development of
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semiconductor laser diodes at 980 nm [9] and 1480 nm [10] as pump sources,
accelerated the deployment of optical amplifiers and revolutionized the optical
telecommunications industry. The main reason for the strong impact optical
communication has on today's telecommunication systems is that optical fibres have
many advantages as compared to traditional copper or coaxial cables. Optical fibres
has the ability to carry much more information and deliver it with greater fidelity
than either copper wire or coaxial cable. By that, fibre optic cables can support much
higher data rate, and at greater distance, than coaxial cables, making it ideal for
transmission of serial digital data. In addition, a fibre optic cable is totally immune to
virtually all kinds of interference, including lightning and additionally it will not
conduct electricity. It can therefore come in direct contact with high voltage electrical
equipment and power lines. It will also not create ground loops of any kind. As the
basic fibre material is made of glass, it will not corrode and is unaffected by most
chemicals, means it also can be buried directly in most kinds of soil or exposed to
most corrosive atmospheres in chemical plants without significant concern. Since the
only carrier in the fibre is light, there is no possibility of a spark from a broken fibre.
Even in the most explosive of environment, there is no fire hazard, and no danger of
electrical shock to personnel repairing broken fibres.

Fibre optic cables are also virtually unaffected by outdoor atmospheric
conditions, allowing them to be lashed directly to telephone poles or existing
electrical cables without concern for extraneous signal pickup. Its usually much
smaller and lighter in weight than a wire or coaxial cable with similar information
carrying capacity. It is also easier to handle and install, and uses less duct space

(frequently it can be installed without ducts). Because the data is transmitted in light
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form, fibre optic cables are ideal for secure communications systems because it is
very difficult to tap the information but very easy to monitor. In addition, there is
absolutely no electrical radiation from a fibre.

With these advantages, the research activities surged forward to increase the
capacity of the optical system by utilising all low loss optical signal region of silica
fibres. There are two common techniques to increase network capacity in optical
networks, namely Time-Division Multiplexing (TDM) and Wavelength-Division

Multiplexing (WDM) .

TDM uses the time slice method to share information between different
channels onto a single data carrier. In the time slot, the signal is modulated with the
first information channel; for the next time slot, the signal is modulated with the
second information channel, and so forth [11]. The duration of a time slot demands
upon a number of different designs and the transmission speed needed for each link.
Each communication path is assigned into a specific time slot and no other source is
permitted to transmit at the same time. The multiplexer at the source end takes in
data from the source connected to it, and inserts packets of data from each other into
the fibre during the appropriate TDM time slot. The de-multiplexer at the end then
must recognize the time slots, unload the data from each slot, and send it as a
continuous stream to the corresponding user.

Wavelength-Division Multiplexing (WDM) on the other hand is much
simpler and was introduced to optical communications links to overcome the
restrictions of TDM systems. The WDM system uses specific signal carriers at
different carrier wavelengths to carry data. These signal carriers have individual data-

rates and can be combined or divided depending on data usage [11]. Optical
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networks with WDM systems can avoid many of the constraints and implementation
difficulties that limit the performance and at the same time making do without the
need for expensive re-cabling therefore, reduce the cost of upgrading the network
significantly . It also opens up a new era of optical fibre communications where a
single fibre can carry many different channels of data and can be re-routed to
different destinations [12]. The ability to increase bandwidth capacity and
reconfiguration of the network will enable network providers to keep costs down.

WDM technologies are important in long-haul applications where greater
bandwidth capacity is needed. Wide Area Networks (WAN), such as Cable Television
(CATV) systems which represent a large market, though there are economical
concerns due to expensive base of installed cables. The dramatic increase in the
number of wavelengths carried on single fibre links has resulted in a more narrow
channel spacing that has created a new class in the WDM domain, namely Dense
Wavelength-Division Multiplexing (DWDM) systems. The DWDM system can have
more than 40 channels in a single fibre mostly in the communication frequency
centred at 193 Thz ( 1550 nm). With 40 Gbit/s per channels and 128 channels, a
single fibre can transmit data at almost 5.12 Tbit/s [13]. Figure 1.1 shows the
projected global-traffic from year 2000 for voice, data and Internet. The yearly
growth is dominated by Internet with growth rates of 157% with expected data
capacity of 120 Tb/s at year 2010. Therefore from this growth rates, currently
deployed WDM optical networks will need higher number of channels with higher
data rate to bear the demands.

The deployment of the DWDM in long-haul systems requires a broadband

optical amplifier in order to amplify multiple signal wavelengths [14,15]. Therefore,
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Figure 1.1  Growth of global traffic by client segments (voice, data and Internet),
as viewed from year 2000. The figures in parenthesis indicate the projected yearly
growth rates for each segment. [16]

until the development of broadband optical amplifiers, the DWDM system is
unfortunately only limited to short-range links where the power budget is low.
Compared to conventional optical-electrical-optical (O-E-O) converters as in a
repeater that have narrow and fixed amplification bandwidths, optical amplifiers are
immune and transparent to input signals of different bit rates or formats and can be
used to achieve simultaneous amplification of multiple optical signals over silica
fibre. Combined losses [15] due to Rayleigh scattering, hydroxyl absorption and
absorption due to the vibration of silicon-oxygen bonds are minimum, which is most
suitable for DWDM optical networks. This flexibility enables optical amplifiers to be

fully utilised in the long-haul DWDM network with lower cost and complexity [16].
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1.2 Erbium-Doped Fibre Amplifier (EDFA)

The EDFA is the crucial element in optical fibre communications today
[16,17]. It has several advantages such as :
1. High signal gain
2. Wideband amplification
3. High saturation power
4. Low signal noise
5. Low crosstalk between different signals
6. Data bit-rate independent
7. Polarization insensitive
8. Low non-linear effect such as four wave mixing (FWM), cross-phase

modulation (XPM).

These are characteristics, which cannot be achieved by ordinary electronics
based amplifiers thus, making the optical amplifier very important in DWDM
networks. Furthermore the ready available of laser diodes as a pump source makes it
even more viable [17]; hence, making the optical amplifier devices compact and
suitable for low spatial and cost effective applications. In addition to these
advantages, the EDFA is compatible with current WDM optical networks that utilise
silica-based optical fibre, thereby making the device integration process seamless.

In general, an EDFA consists of a length of fibre made from silica that has
been specially doped with a Rare-Earth (RE) element (Erbium) that can transfer

photon energy from separate pump laser diode to the signal wavelength, thus, in
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Figure 1.2 Basic EDFA configuration

effect amplifying it. The basic EDFA configuration is shown in Figure 1.2. The laser
diode output and the incoming signal are combined through a Wavelength Division
Coupler (WDC) coupler and are launched into an erbium-doped fibre. Pump photons
excite the erbium ions which in turn gives signal amplification in the 1.55 pm
wavelength region.

The RE doping process into silica glass produces a degeneracy of the RE
energy level from the perturbation of the glass ligand (electric) field that is known as
Stark splitting [17-19]. These degeneracy are in Boltzmann thermal equilibrium [19]
that arises numerous complicated effects and must be assessed carefully to determine
the spectroscopic properties of the glass host when excited by external radiation.
Several approximation calculation have been developed based on Judd-Ofelt [20, 21]
and McCumber [22] theories to perceive the implication of the Er’* ions 4f energy
level degeneracy by the glass ligand field. Since development of these theories,
researcher finally can track-down the effect of ligand field and lead to development

of multicomponent glass host [23-25] such as Zirconium Barium Lanthanide
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Natrium Fluoride (ZBLAN) [24] and antimony silicate (AS) [25, 26] for optical
amplifier and laser application.

The energy conversion process also depends on many other parameters from
pump radiation wavelength, fibre geometry and profile, doping concentrations,
optical amplifier design, etc [17-19]. For wide-band amplification applications, these
parameters became critical as minor changes in these parameters can reduce/limit the
signal performance significantly. Therefore, it is necessary to understand in detail the

nature of these parameters and how it affects the amplifier operation.

1.3 Limitation of Silica-based EDFA

The deployment of silica-based EDFA in today's optical networks has
accounted for the expansion of optical telecommunication system utilising both the
DWDM and TDM system in tandem. However, the ever-increasing demand for
higher data capacity and longer transmission distance in current optical
telecommunication system has accelerated the silica-based EDFA to its limit. The
most common drawback of silica-based EDFA is limited RE doping concentration,

amplification bandwidth and saturation output power.

1.3.1 Concentration Quenching

During EDF fabrication process, the RE is doped into the fibre core to

activate the 1550 nm luminescence. The doping process occurs at random and may

form the ions cluster if the cohesive force of the glass atoms is strong. Glass with
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strong cohesive force requires higher cohesive energy density to break all its
intermolecular physical link [27]. Therefore this kind of glass material is known to
have low solubility constants.

Silica glass has been recognised to have low RE solubility that cause high
concentration RE silica glass easier to form ion clustering [17, 19]; which results in

effect of concentration quenching. Despite this, the RE solubility can be improved by
adding other glass network modifiers such as AL O, to the EDF. However, the

maximum number of Er’* ions concentration is still limited to a few thousand ppm.
In the case of Al/Ge-doped silica-based glass EDFA, the Er** ions is limited to only
1000 wt ppm before concentration quenching occurs [23, 28].

Under the effect of concentration quenching, due to the fact that excited Er**
ions are packed within a short fibre length, it triggers an interionic energy processes
such as energy migration, cross-relaxation and upconversion [19]. The details of
these processes are discussed in chapter 2. These energy processes cause the gain
coefficient per unit length of silica-based EDFA to be lower compared with other
glass host. Consequently, causing an increases of the silica-based EDFA length and
also the pump power for high output power applications. Therefore, this will increase
the cost of EDFA device and more importantly the total optical nonlinearity of the
EDF.

The optical nonlinearity in optical fibre can be divided into two categories.
The first type arise due to the interaction of light waves (photon) with glass phonons
while the second type are related to dependency of light intensity with refractive
index of the optical fibre [29]. These effects are characterised and influenced by the

optical dispersion, effective area of the optical fibre, overall fibre length, signal
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wavelength spacing in multi-channel systems, the degree of longitudinal uniformity
of the fibre characteristics, signal source linewidth and the intensity of the signal.
The example of the nonlinear effects in optical fibre are Self-Phase Modulation
(SPM), Cross-Phase Modulation (XPM), Four-Wave Mixing (FWM), Stimulated
Raman Scattering (SRS) and Stimulated Brillouin Scattering (SBS) [29, 30].

The optical nonlinearity in an EDF have a significant impact on the
performance of WDM optical networks system. They may lead to signal attenuation,
distortion and cross-channel interference. In a WDM system, these effects restrict the
wavelength spacing between different signal channel, signal power per channel,
signal data rate and transmission distances [29].

Due to numerous limitation of silica-based EDFA for WDM optical network,
other host glass such as bismuth, ZBLAN, and phosphate glass have been developed
to compensate of low RE silica glass solubility. These host glasses have been
successfully doped with RE up to 12.2 x10* ion/cm’ [31] without ion clustering and
as a result, produce lower/less concentration quenching effect. With high RE
solubility, the total EDF length for signal amplification is reduced significantly for
ultra-compact application, thus, lead to a new research for ultrafast generation and
soliton amplification using optical fibre [32]. Glasses such as bismuth and phosphate
have also shown better thermal stability and chemical durability compared to
fluoride-based glass such as ZBLAN. Beside their high RE solubility, glasses such as
phosphate and ZBLAN glasses are difficult to fabricate due to their hygroscopic and
devitrification properties that may result in many difficulties in fabrication process

and during optical amplifier's deployment [23, 31].
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1.3.2 Amplification bandwidths

Silica-based EDFAs have a limited amplification bandwidth that ranges from
wavelength of 1530 to 1565 nm, which known as the C-band region. By exploiting
signal and ASE re-absorption properties in longer EDF length, the amplification
bandwidth is expanded to longer wavelengths (i.e. from 1570 to 1600 nm), which are
known as L-band region. However this technique is unfavorable because its also
increases the optical nonlinearity that worsens the signal quality at the transmitter
ends [30]. Besides that, the efficiency of the optical amplifier becomes lower due to
the effects of Excited-State Absorption (ESA) [19, 22, 23], where, excited Er** ions
at metastable state may experience re-absorption to a higher energy level rather than
undergoing stimulated emission to ground state.

With growing demand for increased data bandwidths in DWDM optical
network systems, subsequent research activity has given rise to a new technique to
harvest the L-band region. New glass hosts doped with Er** ions such as bismuth
[31] and telluride [34] glass and optical amplifiers based on Raman effect [30, 35]
have shown to be promising technologies for attaining increased transmission
capacity for current and future DWDM networks.

Raman optical amplifiers use the principles of stimulated emission process
associated with Raman scattering in an optical fibre for the amplification of signals.
Raman scattering generates a Stokes shift [36] corresponding to the glass optical
phonon (molecular vibrational state), which is approximately 13.2 THz [35, 36] for
silica-based optical fibre that amplifies longer signal wavelengths by the equivalent

amount of the frequency shift. Because the amplification region is dependent on the
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pump wavelength, wider amplification bandwidth of more than 100 nm [36] can be
achieved by using multiple pump wavelengths across the target gain window.
However, there are several disadvantages inherent to the Raman amplification
process such as shorter process lifetime, higher signal cross-talk and noise due to
cross-gain saturation, pump noise, interference of Double-Rayleigh Backscattered
(DRBS) noise, Four-Wave Mixing (FWM) and cost-efficiency due to the multiple
pump source requirement for broadband amplification. For these reason, Raman
optical amplifier is unfavourable for high data rate, low-cost and long-haul WDM

optical networks.

1.3.3 Saturation output power

The maximum optical output power generated from an optical amplifier can
be assessed by the saturation output power parameter. This parameter is defined as
the ratio of output power at which there is a 50% reduction under its unsaturated
condition [19]. This general definition shows the range of input signal power
required for constant signal gain at a given LD pump power. In WDM optical
networks where input signals can vary significantly, fixed signal gain value is
preferred to maintain small output power fluctuations as well as low signal cross-talk
and noise in a multiple-signal amplification system.

As the signal gain in EDFA is dependent on the signal wavelength, different
wavelengths have different saturation output power values [19]. This leads to
nonuniform output power across the amplification region, which increases the error

rate of the system. However, other glass hosts such as Fluoride-based glasses [37, 38]
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are known to have flatter signal gain that is capable of improving the flatness of the
EDFA gain profile. Other techniques using active and passive optical filter such as
acousto-optic filter, strain-tuned Bragg grating and planar integrated optics filters
have successfully controlled the signal flatness by regulating the saturating effect in
EDFAs [39, 40, 41].

From the brief discussion, the requirement of an optical amplifier device for
current and future WDM optical networks is has still not been met due to the specific
problems of the various amplifiers. While the Raman optical amplifier is certainly a
promising device, it is held back by a number of intrinsic problems. New glass host
EDFs have yet to make a breakthrough for commercial applications, mainly because
of lack of details in terms of their characterisation and performance in WDM optical
networks. In this thesis, a Bismuth-based EDFA (Bi-EDFA) is proposed as a solution
to improve existing optical amplifier performance. The Bi-EDF is characterised and

its capability in WDM network environment is investigated.

1.4 Motivation of the Study

In this thesis, the motivation of the research was to develop and improve the
understanding of a different glass host for EDFAs, specifically bismuth-based EDFAs
from the point of view of their physical, spectroscopic and optical properties for an
application as wide-band optical amplifiers. Hopefully this new found information
would help the development of EDFAs for current and future WDM optical
networks.

Preliminary studies by other researchers [28-34] shows that the bismuth-
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based EDFA has a significant advantages in which other host glass EDFAs cannot
compete. The Bi-EDF has a lower melting temperature compared to a silica EDF,
which makes it easier to be fabricated. The Bi-EDF also has good thermal stability
and chemical durability, and is capable of supporting high Er** ion concentrations of
up to 13,000 wt-ppm (more than 10 to 100 times compared to conventional silica
based EDF). The Bi-EDFA has a high signal saturation power and flatness as well a
wider amplification bandwidths (i.e. from 1530 nm to 1620 nm). It only uses a short
length of active medium for C- and L- band region amplification, which increases the
compactness of the device and reduces the potential optical nonlinearity effect in the
amplifier.

In summary, Bi-EDFAs have demonstrated a lot of significant advantages as
compared to normal silica based EDFAs. However, in order for these advantages to
be fully utilized in inherent DWDM optical networks and in order for these
amplifiers to be commercially viable replacements to currently deployed silica based

EDFAs, further investigation is required.

1.5 Thesis Overview

This thesis is divided to four chapters that covers the theoretical background,
bismuth glass spectroscopic properties, basic bismuth-based EDFA characterisation
and performance investigation of bismuth-based EDFA in a WDM system.

In chapter 2, in order to explain the effect of glass host for optical amplifiers,
a brief theoretical background of the fluorescence of Er'" ion in glass host is

discussed. Here also, the detailed description of optical glass host property,
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requirement and its influence [20-31] on the optical amplifier application is
presented. Also, the importance of current optical fibres and amplifiers for future
optical telecommunications are also discussed in detail.

In the following chapter, Chapter 3, the characterisation of erbium-doped
bismuth fibre is presented. The bismuth glass as a host, whose physical and optical
properties and composition effect using the Judd-Ofelt and McCumber theories are
discussed extensively. The distribution of the stimulated and upconversion emissions
have been carried out to evaluate the performance of bismuth host glass. Using this
information, the Figure of Merit (FOM) of optical amplifier is calculated and
compared with other glass host.

In Chapter 4, in the first sections, using the result of erbium-doped bismuth
fibre discussed earlier in chapter 3, the performance of bismuth-based EDFA is
simulated. Later in the next section, all the basic measurements that are needed to be
done for the determination of the optical amplifier properties and performance
evaluation are proposed, discussed and compared with simulation data and result
from other researchers. This section reveals the effect of the optical amplifiers pump
configuration on the optical performance and the same is discussed.

In Chapter 5, the details of bismuth-based EDFA measurement for WDM
optical networks are discussed. The gain saturation, flatness, output signal Signal-to-
Noise Ratio (SNR) and channel spacing using gain hole burning technique is
proposed and evaluated for a 4 channel system. Later, to determine the performance
of bismuth-based EDFA in multiple channel optical system, saturating tone
techniques is suggested and discussed.

In the final chapter, the summary on Bi-EDFA as an optical amplifier is made
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and compared with conventional silica EDF. Future work is proposed to improve the
capability and functionality of Bi-EDFA and bismuth host glass and to exploit it in

later optical telecommunication systems.
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CHAPTER 2

THEORETICAL BACKGROUND

2.1 Introduction

Light amplification by rare-earth (RE) ions in an optical fibre is a process that
involves many fundamental principles of physics, ranging from classical to quantum
electromagnetic theories to the most crucial principles in LASER (Light
Amplification by Stimulated Emission of Radiation) physics. Therefore, a theoretical
analysis is essential in understanding and predicting the RE interaction and behaviour
so that the design and performance of an optical fibre amplifier can be improved. In
this chapter, the description of the fundamental relationship between the host glass
and the RE (Erbium) and EDFA will be discussed.

Glass as an amorphous material that plays an undeniably crucial role in
telecommunications today. The idea to use glass to guide light dates back to as far as
two centuries ago. However, it is only in the 1970s that the idea was finally realised
by a team from Corning Glass Works. After intensive research and development by
other researchers around the world, silica (Si0,) glass was identified and recognized
as the best transmission medium for optical communications [1]. Subsequently, with
the development of solid state lasers and increasing demands for larger information
transmission bandwidth, the demand for an all-optical amplifier systems to replace

the expensive and complicated optical-electrical-optical (O-E-O) regenerator systems
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sky-rocketed. The RE, Erbium was singled out from lanthanide series of elements to
perform the amplification task because its emission coincided with the 1550 nm low
loss transmission band of silica-based optical fibres. In order to explore its full
potential, substantial theoretical and experimental work was carried out and by 1987,
a team of researchers from Southampton University had successfully demonstrated
the use of the erbium-doped silica host glass as an optical amplifier for optical
telecommunication systems in the infrared 1550 nm wavelength region — (also

known as the third window of optical fibre communications).

2.2  Erbium ions in glass host
2.2.1 Brief of Glass host and Erbium ion
Glass host

Glass is a uniform solid phase of material, produced when a molten material
cools too fast that there is not enough time to form periodically-ordered crystal lattice
structures or crystallisation [1]. The lattice structure of SiO, glass, the most common
type of glass is short in three-dimensional matrix (polyhedra) without any symmetry
or uniform/periodic structure (although the valences are balanced), causing it to be
hard but at same time brittle and transparent (translucent). The matrix is built from
basic structural units made of glass network formers. The most common glass
network former is silica tetrahedron (SiO4)* linked with broad bond angle oxygen
atom links to form a tetrahedral structure. Other glass formers are germanium oxide
(GeO,), boric oxide (B,0s;), phosphorus pentoxide (P,Os), arsenic oxide (As,03),
phosphorus trioxide (P,0;), antimony oxide (Sb,O;) etc. These materials are capable

of forming glass structure due to their low crystallisation rate and form three-
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dimensional matrices with oxygen atoms [1, 2, 3]. Other compounds, such as the
oxides of alkali-metals or alkali-earth metals, (e.g. sodium (Na), lithium (L1),
aluminium (Al), titanium (Ti), etc) can also be added to the glass as network
modifiers. These modifiers cause the former bridging ions to become non-bridging,
thus breaking the lattice and results in a less tight network structure. Network
modifiers are used to facilitate the incorporation of trivalent rare earth ions such as
Er** ions [1, 2] and also reduces the glass fusion temperature and viscosity [1, 2, 3].

The structure of a typical alkali silicate glass is illustrated in Figure 2.1.

_”f
® Silicon {» Oxygen (bridging)
. Alkali ®' Oxygen (nonbridging)
Figure 2.1 Alkali silicate glass structure based on (Si*", O*) network formers

and alkali ion network modifier. The fourth bridging oxygen of the silicon
tetrahedron is outside the plane of the figure [1].

Silica glass has resistive properties to deformation at high temperatures as well
as high melting temperature and low thermal expansion coefficient [3]. Furthermore,
silica glass has good chemical durability and highly transparent in both the visible

and infrared regions where optical fibre telecommunications systems are being
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deployed [2, 3].
However, the continuous demands for wider bandwidth and longer distances in
existing optical fibre telecommunication systems has pushed the silica host glass to
its limit as a host for optical amplification. Limited RE ion doping concentrations,
short gain bandwidths and low output power are all limitations of silica based EDFA.
However, these shortcomings have initiated an explosion in the research for a new
type of glass host for future optical amplifiers [4, 5]. Glass hosts such as ZBLAN,
fluoride, phosphate and bismuth [4, 5] are being studied due to their advantages of
high RE doping concentrations, larger stimulated emission cross-sections around the
1.5 um bands and wide gain bandwidths [5]. From the study, bismuth based glass has
shown to be the most promising, as fluoride, phosphate and ZBLAN glass hosts have
major drawbacks during the fabrication process such as hygroscopic, having poor
glass thermal stability and ease of devitrification. For this reason, these glass hosts
were unfavourable to fibre manufacturers [4, 5].

The bismuth host glass on the other hand has received increased interest due to
their multiple application potentials in optical fibre telecommunications [5, 6].
Optical amplifiers using bismuth host have been studied and are capable of
exhibiting broadband gain bandwidth due to a large emission cross-section [5] and
high RE ions concentration without concentration quenching [6] that is preferred in
the design of high power and compact optical amplifiers. Furthermore, they have the
advantage of lower splice losses when spliced with the normal silica based optical
fibre [6] thus raising its potential as a broadband optical amplifier for optical

telecommunication systems.
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Bismuth is the most metallic material in the periodic table under Group V
(pnictogens) block elements that is capable of forming oxide glass with a molecular
formula of Bi,0;. bismuth based glass has a low melting point of approximately 817
°C [6], making it less difficult to fabricate as compared to silica glass, (whose
melting point exceeds 1700°C [3]). Bismuth glass also has a high refractive index

that makes is suitable for high efficiency optical amplifiers.

-

g

Figure 2.2 Pyramidal polyhedron structure of Bi,O; glass (The arrow is
demonstrative of the posible non-bridging oxygen atoms that bond with the RE ions)

Bismuth glass has a pyramidal polyhedron structure whereby the faces and the
base of the structure are triangular and converge on the apex as shown in Figure 2.2.
above. The apexes of the polyhedron are occupied by three oxygen atoms with strong
bonds and short Bi-O distance. However, these distance are not the same in the case
of the glass due to distorted oxygen lone pairs [7] inhibiting the crystallisation
process. A high oxygen atom ratio in the vicinity of the heavy bismuth atoms makes
the bismuth glass host capable of incorporating and bonding with more RE ions via
non-bridging oxygen atoms, thus increasing the RE emission cross-section and

lowering the RE clustering for a lower concentration quenching effect [4-6].
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Erbium ion

Erbium is a trivalent lanthanide that has an electron configuration of [Xe]4f !2
652, where [Xe] represents the closed shell electron configuration of Xenon (as given
in Table 2.1). It has a sharp absorption and luminescence spectra band from the
visible to the near infrared region due to its specific 4f electronic energy level
splitting as shown in Figure 2.3. Erbium naturally exists in two oxidation states,
namely Er?* and Er**. However, it is the triple charged ion state that has garnered a
lot of interest, especially in the photonics community because of its radiative
transitions in the infrared region around 1.55 pum coinciding well with the third
window of optical telecommunication system [4-6]. This triple charged ion is formed
by losing one 4f electron and both the 6s electrons with the 5s and 5p shielding the
Table 2.1. Electron configuration with their corresponding electronics

configurations and ground states of selected lanthanide elements in the +3 ionisation
state (trivalent).

Element Atomic number Electron configuration ~— R**
La 57 [Xe] 5d ' 6s° -
Pr 59 [Xe] 4/ 6s H,4
Nd 60 [Xe] 4f7 65 ? Lo
Pm 61 [Xe] 4/ 6s S,
Sm 62 [Xe] 4f96s Hs),
Eu 63 [Xe]4f76s? Fo
Gd 64 [Xe] 41 6s ° S
Tb 65 [Xe] 417 6s ? "F
Dy 66 [Xe] 4/ 6s SHisp
Ho 67 [Xe] 4f " 65 ? g
Er 68 [Xe] 4265’ Ty
Tm 69 [Xe] 4f " 657 SHe
Yb 70 [Xe] 4f" 65’ Fap
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remaining 4f orbitals [8,9]. Thus, the shielded Er** ion's 4f orbitals generate
luminescence which is weakly dependent on the host material.

The luminescence transition of trivalent Erbium ions in a glass host is initiated
from a parity forbidden f-f electric dipole transitions within the inner-shell 4/ when
the ions are excited by an external excitation energy [8, 9]. This forbidden electric
transitions are allowed in a crystal and glass host because of the interaction of the
crystal field creating a mix of odd- and even-parity wavefunctions that relaxes the
dipole selection rules. The 4f shell is shielded from external field of the glass host by
the outer shells 5s and 5p, thus the luminescence retains its sharp spectral lines. This
also causes the luminescence lifetime to be longer since it lacks other non-radiative

decay processes.
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Figure 2.3 The splitting of the 4f electronic energy of Er*" ions, illustrating

the effect of electrostatic-electron interactions and spin-orbit splitting.
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2.2.2 The Requirements for EDFs as Optical Amplifier

There are many key aspects of an optical amplifier that are required for future
telecommunications systems. The following characteristics are the current major

requirements of optical amplifiers [2-17]:

(] Glass material and properties and fibre mode profile design:
low intrinsic and extrinsic loss properties, low absorption and scattering,
precise control of fibre mode and refractive-index profile in the radial
direction

m  Rare-earth material:
wider emission spectra, higher doping concentration/solubility, high input
saturation power

m Efficiency:
high pump photon to signal conversion, low upconversion, low noise figure

m Cost: low cost fabrication process, compact, high chemical and

physical/mechanical stability and durability

All these factors are major aspects of optical amplification that are necessary and

important features for future optical telecommunications systems.

Optical absorption and scattering loss
The key principle of an EDFA is to amplify an optical signal as it travels along

an optical fibre over long distances. This is because as a signal travels along the fibre,
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it will experience loss, thus losing power. These losses originate from the glass
material and its manufacturing parameters and can be categorized into either intrinsic
or extrinsic loss [2,3]. Intrinsic losses are inherent to the fibre material arise from the
fundamental material properties of the glasses used in fabrication. It is caused by
density fluctuations, electronic transitions and lattice vibrational (atoms bonds)
absorption. The intrinsic losses can be reduced by careful and appropriate choice of
material compositions. Figure 2.4 show the loss spectrum in silica glass fibre such as
UV resonance tail or Urbach edge, hydroxyl ion phonon and multiphonon absorption,
and Rayleigh scattering. As illustrated in the figure, the Rayleigh scattering loss is the
leading losses in modern telecoms grade low O-H phonon absorption silica glass

fibre.

/

/ Multiphonon
Absorption

04 05 06 07 08 10 12 15 2030 510
WAVELENGTH (um)

Figure 2.4 Transmission loss spectrum of silica glass fibre from visible to near-
infrared region [13].

Extrinsic losses on the other hand arise from outside sources such as

imperfections in the fabrication process, material impurities or structural defects.
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Most extrinsic loss are contributed by the hydroxyl ion group, which acts as an
impurity as shown in Figure 2.4 that attenuates the optical signal at 1.38 um, 1.24 um
and 0.95 um [12]. However, in recent ultra low loss silica fibres, these losses have
been reduced significantly so that they have very little effect on signal power. The
reason behind this success is the advanced fabrication process control used and the
high purity starting materials adopted.

The only remaining limitation of recent ultra low loss silica fibres is the
intrinsic loss. Because intrinsic loss rises from the strong mutual interaction between
signal photon and the material itself [12, 13], it is very much more difficult to remove
as compared to extrinsic losses.

There are two known interactions in a glass material that causes these high
loss: phonon and multiphonon absorptions. Phonon absorption is caused by bending
and stretching vibrations between neighbouring atoms in the glass lattice [12-14].

By using a simple two atoms per cell model, the vibrational frequency wr at the
cross point in transverse mode can be given as [13]

2 = 2CEL+ LE : 2.1)
1 M2
where M, M, are the mass of the atoms and C is a binding force constant. Here, the
frequency, or depends on the mass of the two atoms and is absorbed to the crystal
resonantly. As the result, any signal photon that matches this frequency ot will have
a higher absorption coefficient than others [13].

Multiphonon absorption on the other hand is the result of the combined effect

of two interrelated mechanisms: the electric moment associate with the distorted

charge density of atoms from photon interactions and non-harmonic inter-ionic
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potentials from electronic charge density interaction. The absorption coefficient is

given by [13,14]
_ U
A= Kexp%-y U_E ’ (2.2)
0

where K and vy, are constants of the material and v, a longitudinal optical phonon
absorption frequency. According to T. Izawa et.al. and L.L. Boyer et. al. [13,14],
when the atomic potential in the glass is weak, the non-linear effects of the optical
interaction becomes strong and a fine structure of absorption spectra is observable.
Consequently, it can be seen that phonon and multiphonon absorptions are dependent
on the atom, i.e., mass and also host material's optical phonon frequency.

Scattering loss is another type of loss commonly encountered in glass hosts and
is caused by effects such as concentration fluctuations and acoustic and optical
phonon interaction [13,15]. The losses occur in such a way that when an incoming
photon strikes this structure, it transfers/scatters the photon energy to other directions
[15]. These microscopic variations are associated with the glass random molecular
structure that causes Rayleigh scattering, Raman scattering and Brillouin scattering
[11,13,15-17]. The Rayleigh scattering loss is dependent on wavelength, A and the
fibre core composition, e.g. GeO,-doped SMF [13,15,16]. As the loss of modern
telecom grade optical fibre is about =~ 0.12 to 0.15 dB/km near signal wavelength of
1.55 pm, the minimum loss level is mainly limited by this fundamental process that
dominates at short wavelengths. Raman scattering is a quantum-mechanical process
of photon scattering when the signal photon frequency and wave vector matches the
optical phonon of the glass material [17]. Brillouin scattering is also similar as

Raman scattering processes except that now the signal photon frequency and wave
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vector match the acoustic phonon of the glass material instead [17]. Both Raman and
Brillouin scattering loss are usually very weak and dependent on wavelength as A+

[11,13,15,17]; however it is the Rayleigh scattering loss, which is that dominates.

Amplification bandwidth

Silica glass fibre for optical telecommunication systems utilises optical
wavelengths ranging from 1300 nm to 1600 nm, where fibre background loss is
lowest [9,10,11,13,15]. Long haul transmission systems are possible with silica-
based optical amplifiers with rare-earth doping especially erbium ions. EDF with
silica host glass is very efficient at generating fluorescence emissions from 1520 nm
to 1600 nm (C+L band region) [2]. This breakthrough has expanded the long-haul
optical telecommunication system to new distances of 7000 km [11,12,18,19].
Although long-haul optical telecommunication is proven and utilised, currently
deployed optical systems only focuses on one-third of the overall wavelength
window from the silica fibre low loss region. The main reason of this is the lack of
amplification bandwidth and optical sources [2,11,12]. Based on these factors,
optical engineers are now looking for alternative solutions to widen the optical
bandwidth. Figure 2.5 shows a bandwidth comparison of optical amplifiers including
EDF-based amplifier with silica, fluoride and telluride glass host, Raman amplifiers
and also quantum-dot semiconductor optical amplifiers (SOA). Furthermore, optical
amplifiers should have a uniform or flat gain [2, 6,11,18] in order to ensure the
maximum applicable amplification bandwidth. This is the major obstacle to the
current silica-based EDF since it has a narrow gain bandwidth due to high emission

intensity at Er** peak emission wavelength [2,6,11].
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Figure 2.5 Comparison of optical amplifiers bandwidth using EDF with silica,
fluoride and telluride host glasses, Raman amplifiers and SOA.

Recent studies have demonstrated that a wide and flat amplification spectra can
be realised by substituting the EDF host material from silica with fluoride [13,14,20],
tellurite [22] and bismuth [6,23,24]. These new hosts yield a wider emission cross-
section over signal wavelength amplification range (1530 — 1550 nm) due to different
Stark splitting compared with silica host [2]. Other researcher also tried to
incorporate new RE material such as Thulium (Tm*) in these new type of host
glasses [22] to explore new amplification region cries a view to widen the current
amplification bandwidths.

Presently, in order to utilise the L-band amplification region, optical engineers
have been forced to use longer EDFs. This system has been demonstrated in Japan
and South Korea but suffers from a few major limitations. When this system is
combined with a high bit-rate signal, non-linear effects such as cross-phase
modulation (XPM), self-phase modulation (SPM) [25,26] and four-wave mixing
(FWM) [27] become more evident and detrimental. For optical amplifier
manufacturers, using longer EDF lengths also signifies extra cost and space, making
it commercially less viable. This also increases the amplifier complexity and thus the

resources required to manufacture the amplifier. Besides that, due to the low pump
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power conversation efficiency and being far from the Er** ions emission cross-section
[28], the gain of the signal is small, requiring a larger number of optical amplifiers to

achieve the desired output signal power.

Concentration Quenching

EDF from silica host glass has a limitation on the RE doping concentration [29,
30]. The ability to have high concentration RE doping is crucial in producing higher
signal gain per pump power ratio without extending the EDF length. To archived
maximum signal gain per launched pump power, the Er’*" ion distribution should
ideally be uniform in the centre of the fibre core [30, 31]. However, when the rare
earth concentration increase, the ion distribution and distance is reduced due to
residual interaction such as local charge compensation [31]. This can generate
undesirable effects (especially in silica-based optical fibre amplifier) such as the
reduction of the fluorescence bandwidth and lifetime as well as concentration
quenching [2,29-32]. These effects have led to an increase in the pump power
required for optical gain and also higher noise penalties [2]. Figure 2.6 shows the
three main concentration quenching processes [2,32-36] that are actually significant
in an EDFA, namely

(a) Resonant energy migration [2, 33, 34] where an excited ion (donor)

transfers its energy to a nearby ion (acceptor) in the ground state. This process

ends with the donor in the ground state and the acceptor in the excited state.

The mutual energy is proportional to the inverse of the third power of

theinter-ionic distance and results in an energy spatial migration (diffusion) and

random excitation energy transfer through the host [34].
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Figure 2.6 Schematic representation of concentration quenching effect in Er** ions
using two-level approximation (donor (D) and acceptor (A)). The horizontal lines
represent Stark manifolds of the 4f levels of Er**. (a) resonant energy migration, (b)
cross relaxation, (¢) Cooperative frequency upconversion
(b) Cross-relaxation [1, 34, 35] whereby energy is transferred between the
donor and acceptor, thus promoting the acceptor to a higher energy state.
Initially, the acceptor can be either in an excited state or in the ground state, as
shown in the Figure 2.6 (b). This process can happen at any energy state and it
is said to be resonant if the energy gaps are equally matched or phonon-assisted
if the mismatch is compensated by the addition of phonon processes [2, 29].
Phonon-assisted cross-relaxation in RE doped glass is comparable with
multiphonon processes [13, 14] that depend on the host phonon frequency as
shown in Equation. (2.2). In case of the process occurring when the ions are in
the form of a pair or a cluster (separated by less than 0.5 nm [35]), the energy
transfer is very efficient and this special cross-relaxation is called Pair-induced
Quenching (PIQ) [36, 37]. This clustered ion structure in the glass host is

unknown, complicated and can form in many shapes with different host

compositions and fabrication processes [36, 37]. As the cluster distance and
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distribution becomes closer, the energy transfer process can happen very fast in

a sub-microsecond timescale [38] that lowers the population inversion thus

reducing the output signal gain and efficiency dramatically [39].
(c) Cooperative frequency upconversion [2, 35, 40] is also a special case of
the cross-relaxation process where an acceptor ion that has been promoted to a
higher energy state by a donor ion is relaxed non-radiatively (phonon) [40] to
a lower level and then relaxes radiatively (photon) to the ground level. In this
process, the emitted photon has a higher energy than the incident photon due
to higher energy gaps as shown in Figure 2.7. As the process is repeated
several times with the same acceptor ion, the emitted photon can have a much
higher energy. This upconversion process is dependent on the Er** ions energy

gaps and is capable of converting the infrared photon pump into visible light

[2,33].
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Figure 2.7 Possible upconversion transitions from cooperative frequency
upconversion process. Er**(1) is a donor and Er**(2) is a acceptor.
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The degree of energy transfer by concentration quenching processes especially
by upconversion mechanisms varies between glass hosts with random (uniform) and
clustered ion distributions [41]. For random RE ions distributed in the glass host, the
energy transfer is a homogeneous process that depends more on the excitation
energy, while for clustered RE ions, the energy transfer is an inhomogeneous
process, which is largely dependent on the interionic distance [2]. Since the
upconversion processes in a highly-doped glass host is mostly inhomogeneous [2,41],
the energy transfer occurs at a high efficiency thus reduces the 1.55 pum emission
significantly.

In order to increase the Er’** ion distribution, several techniques have been
developed. The common technique is accomplished by adding alkali-metals as glass
modifiers [42] such as Aluminium, Phosphorus, Natrium, Lanthanum, Germanium,
Magnesium, etc as co-dopants. These co-dopants are capable of increasing the
amount of non-bridging oxygens [42, 43] by altering the glass matrix coordination;
thus reducing the Er** ion clustering capability. Other techniques such as altering the
glass host network former also affects the ion distribution [44, 45]. Glass hosts such
as phosphate and bismuth have high RE solubility [44,45] that are capable of
generating very efficient 1.55um emissions. Most recent studies have demonstrated
that new rare-earth doping techniques known as the direct nanoparticles deposition
(DND) [46,47] using nanosize particles of the dopants simultaneously with silica
glass deposition. This technique has shown smaller amount Er3* ion clustering and is

capable of producing very efficient high gain amplifiers with short EDF lengths [47].
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Optical output power

Optical amplifiers are required to have a high signal output power to keep up
with todays long-haul optical DWDM transmission systems. In an optical repeater
configuration for example, this could provide a greater distance between repeaters,
while in a power amplifier configuration it would allow the signal to be split into a
greater number of fibre lines for re-networking [2, 48, 49]. From the energy
conservation principles, the output signal saturation power P& of optical amplifiers
in highly saturated condition is defined as [2]

P(u,) = Po(u,)+ PS(v, )+ P v )1- e ¥ 2.3)

where P;,"® is the 'intrinsic saturation power' at signal/pump v, is defined from basic
laser system [50] as

ho, 7o, , (2.4)

PBlv, |=
S,p( s,p) [Ga (Ds’p)'l' Ge(l)s’p)]’[

Here vy, is the signal/pump frequency, o, is the fibre mode radius (spot size) [51], ©
is the *l;3, state fluorescence lifetime and o,(vs,) and o.(vs,) are the erbium
absorption and emission cross sections constants, respectively. As a result, the output
power of optical amplifier are limited by the signal and pump intrinsic saturation
power. In order to improve the total output power, the optical amplifier must have a
smaller optical mode radius, larger absorption and emission cross section and longer
fluorescence lifetime as shown by the equation.

The requirement for single mode propagation in a high power fibre laser had
pushed optical fibre manufacturers to fabricate fibre which is small core radius r .
with high relative refractive index contrast between the core and the cladding [52].

This is shown by V number expression, given as
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21

V= )Tcore NA (25)

with NA being the fibre numerical aperture and A is the signal wavelength. For single
mode propagation, V has to be < 2.405. With this problem, several attempts to
design different index profiles for optical amplifiers have taken place. Snitzer et. al.
[53] proposed an eccentrically positioned core or a rectangular fibre shape for high
power applications. The irregular fibre profiles shown in Figure 2.8 have successfully
increased the beam paths for better pump absorption cross sections and generated
more than 100 W of optical power at 1.55 um [54]. These sophisticated fibre profiles
also allows the usage of multi-mode fibre laser diodes that give better light coupling

efficiency and higher brightness compared with single-mode fibre laser diodes [53].

a) b} c)
d) &) f)
Figure 2.8 Examples of cladding-pumped structures for optical fibre amplifier
profile: (a) eccentric core, (b) rectangular, (c) D-shape, (d) star, (e) polygon, (f) holey
(air) taken from [54]
The absorption cross sections of an Er** optical amplifier also can be increased
by co-doping Ytterbium (Yb) in the host [55]. Compared to other lanthanide
elements, Yb** has larger absorption cross section at near 910 and 975 nm for laser

emissions at about 1040 nm. In addition, the availability of powerful diode pump

sources at 975 nm has also contributed towards the interest in this technique.
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The amplification process is done by efficient resonant energy transfer between
Yb** emission (*Fs,—2F;,) and Er** absorption (*I;s,—*I;1,) energy levels. The non-
radiative energy transfer then decays rapidly to the Er** “l;3, upper level and
maintains the population inversion of Er** larger thus generating a higher laser
emission at 1.55 pum [55]. Using this method with an irregular fibre core made from
phosphosilicate fibre, Y. Jeong et. al. [55] has demonstrated a continuous-wave fibre

laser with an output power of 297 W at 1567 nm.

Cost and Complexity

In order to boost the optical fibre transmission system, the fundamental element
to the optical system providers that has to be kept in mind are the cost and
complexity of the system. Utilising matured glass material such as silica glass as the
transmission medium reduces the cost of the system, thus increasing coverage and
feasibility for long haul application to local areas. Currently deployed Fibre To The
Home/Passive Optical Network (FTTH/PON) to serve as an information network
(video, voice, data, etc) is limited to a small number of users due to high optical loss
budgets and system complexity. As the result, the research of low-cost solutions and
small footprint are more attractive from the service provider's point of view rather
than simply being a state-of-art discovery. This can be archived by careful evaluation
of current requirements and future demands, where a ultra-broadband (or multi-
terahertz) optical amplifiers is undoubtedly needed [56]. With current technology
limited to complex Raman amplifiers and QD-SOA, new types of EDFA will be
considered for low cost and simpler reason. The development of bismuth-based

EDFA optical module as shown in Figure 2.9 by Asahi Glass Co. open a possibility
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to optical system provider to design and develop broadband optical amplifier that is

low cost and easy to implement in complex optical network telecommunication

system.
i
Figure 2.9 Bismuth-based erbium doped fibre amplifier with 4x4 cm in

dimension (courtesy of Asahi Glass Co.)
2.2.3 Energy level system of Er**:glass

Energy levels of the Er** ions are labelled using Russel-Saunders or the LS
coupling scheme according to their orbital momentum, L, orbital angular momentum
J and spin momentum S, [57]. In the LS coupling scheme, orbital momentum and

spin are the sum of momenta and spins of individual electrons, thus

N
L:z

are the total orbital and total spin momentum operators, respectively, and

N
L, S=5s - (2.6)

1 1

J=L+S 2.7)

is the total angular momentum operator which has 2J+1 eigenstates depicted by the
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magnetic quantum number M = -J,-J+1,-J. The electronic states of ions is
presented using the vector term symbol **'L; where J and S are specified with
numbers (0,1/2,1,-++-), L is traditionally specified with letters S, P, D, F, G, H, -,
according to the Clebsch-Gordan series respectively, which is given in details in
Table 2.1.

The energy level structure of Er** ions in glass host is shown in Figure 2.10.
The ground level has a configuration of “I, which splits into 9/2, 11/2, 13/2 and 15/2
due to the ligand field interaction between the non-central electrostatic fields,
electron spin and its orbital angular momentum [9, 58]. The absorption bands of
1480 nm and 980 nm shown in the figure corresponds to transitions from the ground

level #I;5, to the top of the *I;5,, and *I;;, manifolds, respectively.

N3 Pump
4
930 % Illﬂ state
1 Non-radiative
980nm ! emission
pump !
N2 |
4 Metastable
1480 nin % I3n state
1550 nin 1480nm o e Radiative emission
pump (1520-1610nm)
Stimulated
Spontaneous emission
emission
Ground
4I state
1502
Figure 2.10 Energy levels of erbium-ion showing possible absorption spectrum

(pump band) at 980 nm and 1480 nm and radiative transition (gain spectrum at 1520-
1610nm) and the multiple lines representing the Stark levels.

The emission of excited Er** ion is shared between radiative and nonradiative
emission. The radiative emissions depend on the energy gap/separation between the

energy levels ranging from 103 to 10* cm’'. Radiative emissions release transition

44



Theoretical Background

energy by emitting photons at a transition frequency given by Planck's Law, E = hv
[58]. The strong emission band around 1.55 um is a radiative emission from the first
excited state “I;3,, which is also known as the metastable level to the ground level
“I;5». This emission has a long lifetime (up to 10 ms in silica glass host [2]) and high
quantum efficiency (= 80%) [2] due to short non-radiative processes [2, 59]. While,
the other non-radiative emission is in the form of one or several quantized lattice
vibrations or phonons [58] and depend on glass medium. The emission from the *Iy,
and “l;;, levels are mostly nonradiative emissions [2] and are subjected to
multiphonon relaxations. The effect of multiphonon relaxation in an optical amplifier
results in an emission at a visible wavelength that is also known as the upconversion
effect [35, 38]. The visible emission is possible because the Er** ions at this emitting
level populates more easily through this condition than through direct excitation from

external photons [58, 60].
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Figure 2.11 Representation of absorption, stimulated emission and spontaneous
decay
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It is clearly seen, that by exciting the Er** ions with a photon at 980 nm or 1480
nm produces the non-equilibrium condition, the number of ions in the metastable
state can be increased. In order to obtain signal amplification, the number of ions in
the metastable state must exceed the number of ions in the ground state. This
condition is known as 'population inversion'. For that reason, to produce high
population inversion, the energy decay rate by radiative emissions should be slower
than the pumping rate with other non-radiative emissions kept at a minimum.

Radiative emission can be further divided into two types as shown in Figure
2.11. The decay can occur spontaneously, which is knowns as spontaneous emission
or stimulated by the signal photon, which is known as stimulated emission.
Spontaneous emission occurs when the ions spontaneously drop from an upper level
to a lower level by emitting a photon radiation at the transition frequency [58]. Due
to each individual ion radiating independently, the emission of the spontaneously
emitting ion is noise-like in character, that is with random phase and direction. This
emission is usually referred as incoherent emission. Typically, less than 1% of the
spontaneous emission is captured by the optical fibre mode and becomes a source of
optical noise [2]. When the noise gets amplified, it results in amplified spontaneous
emission (ASE), which is actually stimulated by the spontaneous emission.

Stimulated emission occurs when an external signal photon is incident upon the
Er** ions [58]. The signal photon will then cause the ions to release the extra energy
by emitting a photon that is identical to the original signal photon. The additional
photons increase the number of signal photons of the system and these photons are

coherent with the applied signal, thus amplification is achieved.
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Stark Splitting

Ligand fields of the host material generates an effect known as Stark splitting
[2, 59] that breaks the degeneracy of the individual Er** ions 4f energy levels and
results in multiple sub-levels (see Figure 2.12). The luminescence broadening at
room temperature is the consequence of Stark splitting effect. This Stark sub-level is
populated according to the Boltzmann's thermal distribution, which depends on
separation energy and temperature and makes it possible to consider each of them as

a single energy level [2, 9, 61].

host ion

host ion

host ion

Figure 2.12 [Mlustration of ligand field of Er** ions and glass host

The Stark levels in the silica glass host can be split into 7 and 8 sub-levels,
yielding a total of 56 transitions. With multiple transitions, the Er** ion emissions in a
silica host has a high possibility to be re-absorbed and re-emitted at longer
wavelengths [2, 62]. This phenomenon is known as the quasi-two-level pumping

system and increases the advantage of erbium doping in a silica host as an optical
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Figure 2.13 (a) Effect of Stark splitting in the energy level, (b) effect of
inhomogeneous broadening, where random field variations from site to site cause
changes in the Stark splitting and centre wavelengths of laser transitions [2].
amplifier with wider optical bandwidth. In fact, the L-band amplification region was
accomplish from this quasi-two-level mechanism [2, 63].

Figure 2.13 (a) shows the lower *l;5, and upper energy levels “lI;;, split into
manifolds g, and g, thus creating a g;xg, superposition of possible laser transitions.
As such the Stark splitting broaden the laser transition, the transition manifold is not
homogeneous [2, 59], since each laser transition between the two Stark manifolds
have different characteristics.

The Fig. 2.13 (b) shows the effect of site to site variations on the Stark levels.

Because it occurs randomly, this causes a deviation in transition wavelength and

inhomogeneous broadening of the laser line [62]. Inhomogeneous broadening can be
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viewed as the qualitative differences in transition line characteristics such as line
shape and centre frequency [64]. These differences originate from distinct local atom
environments in the host glass material such as missing or misplaced neighbour
atom, trapped atom charges, alternative charge states, etc [2]. The inhomogeneous
line widths generally depend weakly on temperature, and are characterized by
Gaussian and Lorentzian lineshapes [65] for zero-phonon energy by the Voigt

function [66].

2.3 Light Amplification Principles of EDFA

2.3.1 General Theory

The general theory of light amplification in optical fibre is based on simple rate
equations which describe the fractional light amplification as it travels a certain
distance in an active medium [2, 31, 56, 64-67]. This theory uses the energy level ion
population density, pump light intensity and rates equation which are fundamental
properties of the atom in a particular environment to interpret the interactions of the
atom (absorption or emission) when an electromagnetic field is incident on it [43,

58].

2.3.2 Rate Equations

Rate equations are developed from atomic energy levels to describe the effect
of absorption, stimulated emission and spontaneous emission. In this dissertation, the
rate equations developed by Giles et.al. [64-67], for Er** ions based on a three-level

laser system are used to explain the amplification process in the EDF. The three-level
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laser system uses three energy levels, which are the ground energy level as level 1,
the metastable level as a level 2 and the pump level as level 3 as shown in Figure.
2.10.

Nj, N, and N; are denoted as the densities of the ions in the respective energy
levels of ground state, metastable state and pump state. R,; is the pumping rate from
level 1 to level 3 and the Rj; is the stimulated emission rate from level 3 to level 1.
The radiative decay comprises of transitions from level 3 to level 2 and from level 2
to level 1 giving a total rate of *W; which is the sum of ¥W3, and *W,,. In level 3,
nonradiative decay is predominant over the overall spontaneous decay rate, i.e. \¥W3,
>>RWj;. So, the spontaneous decay rate between level 3 and level 2 can be simplified
to Ws,. The Spontaneous Decay rate from level 2 and level 1 is Wy = RW,; + MW, Tt
is assumed that spontaneous decay is dominated by the Radiative Decay Rate, *W,,
>> NRW,,. Thus, the Spontaneous Decay Rate between level 2 and level 1 can be
simplified to W,;. The Stimulated Absorption Rate between level 1 and level 2 and
Emission Rate between level 2 and level 1 are denoted by S, and S,;.

Let the total local erbium ion density pg, = N; + N, + N; and for initial
conditions when there is no pump energy, p = N; and N, = N3 = 0 where all ions are
in the ground state. From here, the atomic rate equations for N;, N, and N; can be

written corresponding to their population as

dN
d_t] = -Rj3N;+ Ry Ny - SN, + S, N, + W, N, > (2.8)
dN

tz = SyN; - 5N, - Wy N, + Wy, N, , (2.9)
dN

t3 = RN - Ry Ny - W, Ny | (2.10)
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2.3.3 Light propagation and amplification

Light propagation in the fibre is complicated by the distributed nature of the
amplifier [58], and this often requires a complex numerical solution. The
amplification in the the EDF can be explained by calculating the optical fields in
slices, Az along the propagation direction as shown in Figure 2.14 . Light in the fibre
can be assumed to be propagating as a number of optical beams of frequency
bandwidth Av, that are centred at the optical wavelength A, = c/v,. This notation
describes both narrow line beams such as the pump and signal sources where Avy~
0, as well as the broadband ASE, where Av, equals to the frequency steps used in the
calculation to resolve the ASE spectrum [67]. The integration over the optical

frequency is then approximated by a summation over z slices.

dz

-

1{0) Kz) I(z+dz)

z=10 z ztdz z=L

Figure 2.14 Light amplification after propagation in length L of gain medium

For a typical fibre amplifier parameter, treating the 980 nm pumped amplifier
as a two-level model is valid for average pump powers less than 1 W [2, 67]. This is
satisfied for all reported fibre amplifier experiments [62]. Reducing the EDFA model
from a three-level to a two-level gain medium causes the order of the differential

equations involved to be reduced. Hence, the complexity of the model is relaxed.
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Equation 2.11 represents the particle conservation for a two-level system under fibre
radial and azimuthal representation.
N; = ni(r,(a,z) fori=1,2

. 2.11
n,(r,0.2) = n,(r.9,2)+ n,(r.0.2) @1

The integration of the light intensity distribution of the k-th beam I (r,@3z) over the

radial and azimuthal co-ordinates gives the beam's total power Py(z) at position z in

the fibre amplifier is given by

2mw

P@= [[L(p.2)rdrdp 2.12)

where the light intensity Ii is normalized by

L(g.2) (2.13)

ik(r’(p): P (Z)

where i, is the normalized optical density. Here I, (r,(3z) is a separable light intensity
variable such that the shape of the k-th optical mode is independent of z.

The propagation equation integrated over the fibre transverse direction
including the pump light absorption, signal stimulated emission and spontaneous

emission is given by [2, 64-67]

de (Z) _ 2mo

d ukGekI J ik (ra(p ’ Z) n, (ra(p ’ Z) rdrd¢ (Pk (Z) * 1’nthADk)

Z 00
2nw

- ukGakII ik(ra(paz) nl(rs¢sz) rdrd(p(Pk(Z)) i (214)
00

where u, denotes the propagation direction of the k-th wavelength and takes the value
of +1 and -1 for forward and backward directions respectively, and G, 1S the
wavelength dependent absorption cross section and emission cross section via Gyl ',

and ol respectively, assuming uniform doping, with 'y representing the overlap
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integral between the dopant and the optical mode while n, is the total population in
the fibre. Due to the Er** ions o, and o, cross section are very dependence with
glass host, these parameters were obtained only by direct measurement on actual
EDF.

The term mhvy Avy is the contribution of spontaneous emission from the local
n, population, and its growth through the amplifier. The number of modes, m is
normally 2, as in the case of the LP;; optical mode in the fibre that supports the two
polarization states of the lowest order (first order transverse electric and magnetic
field, TEy; TMy).

The light propagation equation above can be solved via several numerical
methods to resolve the spectral modelling. The 'Giles model' [64] is the most
comprehensive model that provides results in full spectral solution for pump, signal
and ASE in both directions. In this model, the equation is integrated both in the
backward and forward directions along the fibre until the specified convergence
parameters were reached [65].

Although this model includes the ASE in the signal gain and noise calculations
when compared with the real EDFA it is was found to be less realistic, because the
actual optical amplifier has many detrimental effect such as fibre background loss,
Excited State Absorption (ESA), saturation and upconversion that deteriorate the
overall performance [2, 64, 65, 67].

For that reason, the propagation equation in Eq. 2.14 needs extra modifications
to include all the detrimental effects and thus, making it more practical for real
applications. Let us again re-define pump, absorption and emission rates R, S and W

in Eqgs. 2.8, 2.9 and 2.10 for a two level laser system,

53



Theoretical Background

) Pp(LDP)
RIZ(Z,Up)T_ P (v,) , o
Sulerole- g s.(v) Plzv) (2.16)
1214 5 Yy - Ga(ns)+ Ge(l)s) P, (v,)
W21(Zara1)s)T: Z GS(DS) PS(Z,DS) ’ =

S Ga(Ds) + GE?(,“)S) Psat(Ds)
where the saturation power at signal (or pump v, ) frequency v; is defined from the

basic laser system [50] (Eq. 2.4). Eq. 2.14 therefore becomes,

amplificaton ASE power
dP,(z) \n .0
k - 2 2
- uk(ak ¥ gk)__Pk(Z) t u,g, — mhv, Av,
dz n n

t

' . (2.18)
- uk(ak ¥ Ik)Pk(Z)

attenuation

Here the o, and g," are the fibre absorption and gain spectra, respectively. Expressed

in terms of the distributions of the Er** ions and optical modes, these quantities are,

20

a, = Gak”ik(r,(p)nt(r,(p,z)rdrd(p )
00
2mo
g - GekIIik(r’(P) nt(r,go,z)rdrd(p (-19)
00
n,/n, is the average ion density ratio where,
Z Pk(Z)U“k
n,_4 Bt g) : (2.20)
I_lt 1+ Pk(Z)
B{Sal

From Eq. 2.18, we can see that the signal output power of the optical amplifier
depends on the absorption and emission cross sections of Er’*" in the EDF and the
saturation output power Pyt of the EDFA. The output power is also affected by the

ASE power that may saturate the output power as demonstrated by E. Desurvire ef.
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al. [2, 64] and Giles et.al. [64, 67] in their experimental studies.

2.3.4 Er* ion Absorption and Emission Cross Section

The Er** absorption and emission cross section is an important variable in
understanding the intrinsic workings of an EDFA. This cross section determines the
distribution of optically induced transition processes [58] for evaluation of light
amplification (as shown in the o, term of Eq. 2.20). The emission cross sections
that are directly related to the signal amplification are difficult to measure using
standard techniques because of the varying structure of Stark splitting within each
energy level manifold and its magnitude or oscillator strength. In practice, it is easier
to measure the absorption cross section by standard 'cut-back' techniques [2] and
calculate the emission cross section from the absorption results. This techniques is
referred to as the method of reciprocity using several theories developed by Judd
[69], Ofelt [70], and McCumber [71]. In this thesis, these theories are considered for

cross section predictions of the Er** ions in bismuth glass host.

I.  Judd-Ofelt Theory

In 1962, Judd [69] and Ofelt [70] both independently developed the theoretical
method to calculate the electric dipole matrix element. They used the principle of the
intensity of the forbidden f-f electric dipole transition that originated from the
opposite parity mixture of the 4f " configurations. They then established a correlation
between calculated intensities of electronic transitions from Russel-Saunders
coupling scheme with observed intensities under absorption cross section

measurement using the atomic oscillator strength principle [70].
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In this theory the intensity strength dependency of the host glass can be
determined using 3 parameters Q,, Q, and Qs [69, 70], which are due to the mixed
opposite parity 4f » and 4f ™'5d ligand fields and also by the totally asymmetric
vibrations from the lanthanide ion and ligand interactions [72].

The Judd-Ofelt theory defines the electronic dipole oscillator strength P for a

transition between a ground level i and an excited level j in isotropic medium as [69]

. 8m'mu ol AP
il 3h(2J+1)n2Xet:Z,4,6Q‘<1”U Il 22D

where m is the mass of an electron, 4 is Plank's constant, v is the frequency of the
transition and (2J+1) is the degeneracy of the ground level that rises from ligand field
Stark splitting. Here, 7. is the Dexter correction [73] for the local field and 7 is the

refractive index of the medium
n(n2 + 2)2

2.22
5 (2.22)

Xe=

In the last term of Eq. (2.21), the factor <i|UY|;> is the doubly reduced matrix
elements of the tensor transition operator and represents the radial contribution of the
oscillating dipole operator of the atom, which has been described in more detail by
Ofelt [73], Weber [74, 75] , Carnal et. al. [76-78] and C. G. Walrand [79]).

The set of coefficients €, Q, and Qs can be computed using least-square
fitting procedures if the oscillator strength P is known from the measured absorption
data; where the area under the absorption intensity data is directly proportional to the
oscillator strength [80]. This method is capable of producing good agreement with
experiment data [81] under the following assumption of immutable condition

e equal occupancy of the J-th level, and
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e spin-orbital splitting is small compared to the energy difference between two

electronic configurations.

By using these assumption, the Judd-Ofelt theory is able to define and describe the

luminescence spectra mechanism of rare earth materials in glass and crystal [69-79].

II. McCumber Theory

The limitation of the Judd-Ofelt theory in predicting the RE material electronic
band transitions has driven other researchers to develop a new theory to explain this
behaviour. McCumber [81, 83] has developed a theory derived from generalisations
of Einstein's relations for broadband transitions in a dielectric medium (dense gas,
liquid and solid materials). These generalizations are capable of analysing the unique
effect of absorption, spontaneous emission and stimulated emission at any frequency

by a simple relation [2, 82, 83]

a,(v)= Oe(U)epo%H : (2.23)

where c,(v) and o.(v) are the absorption and emission cross sections, kg is
Boltzmann's constant and he is the energy separation between two manifolds while
maintaining the lattice temperature T constant. Since the energy manifold widths
exceed kgT, the absorption and emission spectra are offset from each other with the
absorption spectra shifting to a higher frequency and the emission spectra shifting to
a lower frequency. Calculations performed using Eq. 2.23 required an assumption
that the time required to establish a thermal distribution within each manifold is short

compared to the lifetime of the manifold. Compared to the Judd-Ofelt theory, the
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McCumber theory relates the absorption and stimulated emission at the same
frequency and allows cross section predictions, absolute values as well as spectral
distributions that are inaccessible experimentally. The calculated emission cross
section using the McCumber theory also has good agreement with measured
emission cross section [84, 85] with simple assumption and less complexity.

In this chapter, we have discussed the vital theoretical aspect of optical
amplification using RE material, notably Er** ion optical fibre. In the next chapter,
the investigation of the effect of Er** ions in bismuth host glass using the Judd-Ofelt
and the McCumber theory will be discussed with comparisons to other types of host

glass.
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CHAPTER 3

CHARACTERISATION OF ERBIUM-DOPED BISMUTH FIBRE

3.1 Introduction and Methodology

The characteristics and optical transitions of Er’* ions in a glass host are
essential parameters to dictate the performance of optical amplifiers for optical
telecommunications. To this end, several theories have been developed for the
evaluation of these parameters and in particular, two theories stand out, namely the
Judd-Ofelt and the McCumber theories. These two theories will be discussed and
employed for the purpose of optical amplifier glass host analysis in this chapter. The
Judd-Ofelt theory is based on the static, free-ion and single configuration model for
optical intensity transition probabilities. In this model, the explanation of mixed odd
and even wavefunction interactions due to the ligand fields of the RE dopant (Er*
ions) and host glass at the 4f and 5d shell, which is also known as the oscillator
strength. The McCumber theory uses a generalization of the original Einstein A and
B coefficients and is applied to the broadband transitions between the Stark
manifolds for the RE absorption and emission cross sections spectra with simple
reciprocal relationships. From here, the quantum efficiency and the transition lifetime

will be characterised and studied in the evaluation of bismuth glass. The details Bi-

EDF characterisation parameter and measurement is shown in Figure 3.1.
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Figure 3.1 Sequence of measurement in Bi-EDF for basic parameters
characterisation

3.2 Physical Properties of Bismuth Glass Host

Glass host properties and composition

The host material and composition of an optical amplifier have been observed
to affect various optical transition parameters such as spectra width and broadening,
flatness, lifetime and efficiency [1-7]. This know-how of the host composition or
local structure is an important parameter in optical telecommunication because of the

requirement for a wider and flatter spectrum with minimum gain ripples for
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wavelength-division-multiplexed (WDM) network systems [3,4], greater gain ratio
per launch pump-power and high output power for long haul systems [5] is sought
after. Also, a low optical signal-to-noise ratio (OSNR) or Noise Figure (NF) and
signal interaction such as Four-wave Mixing (FWM) and Cross-gain modulation
(XGM) [4,6] are a concern. Finally, efficiency and user-friendliness allows its use in
many parts of the network, compact and cheap devices such as planar Erbium-Doped
Waveguide Amplifiers (EDWA) [6,7].

The bismuth glass erbium-doped fibre (Bi-EDF) used in this work is a
commercially available T1L type fibre from Asahi Glass Co. Ltd. The bismuth glass
is doped with 3250 wt. ppm of Er’* and approximately 4.4 wt% Lanthanum. The
actual glass composition is measured using a Scanning Electron Microscopy (SEM)
and an Energy Dispersive X-Ray Microanalysis (EDX) with JEOL JSM 6460LA.
This machine has a magnification range from 5 to 300,000 times and the capability to
detect light elements from Boron up to Uranium (for element composition analysis)

and under low vacuum mode, the machine is capable of measuring non-conductive

18 59 sE1

(a) (b)

Figure 3.2  (a) Cross section of the sample using SEM. (b) Closed-up area for
EDX measurement
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and uncoated specimens.

Figures 3.2 (a) and (b) displays the cross-section image of Bi-EDF sample
taken using SEM for the EDX measurement. Because the sample is made from glass
(that is a non-conductive material) there is a 'negative-charge build-up' effect
especially as seen at the top-left of Figure 3.2 (a). This effect can be reduced if the
sample is coated with a conductive material such as gold or carbon, but the downside
is that it can produce large background emissions that can reduce the accuracy of
element quantification. For the EDX measurement, the sample is bombarded with
electrons accelerated to 20 kV and the emitted x-ray from the sample is captured and

analysed using integrated 'Analysis Station' software.

Counts

— ErLi3 Bill

— Eilh
— Erh2

7| — Eilr

o.on 100 2.00 3.00 4.00 .00 G.00 .00 .00 .00 1000

kW

Figure 3.3  The energy spectra of the sample from EDX measurement.
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The energy spectra of the sample from the EDX measurement is indicated in
Figure 3.3. The elemental analysis was done from this spectra with quantitative
setting of 'standard-less' with ZAF for oxide calculations. The result is listed in Table
3.1

The analysis from the EDAX measurement has disclosed that the Bi-EDF
glass  network formers are bismuth oxide Bi,0;, silica oxide SiO, and
alumina/aluminium oxide Al,Os [8]. There is also a small percentage of potassium
oxide K,O and phosphorus oxide P,Os that is added in the glass as network
modifiers and Er,O; is also detected as the activator of the 1.55 um transition in
optical transmission systems.

However from this result alone one is unable to form complete Bi-EDF
stoichiometric ratios for chemical formula calculations. This is due to the fact that the
EDAX is not capable of detecting the element La that should exist in the sample. The
low detection ability is expected to be due to the element La having a high X-Ray
principal energy [9] and thus, completely diffused in the glass. It is prudent to
notethat the principle energy lines Lo and Ma of La are 4.6510 and 0.8332 keV

Table 3.1 Bi-EDF glass composition analysis from EDAX

Element Mass (%) Error (%)
Bi,0s 67.80 1.88
Si0, 14.24 0.81
AlLO; 16.96 0.87
K,O 0.05 0.29
P,0:s 0.53 0.64
ErO; 0.42 1.67
Total 100.00 6.17
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respectively (the excited electron energy E.(L) = 5.483 keV, E(M) = 0.832 keV) as
displayed in Figure 3.2. The measured spectra have larger background noise levels

(>300 counts at 4.6 KeV) that is superimposed atop the real La spectra.

Mixed Former Effect

The effect of the Bi,O; composition in the Erbium-doped bismuth silicate
glass has been reported by Tanabe et. al [10, 11], Jianhu Yang et. a/ [12, 13] and
Zhou. Y. et. al [14]. They have observed that glass with bismuth addition causes the
emission spectra of Er**ions in the glass to widen, to be more efficient and produces
a longer transition lifetime [10, 11, 12] by affecting the glass ligand field and this is
also known as the 'mixed-former' effect [13]. From this effect, the ligand field of the
glass can be disturbed by using the glass former element that has high
electronegativity (electronegativity is the power of an ion in a atom/molecule to
attract electrons to itself and it is represented in the Pauling scale). Because bismuth
has a high electronegativity of x = 2.02 [13] compared to other glass formers, it has a
higher effect on the glass ligand field and for that reason, changes the bonding
condition between the glass former. This effectively increases the field strength
around the Er’* ions lattice and resultantly, increases the site-to-site symmetry [5,15]
and covalence bonds between erbium and oxygen atom that are in a triangle
structure [8,12]. Besides that, the aluminium addition is also expected to cause a
similar behaviours as the electronegativity of the aluminium is about y = 1.1.

An adjustment with glass former or modifier concentration also affects the

glass refractive index and fluorescence lifetime due to disruption of the glass host
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Figure 3.4  Refractive index of (a) bismuth borate glasses and (b) silica glasses
with different dopant and oxide addition taken from Refs. [16] and
[17]
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local environment [12-15] as illustrated in Figure 3.4 (a) and (b). From the Judd-
Ofelt theory, the fluorescence intensity of RE ions in glass host depends cubically on
the glass host refractive index as stated in Eq. 2.16 and 2.17. Hence, whereas the
refractive index increases with bismuth addition, more intense fluorescence emission
are present. Besides that, fluorescence intensity also dependent on glass phonon
energy.

Glass with low phonon energy requires more phonons to bridge the energy gap
between the metastable state, *I;5» and the next-lower ground state *I;s». The energy
gap between ‘I;s» and “Ij3, level is 6500 cm™ , while the phonon energy of Bi-O
bonds is lower than that of Si-O bonds which are 500 cm™ and 1150 cm™. As a result,
bismuth-based glass requires almost twice the amount of phonon energy to bridge the
energy gap. This consequently sink more pump photon energy and reduces the the

nonradiative decay rate, in accordance to RE decay rates [20] as given by

ot G.1)
Tmea Trad an
L. Wo(l' eXp(' h%T)) T (3.2)

where the total lifetime T, radiative lifetime t.q4, and nonradiative lifetime 1., p is
the number of phonons emitted, with energy hv, W, is the spontaneous rate for
emission of p phonons of energy hv, k is the Boltzmann constant, T is the
temperature.

Accordingly, the decrease of nonradiative decays was induced by the
increasing measured lifetime with the higher number of phonons involved in the

transition [12, 13, 20, 21]. However, the only drawback of adding a low phonon
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energy composition is an increasing upconversion process [22] that can convert the
infrared pump photon to a higher energy photon as discussed in Chapter 2.2.2.
Visible upconversion processes have been recognised in the efficiency reduction of
1550 nm signal amplification thus, making the optical amplifier inapplicable.

In order to restrain the glass phonon energy to a medium level but still retain
maximum optical amplification bandwidth, other elements have be introduced into
the optical amplifier's glass host during fabrication. Alumina (Al,Os), germanium
oxide (Ge,0), phosphorus pentoxide (P,Os) and lanthanum oxide (La,Os;) have been
known for their ability to widen the Er’" emission spectra [23, 24] and also the pump
efficiency [25-27] without increasing the upconversion process. Co-doping a glass
with alumina improves the Er** distribution to the centre of the core fibre because it
is less volatile compared to other co-dopants such as germanium and boron [28].
Therefore, a fibre core with high and uniform Er*" ion concentration without the ion
clustering effect can be produced and thus, is also capable of eliminating the
concentration quenching effect [25,29] and as the result, lowering the upconversion
process. Other than aluminium, lanthanum co-doping is also capable of suppressing
the Er’" ion concentration quenching [30-32]. This is because in general, due to them
having in the same group, the chemical properties and structure of La*" ions and Er**
ions are similar with the former having an ionic radius of 103.2 pm, while the latter
has an ionic radius of 89.0 pm [27] as derived in Figure 3.5(a)). Accordingly, it is
assumed with moderate concentration of La*" ions compared to Er’* ions , the La*
ions can disperse the Er*" ions evenly and uniformly in the glass host because the

lanthanide ions have a tendency to form a cluster in the glass [27, 31, 32].
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Glass co-doped with phosphorus can reduce Excited State Absorption (ESA)
and also frequency upconversions [33] by creating an inhomogeneous ligand field.
The inhomogeneities of the glass ligand field by the phosphorus co-dopant is
supposed to be due to its pentavalent property that stoichiometrically bonds with
oxygen atoms (see Figure 3.5(b)). This creates irregular Er’* ions energy state
manifolds that lower the overlap ratio 6 between ogsa and oGgsa, €xcited and ground

state absorption cross sections, [34,35] respectively. This deficiency is defined as

R GES% N (3.3)

The similar inhomogeneous ligand field effect is also expected to happen due
to the potassium, K co-dopant addition. Potassium has high basicity that can attract
more oxygen atom to form an oxide. With an increasing oxide bond, a larger oxygen
electron density is produced and subsequently, increasing the strength of the local

glass ligand field significantly [36].

103.2 pm

(@)
Figure 3.5  Lanthana cubical (a) and phosphorus pentavalent link with three
singly- bonded and one doubly-bonded oxygen (b).

79



Characterisation of Erbium-doped Bismuth Fibre

The final composition in the glass fabrication process depends on the elements
itself and consolidation conditions. The volatility of elements used in the glass
process is largely dependent on the glass transition temperature T,. Glass transition
temperature, T, is the most important parameter in glass making and, it is defined as
the temperature in which the amorphous phase of the glass is converted from a
hard/stiff and glassy like state (which also known as Vitreous State) to a rubbery like
state (in elastic and flexible conditions), with a viscosity of 10'* Pa's [37]. On the
other hand, dopants such as P,Os, K,O and La,O; [17,18,19,35] are also added into
the glass to decrease the transition temperature, T, as illustrated in Figure 3.6. Glass
with lower T, are easier to fabricate and eliminates/reduces the volatility of the
dopants during the densification process [38]. Some of the available data on
refractive index and glass transition temperature of mixed glass formers

compositions is presented in Figures 3.4 and 3.6.
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Figure 3.7 indicates the element distribution in a Bi-EDF cross-section
measured using the EDAX. The erbium composition represents the lowest
distribution whereas the bismuth composition represent the highest distribution in
comparison with other elements. From the data, almost all elements are distributed
evenly along the measured area of 110 pm, clearly showing that there are no Er’*
ions clustering at the sample. The ion clustering has been reduced due to the fact that
the Bi-EDF was fabricated using the mixed-former effect which then, lowers the
upconversion effect.

The intensity of Al distribution on the fibre clearly reveals a peak line which is
absent in other elements distributions. The high intensity at the edge of the fibre is
supposed to be due to devitrification [17] and contamination from the fibre holder as

the holder is also made from Aluminium.

Element Intensity
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Figure 3.7  Element distribution on Bi-EDF sample from EDAX measurement.
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3.3 Characteristics of Bi-EDF

The characteristics of the Bi-EDF was measured to comprehend the effect of
glass composition in the performance of the Bi-EDFA. Table 3.2 lists the optical
properties of T1L type bismuth fibre provided by Asahi Glass Co. Ltd.

Table 3.2 Bi-EDF Optical specification

Erbium concentration (wt. ppm) 3525
Numerical aperture (NA) 0.20
Cut-off Wavelength (nm) <1300

Core diameter (um) 5.4
Cladding diameter (um) 124.5
Core/cladding refractive index 2.03/2.02

The Bi-EDF is coated with a plastic coating to protect the fibre from moisture
and angle fusion spliced with silica fibre (Nufern 980-HP) as depicted in Figure 3.8.
The mixed angle fusion splicing [40] is critical for Bi-EDF to reduce reflection and
splicing loss due to large index differences between Bi-EDF and silica fibres.
Without angled fusion splicing, the splice loss will be high and as a result, reducing

the launched signal and pump light into the Bi-EDF and increasing the signal NF by

- Bi-EDF
| X} _
t T, -...--.u-. ----- El nl
e . . ......_
=, - e

0,26.0°, 6,-8.2°
R=2.9 %

Al . |
A A
Figure 3.8  Mixed angle fusion splicing between Bi-EDF and Silica fibre.
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the same amount [1].

Loss;p[dB]= - 10log 4 5 G4
OMFD, » MFD, 0

“MFD, MFD, f

The total splice loss of the Bi-EDF is a sum of a loss due to mismatch in
Mode-Field Diameters (MFD), reflections and also due to lateral misalignment
between the fibres. However, only the MFD mismatch is considered because the
splicing was done by Asahi Glass Co. and is undisclosed. Using the optical properties
in Table 3.2, the MFD is calculated using the Marcuse empirical formula [39] for a
6.32 um core diameter with 1550 nm input signal. From Eq. 3.4 [39], the splicing
loss due to the MFD mismatch between Bi-EDF and silica (Nufern 980-HP) fibre is
0.023 dB per splice. The total estimated splice loss due to MFD mismatch is 0.047
dB. The reflection coefficient, R, defined in Eq. 3.5 was calculated from the angle
data of AG = -2.2° provided by Asahi Glass Co. and was found to be 2.9 % which

indicates effective reduction of optical reflection.

R + R
Rz =t (3.5)
2
where R = 0™ cosf, - n, cosf,
* [n,cosb, + n,cosf,

2
n,cosf, - n, cosf, E

and R =
n,cosf , + n,cosf,

Room temperature absorption and fluorescence measurements were also
performed on a Bi-EDF type T1L-049P/60704-05 with a fibre length of 49.1 cm.

The absorption properties is decided from loss measurements using an Optical
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Spectrum Analyser (OSA) by comparing the transmission spectra with and without
the sample. The detailed experimental set-up is illustrated in Figure 3.9. The light
source and OSA used in the illustration is ANDO AQ- 4303B White Light Source
and AQ-6713C.

Bi-EDF
Light source

2
>

> P> Detector (OSA)

Figure 3.9  Transmission spectra measurement set-up, OSA: Optical Spectrum
Analyser

The absorption spectrum from 700 to 1700 nm is demonstrated in Figure 3.10.
From the absorption spectrum, the Bi-EDF insertion loss at 1550 nm is estimated by
extrapolating the slope from 1200 nm and 1700 nm. It also can be seen that the Bi-
EDF absorption is very high and due to the ANDO AQ- 4303B light source having
limited light intensity, the detected absorption spectra was below the OSA sensitivity
limit of -90 dBm that produces large errors in absorption measurements.

Due to the Er'* ions having a zero absorption coefficient at 1310 nm, the
insertion loss (including two splicing losses) was measured to be 2.479 dB while the
estimated insertion loss at 1550 nm from the extrapolation is 2.12 dB. By subtracting
the MFD loss, the Bi-EDF total splice loss is estimated to be 2.073 dB indicating a
loss of 1.037 dB per splice. The extrapolation line also displays that the insertion
loss of Bi-EDF is wavelength dependent with a slope of 0.0008. This dependence is
expected to be due to the wavelength-dependent refractive index as specified in the

Sellmeier equation by
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Figure 3.10  Absorption spectra of T1L bismuth fibre (Solid line indicate the data
extrapolation).

> 0B) O
n’(A)= 1+ : (3.6)
R T

where B, ,; and C, ,3 are experimentally determined constants.

Figure 3.11 exhibit the relative absorption intensities for Bi-EDF compared
with Si-EDF from Fibercore type 1500L. The absorption intensity at the 975 nm
region exhibits the fact that Si-EDF has a larger absorption bandwidth than Bi-EDF.
The absorption spectrum of Bi-EDF exhibits a wider cross-section with two
distinguishable peaks at 1495 and 1530 nm. These two peaks actually represent the
Er’" ion metastable state of “I;3, that has been split into two different energy states
by the ligand field of the glass host. Besides that, at the 1530 nm peak Bi-EDF has a
higher absorption cross-section of 7.58x10%° [m?] compared to 4.39x107° [m?] of Si-

EDF, and larger full-width half maximum (FWHM) value. Although the FWHM is
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Figure 3.11 Normalised absorption intensity of Bi-EDF and Si-EDF (courtesy of
Asahi Glass and Fibercore Ltd.)
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often used as a semi-quantitative indication of optical bandwidth, in this case
itindicates that the ligand field of the Bi-EDF induces a greater energy state
degeneracy due to site-to-site variations, which is also known as the Stark effect
[1,41] and widens the optical transitions.

The Stark effect can also be observed in the fluorescence spectrum; the
spontaneous and stimulated emissions. The fluorescence spectrum was measured
after the white light source in Figure. 3.9 was replaced with a high power 171 mW
pump laser diode at 1480 nm wavelength. The fluorescence spectrum is shown in
Figure 3.12.

The fluorescence spectrum of Bi-EDF has a broader spectra especially at
longer wavelengths. The spectra FWHM is almost 2 times broader; about 80 nm

compared with Si-EDF's FWHM of 40 nm when compared at similar fluorescence
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Figure 3.12 Fluor(?scence intensity of Bi-EDF and Si-EDF under 1480 nm
pumping.

intensity. The output intensity is also higher compared to Si-EDF because the La’**
ions reduces the Er’* ion clustering [32] and upconversion process, as a result,
increasing the pump-to-signal conversion efficiency. The wider output spectra
bandwidth and higher output power offers greater opportunity for an application in
DWDM systems and long-haul telecommunication systems [42].

Figure 3.13 denoted the Er’* ion fluorescence intensity under different glass
host materials taken from Jianhu Yang et. al. [13]. From the figure, it is obvious that
Er’* ion emissions in the bismuth glass have wider fluorescence spectra and higher
peak emissions. The bandwidth of the fluorescence spectra is largely influenced by
the variations and the ligand fields around RE ions from site-to-site, and the ligand

fields depend mainly on the glass host [13]. Thus, the bismuth glass ligand field has a

bigger influence on RE ions compared with other glass hosts. In the next section, the
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Figure 3.13 Normalised fluorescence spectra of Er** in various type of glasses
under 979 nm pumping taken from Ref. [13]
ligand field strength of Bi-EDF is calculated and discussed using the Judd-Ofelt

theory for a better understand effects of glass host in RE ion fluorescence.

3.3.1 Judd-Ofelt Intensity Analysis

The Judd-Ofelt theory [43, 44] is an optical intensity transition probability
theory for RE elements (lanthanide and actinide) in an isotropic dielectric medium.
The principles behind this theory are the static, free-ion and single ions
approximations. This theory explains the strengths of the static electric field that is
also known as the ligand field between RE ions with surrounding host ions. Ligand
fields in the host medium arises from a perturbation of the free-ion Hamiltonian

between initial and final states as stated in the last terms of Eq. 3.7 <i||Uy||j> , which
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is referred to as the doubly reduced matrix elements of the tensor operator for the

intermediate coupling [43-51].

Oscillator
_ 8n’mu (n2+ 2)2H el a?
"7 Sl I H;? t\<1”U “J>_,‘ G-
| Tensor

Xe

The matrix describes the optical transition from the admixture process of
opposite parity states that are normally forbidden in 4f" states of RE elements (the
term forbidden here means an optical transition may occur in principle, but with a
low probability). The tensors are virtually independent of the glass host [52, 53] and
for Er’" ions, the constant included in Table 3.3 was taken from M. J. Weber et. al
[47]. Consequently, the oscillator terms that contains the information of the ligand
field of the glass host with Judd-Ofelt coefficients, Q,, (4, and € can be written as

the sum of three terms

2246

Doubly reduced matrix element of UY for Er’* taken from Ref. [47]
and used in the Judd-Ofelt coefficient calculations

i = 0+ o oo

2

(3.8)

Table 3.3

i i L [U“)? L
T3 Tisn 0.0188 0.1176 1.4617
Thin Tisn 0.0259 0.0001 0.3994

T3 0.021 0.11 1.04
Lo Tisn 0.0 0.1452 0.0064
Tisn 0.0003 0.0081 0.64

These coefficients reflect upon the strength of the ligand field and energy

wave functions for energy state separation and it can be resolved by using a least-
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square fitting method on the measured absorption spectra of RE and host glass.
The calculated Judd-Ofelt coefficients for Bi-EDF glass is presented in Table
3.4 along with comparison with other glass hosts.
Table 3.4 Judd-Ofelt coefticient for various glasses.
(D:LKBBG: 5L1,0-5K,0°10Ba0O-50B1,05:30Ga,0;:0.406Er,05 ; [54]

(H):Bismuth-Borate: (Er203)o,0025((Bi203)0,25(B203)0_75)0_9975 5 [55]
(III)stAlN 25810225A103/225N301/205EI'O3/2 [56]

Glass Q102 em?] | Qu[107 em?] | Q6[107 cm?] | orus[10°]
Composition
Bi-EDF 9.55 2.86 0.32 15.00
LKBBG © 5.66 1.39 0.74 6.13
Bismuth-borate ™ 4.58 1.44 1.53 -
S25AIN!D 9.53 1.49 0.80 -

In the table, the orus coefficients is the root-mean-square deviation between measured
(Pexp) and calculated (P..) oscillator strengths, which can be calculated using the

following relationship:

- ] (Pe " Pcalc)2
0 ros = EZ New N o - (3.9)

Here Ny and Ny are the number of transitions and the number of parameters,

respectively.

Judd-Ofelt Q,,s Coefficient
The Q, parameter from the Judd-Ofelt coefficients was found to be responsible
for hypersensitive transitions in rare earth ions [57]. These transitions are highly

dependent on the degree of the site symmetry (bonding) of Er’* ions in the host glass
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environment [58] and the covalent bonding coefficient between the glass host and the
RE ions by controlling the effective nuclear charge of the ion [36]. The Q, parameter
represents the non-hypersensitive transition that is related to the change of local
basicity and ionic packing ratio in the host glass environment while the €
coefficient also has a similar effect with Q, and represents the rigidity of the solid
host in which the dopant ions are situated [36, 57, 58].

The high value of the €, coefficient tells us that by using the mixed-former
effect [13] technique to fabricate Bi-EDF glass, we have increased the Er*
hypersensitive transitions. This combination creates large vacant spaces and allows
large cations Er’* ions to fill-in. For that reason, significantly increasing the number
of Er*'- O* ions bonding and reducing the ion clustering [32]. With low Er** ion
clustering, the effect of concentration quenching [25, 29] is reduced significantly and
this makes the pump-to-signal energy transfer more efficient [58].

At the same time, this mixed-former effect also increases the basicity of the
glass host with a high €, value of 2.86 x 10 [cm?] due to the addition of
potassium, K. With high local basicity, the ions-ligand bond distances of Bi-EDF
increases and becomes asymmetrical. This affects the splitting of the Er** ion energy
states and causes a broadening of the optical transition and enhances the absorption
and fluorescence intensity significantly [59]. This effect conforms with the two
absorption peaks as exposed in Figure. 3.10.

Although the Q¢ coefficient of Bi-EDF is smallest compared with the others,
this coefficient rules the radiative “I;3» — “li3» transition, since the reduced matrix

elements, <|[U?||> and <|[U®||> of this transition are small [56]. The value exhibits
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the fact that Bi-EDF has a rigid lattice matrix with both 6s and 5d shielding the 4f
shell from external distortion. Tanabe et. al. and Weber et. al [56,60] found an
opposite relationship between the ), and €4 coefficients, where the high bonding
ratio between Er** ions and the glass host (large Q, values), will produce high rigidity
glass (therefore low € values) which explains the effect of large ion size of the glass
modifier. This is expected as potassium has affected the Bi-EDF density as discussed
earlier.

The orms from the calculation was found to be larger than 2x107, indicating
that the calculation process was unreliable and inaccurate [54]. This is because the
Judd-Ofelt coefficient calculations required the assumptions that [59, 61, 62]

° the wave functions |j> are completely degenerate/separate in J (total

degeneracy is equal to 2J+1).

° the energy during the process is constant (energy conservation law)

° all energy states within the ground level manifolds are equally
populated

° the host material is optically isotropic

From these assumptions, the discrepancies of the calculated Judd-Ofelt coefficient
can originate from
° mixing in J states
° linear and non-linear shielding of the electron from the electrostatic
crystalline electric field as a result of the distortion of the closed 5s
and 5p shell outside the 4f shell by the lattice charges

° relativistic effects
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° effects of electron correlation
Besides that, the large orms also originates from the absorption measurement
and unaccounted magnetic dipole transitions of Bi-EDF because bismuth is well
known as a diamagnetic element. It is also further supposed to originate from large
error absorption measurements due to overlapping transitions of the ground level
with the combination of the least-square fitting process making calculations of the

coefficient inaccurate [56,61,62].
3.4 McCumber Cross Section Analysis

The McCumber theory [62] is a simple and straightforward yet accurate
reciprocal method to designate the rare earth optical absorption or emission cross
sections [62, 63, 64]. The fundamentals of this calculation are based on the
generalization of the original Finstein's A and B coefficients that is applied to the
broadband transitions between the Stark manifolds. The McCumber theory is

temperature dependent and defines the absorption and emission cross-section as

0, (v)= oab(u)expE— %E , (3.10)

where Gemay 1S the emission and absorption cross section and he is the net
thermodynamical free energy required to move one rare earth ion from the ground
state to an excited state, while maintaining the lattice temperature T constant [1,62].
This expression was simplified by assuming an average energy separation OE;

between Stark manifolds of ground state E;; and excited state E,; where
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9%
exXpH-
expl—-_f= ; kT exp 0E (3.11)
k,TH E EZJH k,T
Z expH- —
_]:] kBT
0E
- K [
eXpEkBTE . (3.12)

Here, the partial derivatives are the chemical potentials corresponding to the
subgroups of ground state ions, population N;, and excited state ions, population N,

[1] therefore, we can rewrite Eq. 3.10 to become

0 he O1 IHD

NIV Gab()\)exp%_ kj@)\__ A_*D% , (3.13)

where

C

£ = —
)\ b

(3.14)

here A" is the wavelength at which the absorption and emission cross sections are

equal. In particular, the emission and absorption cross section ratio 1 is given by

0 ew(M)
ab

LNy

(3.15)

The calculated emission cross section from the measured absorption spectrum
of Bi-EDF using the McCumber theory is given in Figure 3.14. It also shows the
measured emission cross section of silica host for comparison purposes. From the
fluorescence emission measurement, the peak cross-section was 7.58 x 10 m?* at a
wavelength of 1533 nm. The calculated emission cross section reveals good
agreement with the measured value at peak emission wavelength. The calculated

shape of spectrum also fits well with the measured one. The calculated McCumber
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Figure 3.14 Experimental and calculated absorption and emission cross sections of
Er*" ions “I;3, transition Bi-EDF.

emission cross-section indicates that under room temperature, the degeneracy of the

excited “I;3» and ground “I;s» energy states due to the Stark effect are small

therefore, producing a better populated energy state manifold according to

Boltzmann temperature distribution.

Previously, the McCumber theory was well known with its limitation of
overestimating the peak emission cross-section and distorted emission spectrum
(especially in the S and L bands) due to underestimation of the Stark manifold of the
excited “I;s» and overestimation of the ground “I;3, state [2]. The Stark manifold is
very dependent on the glass host ligand field and composition, so it is difficult to
measure accurately [65]. To further investigate the accuracy of the McCumber cross-
section calculation, the difference between calculation and measured cross-section is

elucidated in Figure 3.15. There are small differences between the calculated and
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Figure 3.15 The difference between measured and calculated emission cross-
section in Bi-EDF as a function of wavelength

measured emission cross-sections at shorter (1450 — 1530 nm) and longer (1530 -
1650 nm) region from the peak of the cross-section 1533 nm. The differences
between both data is more centralised at the peak compared to at both the ends.
Themaximum deviation of the emission cross-section is found at 1568 nm of +2.5 x
10’ m. At this region the emission spectra is more distorted compared to the short
wavelength region as presented in Figure 3.15 and produces a larger difference to the
calculated McCumber cross-section. This distortion is expected to originate from a
lower ESA absorption cross-section effect that increases the long wavelength
fluorescence intensity. Compared to silica-based glass, the bismuth-based glass has
lower ESA absorption cross-section that is useful for new DWDM signal

amplification.
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The ratio of peak emission to the peak absorption cross-section (n™*) is an
important parameter for comparison of Gema(A) values. This comparison factor
defines the absorption and emission cross-sections as a simple mathematical function
that only relatively depends on the Stark manifold and the lattice temperature as
stated in Eq. 3.15. From Figure 3.16, the n*** of the calculated values (1533 nm) are
found to vary by about -0.00018 from the measured cross-section of 1.0206. This
small variation indicates that the measured and McCumber calculated absorption and
emission cross-sections of Bi-EDF have good correlation. The uniformity of the
spectral line shapes are mainly due to low Stark level degeneracy within the
Boltzmann temperature distribution constant as the Er** ions are shielded by the 5d

and 6s shell from the outside force.

10

WcCumber

--- s --- Measured

Cross section ratio, n
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Figure 3.16 Measured and calculated McCumber cross-section ratio 1 of Bi-EDF
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3.5 1550 nm Transition Lifetime

The lifetime of fluorescence emitted from the optical transition of Er** ions is
an essential parameter to specify the efficiency of optical amplifiers and the
characteristic of the glass host local environment [1-3]. For an efficient optical
amplifier, the lifetime of the metastable state must be long enough in order to
produce high population inversion. Lasers or optical amplifiers that have high
population inversion are capable of maintaining a steady-state condition with
moderate pump power [1,13]. By using rate equation of Eq. 2.8 to 2.10, and Eq. 3.1
again, the lifetime t (=1/W,) of an Er*" ion is defined as

1 1 1
1= _— = ' : (3.16)
W, ¢ W, M W,

where ®W,, is the radiative decay rate and "*W,, is the nonradiative decay rate from
the metastable state “I;3, to the ground state *I;5,. Using the same Einstein relation
between spontaneous and stimulated emission of Er’™ Stark level and the radiative
transition oscillator strength in the glass, the lifetime can be calculated by [62,66]

¢ ¥

: (3.17)
gl fOSanx

T,=1.51

where A is the average transition wavelength, n the glass index of refraction, f,,. is the
oscillator strength of transition, g, . the statistical weights of the excited and ground

state and y is the ligand field correlation,

y = @7+ 2)° (3.18)

9n
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These calculations requires an assumption [62] similar to section 3.3.1 to satisfy that
can causes a discrepancy with measured lifetimes. From calculations, the Er’*" ion
lifetime 1s found to be 5.45 ms.

Lifetime measurements are obtained using the time-resolved spectroscopy
techniques, in which the optical amplifiers are pumped by a pulsed laser diode and
the time decay of the fluorescence is measured. This technique requires that the

excitation pulse width must be shorter than the lifetime, i.e. illustrated by Figure.

3.17.

Laser intensity

(a) Excitation time
pulse

/I° “p[‘%]

Fluorescence
intensity

time
(b) Fluorescence

Figure 3.17 Determination of lifetime using a pulsed laser and time resolved
measurements. (a) A narrow excitation pulse and (b) the time decay of
the resulting fluorescence.

As specified in Figure. 3.17, the fluorescence decaying process is single-

exponential function defined as,
t
1t)= 1 exph- L0, (3.19)
() 0 pl] h

where I is the fluorescence intensity after a time t following the laser excitation. The
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Figure 3.18 Experimental set-up for lifetime measurement. The Wavelength
Selective Coupler (WSC) and the thin-film filter (TFF) is use to filter
out the 1530 nm emission from the 1480 nm laser diode (LD).

lifetime is obtained by line fitting. The experimental set-up for lifetime measurement

is depicted in Figure 3.18. The 1480 nm laser diode was pulse modulated by square

wave at 70Hz with 7% duty cycle for pulse width of 1ms using Stanford Research

System Inc, DG535 Pulse generator. This pulse width was fixed to be shorter

compared to the total Er’* ion decay time. The excitation power of the 1480 nm laser

diode was set at 144 mW and the fibre is spliced with Bi-EDF.

The fluorescence decay spectra is detected by a HP DC-6 GHz 83440B

photodiode that is connected to HP54510A 250 MHz digital oscilloscope. The decay

curve is then transferred to a PC using a HPIB cable for further curve fitting analysis.

The decay curve of an Er*" ion at 1530 nm of the Bi-EDF is demonstrated in
Fig. 3.19. The decay curve is fitted with single-exponential decay function as
outlined by the solid red line. From the fitting line, the lifetime was found to be about
2.84 ms, which is somewhat close to the result measured by Yang et. al. [13] and

Hayashi et. al. [67] but much more shorter when compared to the lifetime of an Er’t

ion (from the calculation using Eq. 3.17) and also with conventional silica host glass
[1]. The short lifetime is due to the high Bi,O; content in the Bi-EDF that lowers the
glass host phonon energy as explained by Oprea et. al [55]. Glass hosts with low

phonon energy has an efficient pump photon energy transfer process that produces
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Figure 3.19 Measured 1550 nm lifetime of Bi-EDF. (Solid lines indicate fitting to
the data)

the upconversion of visible fluorescence.

Besides that, glass host local environment irregularity by the high Er’" ions
concentration also reduces the lifetime of Er’* ions as reported by Shinxun Dai et. al.
and Auzel et. al. [68,69] due to radiation self-quenching that is also known as the
radiation trapping effect. The radiation trapping effect is a cross-relaxation and
cooperative frequency upconversion process [70,71] (mentioned in section. 2.2.2)
that converts the pump photons to heat via phonon and multiphonon processes and
visible light. This radiation trapping effect also depends on the glass host refractive
index [72] where high refractive index glass hosts tend to increase the stimulated

emission efficiency and as a result, reducing the lifetime of the *I;3, metastable state.
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The quantum efficiency (QE) and nonradiative decay "W of the *I;3, — ‘s
transition can be evaluated using emission probability from the Judd-Ofelt theory and

Eq. 3.16 by

QE= Imo (3:20)

rad
The lifetime calculated using the Judd-Ofelt theory is found to be 4.51 ms, which is
lower than the value calculated using Einstein's coefficients. From this calculation,
the QE and "W of Bi-EDF was found to be 63.0 % and 130.3 s™ respectively. for
this reason, obviously the high Bi,O; content increases the nonradiative lifetime and
decreases both the radiative and measured lifetime and as a consequence reduces the
quantum efficiency [12]. As explained by Oprea et. al [55], glass hosts with low
phonon energy glass wastes more pump photons to vibrational energy subsequently,

less pump energy can be transferred to the signal. This also indicates that a glass host

with low phonon energy such as bismuth glass (= 500 cm'l) is a moderate signal
efficiency optical amplifier with wider fluorescence bandwidth [4,16] by using the

mixed former effect [13] fabrication technique.

3.6 Upconversion Fluorescence

The behaviour of Er’* fluorescence from the energy transfer of dense and
closely distributed ions in a glass host can simply be explained as upconversion
fluorescence as discussed in section. 2.2.2. This upconversion have been identified as

the major reason for low radiative emissions at the 1.5 um region [1, 69] thus,
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reducing the quantum efficiency of high Er’" ion concentration optical amplifiers [1,
73-75]. The evaluation of upconversion characteristics was intensively studied by P.
Blixt et. al. [73, 75] and E. Snoeks et. al. [76] using rate equations of a two level

system (from Eq. 2.8, 2.9 and 2.10) for a 1.48 um pumping system

dN
e Si,(1- N, )= 8, N, = W, N, - C N3 , (3.21)

where, W, is the radiative decay rate and Ccy is the cooperative upconversion
coefficient, respectively. Using Eq. 3.16 and lifetime measurement, where in the
case the laser diode is turned off, and then Eq. 3.21 can be simplified as

dN N
_d 2-.-_2- _CCUNg . (322)
t T

The Ccy coefficient can be estimated by fitting of this function to the lifetime decay
curve. Table 3.5 presents the calculated Ccy coefficient for bismuth host glass.

Table 3.5 Cooperative upconversion coefficients for bismuth host glass with
comparison with other works

Er concentration (wt. ppm) Ccu coefficient (x102* m¥/s)
3250 4.63
3250 (La/B co-doped Bismuth- 1.96
borate glass [77])

From the table, the Ccy coefficient was found to be higher when compared with
bismuth-borate glass. From H. Hayashi et. al. [77], the 1550 nm lifetime largely
depends on glass phonon energy, whereby as described in their work, by adding B,O;
(which has larger phonon energy (1400 cm™)) reduces the energy loss to glass
phonons and as a consequence, suppresses the Ccy coefficient of the Er’* ions.

Hence, the gain improvement at 1550 nm is expected with addition of high phonon
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energy material during bismuth host glass fabrication.

The upconversion fluorescence measurement was performed by using a set-up
as illustrated in Figure 3.9. The light source is replaced with two 1480 nm laser
diodes with a total pump power of 288 mW and coupled bi-directionally using a
1480 nm wavelength-selective coupler (WSC). The fluorescence emitted by the Bi-
EDF was detected transversely with a 25 cm Czerney-Turner monochromator which
has a 2048-elements linear Photodiode Charge Coupled Device (PCCD) from Alton
Instrument Corp that is connected to a computer. In order to increase the accuracy of
the measurement, spectra resolution is fixed to 0.06 nm with maximum data points of
12,288 points.

The normalized emission spectra of Bi-EDF between 400 nm and 1100 nm

under 1480 nm excitation is displayed in Figure. 3.20. The spectrum displays 7 peak

100 2000
90 i —
T
~ o] Lip —_
3 80 — 1600
St I 1 ]
b 70 =
5 *Fan &
£ 60 1 N - 1200 &
! - 4]
= =
= 50 - i
4
= L g
& 401 - 800 2
& Hyp—"Tan o
2 30 1 &
(=] 4 [=]
2 S 2
54120 1 o 400 2
2 —
0] H S3n— lag
0 T T T T T T T T T T 1 U
450 500 550 600 S50 F0O 750 800 850 900 950 1000 1050
Wavelength (nrm)

Figure 3.20 Measured upconversion fluorescence spectra of Bi-EDF under
1480 nm LD excitation
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emissions centred at 521 nm, 544 nm, 658 nm, 807 nm, 825 nm, 847 nm and 976 nm.
These corresponding peaks can be assigned to electronic transitions Hjy, *Sszp, “Fon
and “1;,, of the Erbium ions. The most intense upconversion was detected at 975.481
nm with a FWHM of 27.1 nm which is 25 times higher compared with other
upconversion emission. The intensity of the upconversion emission at 521 nm
and544 nm which is at the visible green range, are the highest energy states with a
FWHM of 17.5 nm. Here, the emission originates from radiative transition of 2Hj,, to

4115/2 states and 4S3/2 to 4115/2.

In order to determine the responsible upconversion mechanisms, the
upconversion intensity of 975 nm peaks was measured as a function of the 1480 nm
pump power as shown in Fig. 3.21 (a). The intensity of the 975 nm fluorescence
increases as the 1480 nm laser diode pump increases with an average slope of
2.18+0.04, approximately equalling the results obtained by P. Blixt et. al. [73] (slope
= 2.2+0.3) on normal S1,0/Ge,O fibre. From the figure, it is seen that the slope is
higher; 2.50 at low pump power and reducing to 1.86 as the incident pump power is
increased to 100 mW. Using this result and Eq. 3.21, the 975 nm upconversion
mechanism can be explained using a combination of a two-particle upconversion
model [73,75] and ESA [77]. It is also found that the efficiency of the upconversion
process in Bi-EDF is lower compared to normal silica fibre because the Er'" ion
concentration of Bi-EDF was 3.8 times higher and more dispersed and as a result,

yielding less concentration quenching effects.

From the result, it is believed that the upconversion process in Bi-EDF is due

to the cross relaxation mechanism [77] between two Er’* ions at the excited state
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Figure 3.21 (a) The upconversion fluorescence at 975 nm versus 1480 nm pump
power and (b) fluorescence power at 980 nm versus power at 1550
nm. The number in figure (a) and (b) denote the slope values at low
and high pump power, respectively.
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113 as the intensity at 975 nm is very dependent on the launched power of the 1480
nm laser diode. This is depicted in Fig. 3.21 (b). As the power of 1480 nm pump
increases, the gradient of the graph also increases (= 4.0, which is about twice the
gradient at low pump power). This phenomenon can be explained as cross relaxation

since the intensity of the 975 nm did not increases as observed at low pump power.

3.7 Optical Amplifier Figure-of-merit (FOM)

The figure of merit of optical amplifiers was introduced to characterise a
standard parameter for amplification bandwidth and high output power / gain for
optical telecommunication networks. The merit values are calculated using emission
cross-section Gem, lifetime t and FWHM of the optical amplifiers [79-81]. The
bandwidth FOM of optical amplifiers is calculated by the product of peak of
stimulated emission cross-section and FWHM, while the gain FOM is a product of

the peak of stimulated emission cross-section and emission lifetime.

Bandwidth FOM =0 , x FWHM , (3.23)

Gam FOM =0 ,, X1 55 . (3.24)

From the said calculation, the higher the FOM values, the better the bandwidth

and gain properties of the optical amplifiers. Table 3.6 list the peak stimulated
emission cross-section, FOM bandwidth and gain in various glass hosts for
comparison. From the table, the tellurite and phosphate glass host has high peak
emission compatible with bismuth glass host. However from the table it is clear that

the FOM of bismuth host glass is better than other glass hosts. Consequently,
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bismuth glass host is the most potential host material for developing broadband

optical amplifiers for potential use in DWDM communication networks.

Table 3.6 FOM of various glass host for optical amplifiers
Host glass Peak 6. [107° m?)]| Bandwidth FOM Gain FOM
[x 107 (s'm?)] [x 10 (nm'm?) ]
Bismuth 7.58 606.40 21.53
Silicate (Fibercore) 0.436 17.44 4.36
Tellurite [79] 7.50 487.5 15.0
Phosphate [82] 6.40 236.8 17.92

The important parameters of the physical and optical properties of Bi-EDF

have been discussed in this chapter. The characterisation of the optical amplifier of

the Bi-EDF that will be the most critical parameter in long-haul, high power optical

system networks will be continued in the next chapter.
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CHAPTER 4

CHARACTERISATION OF ERBIUM-DOPED BISMUTH FIBRE AMPLIFIER

4.1 Introduction

The explosive demand for data information fuelled by the Internet and
cellular communications has prompted the rapid research and development of optical
components and systems. In this regard, new specification of optical bandwidth has
been plotted for long-haul optical telecommunication systems. This long-haul system
induces much higher signal attenuation and relies on optical amplifiers to enhance
the signal quality and distance. Optical amplifiers in current optical networks exploit
the usage of erbium ions that have been doped into the silica glass material to do the
signal amplification tasks. Although the development of optical amplifiers have
reached full growth and maturity, new specifications have now demanded more
detailed optical amplifier characterisation. The characterisation of EDFA in a glass
host for optical telecommunication systems are important in order to design more
efficient, higher quality optical amplifiers with lower production costs. Today, with
the continuing demands and diversification into a wide variety of applications from
long-haul broadband optical telecommunications to defence and military, medical,
imaging, material study and so on, the new comprehensive characterisation and
analysis of EDFAs will fulfil the criterion long sought after[1].

In an optical telecommunications network, the EDFA's type and parameter

highly depends on its deployment in the network system. Generally, there are three
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types of EDFAs in an optical network system [1]; the booster amplifier, the in-line
amplifier and the pre-amplifier. These three types of EDFAs have different
configurations and design but mostly demands similar requirements for optical
telecommunications systems. For a booster type optical amplifier, which are placed
right after the signal transmitter, the most important parameter is the capability to
produce a high output signal for longer transmission lengths. The in-line type optical
amplifier is placed between fibre links and is required to produce a broad
amplification bandwidth to carry multiple WDM channel. The pre-amplifier, which is
placed before the receiver ends, is required to be able to produce a low signal-to-
noise output for low bit error detection. Hence, the common EDFA parameters for
optical telecommunication networks are output power, amplification bandwidth and
NF. In this chapter, these three parameters are measured and studied in detail for the
EDFA evaluation in different configurations. The effects of a bi-directional pump
configuration on the performance of the EDFA, the signal gain and the noise are also
discussed. The efficiencies of the EDFA are calculated from the output signal power
and discussed as well. Later, the effect of the fibre temperature on the signal gain,

noise and efficiency is measured and further discussed.

4.2 EDFA Pumping Configurations

When light propagates in a dielectric medium such as glass, according to the

Lambert-Beer Law,' the intensity of the light is absorbed by the medium itself and as

a result, producing lower light intensity at the output ends. In an optical amplifier in
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which the glass host is doped with RE ions such as erbium, the signal light is
amplified at the signal wavelength in the presence of a strong additional light at a
shorter wavelength known as the 'pump'. For that reason, the gain/loss experienced
by the signal wavelength is a function of the absorbed pump light. For positive
population inversion, the signal is amplified and for negative population inversion,
the signal is absorbed. In the application of long-haul optical telecommunication
systems, the amount of absorbed pump light must be high for the signal to experience
a gain hence, making it an efficient optical amplifier [1-3].

The pumping configuration of an optical amplifier can be identified in three
configuration types [1]. Forward pumping is defined as the situation whereby the
pump light source is combined at the input ends of the erbium-doped fibre (EDF) and
travels in same direction with the signal light. A backward pumping configuration is
simply the reverse of this. Bi-directional pumping is a combination of both forward
and backward pumping schemes and is the configuration in this study [3,4]. The
schematic of the single pass bi-directional pumping bismuth erbium-doped fibre (Bi-

EDF) configuration is illustrated in Figure 4.1.

Bi-EDF

1480nm LD 1480nm LD
i r\’\ @ /“/ |—|ISD
WsC = OSA

Figure 4.1  Basic single-pass bi-directional configuration set-up of Bi-EDF
amplifier, TLS:Tunable Laser Source, VOA:Variable Optical
Attenuator, CIR: Circulator, LD:Laser Diode, WSC: Wavelength
Selective Coupler, ISO:Isolator, OSA:Optical Spectrum Analyser
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Single-pass in this configuration means that the signal is amplified only one
time while a double-pass implies that the signal will be reflected by a reflector mirror
and passed back to experience amplification for a second time [2]. The pump source
wavelength of 1480 nm is combined with a thin-film filter (TTF) 1480/1550 nm
WSC which has flat/constant wavelength transmission characteristics from 1512 nm
to 1620 nm and is fusion spliced to the Bi-EDF. The input signal power from a
Tunable Laser Source (TLS) ranging from 1520 nm to 1620 nm is controlled by a
Variable Optical Attenuator (VOA) and connected to the Bi-EDF at the input end 'P1'
of an Optical Circulator (CIR). The CIR is a non-reciprocal device based on
principles similar to the optical isolator (ISO) that allows the routing of optical light
from one end to the other end in an unique/specific manner. The CIR is used in order
to measure the backward propagating Amplified Spontaneous Emission (ASE)
simultaneously and also to eliminate any unexpected laser oscillation and Multipath
Interference Noise (MPI) [2,4] at the input ends. The output signal gain, NF and
output power of the optical amplifier are measured using an Optical Spectrum

Analyser (OSA) at the output ends after the ISO.

4.3  EDFA Simulation

To comprehend the effect of the pump configuration in the EDFA, the
population density of the excited state, N, (representing the amount of pump light
being used for the amplification) was calculated from the amplifier rate equation (Eq.
2.9-2.11) using the software OptiAmplifier ver. 3.0.4 from Optiwave Corp. The

parameters used in this calculation are listed in Table 4.1. The maximum available
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Table 4.1 Bi-EDF parameters used for the theoretical calculation

Bi-EDF parameters
Fibre length 2153 cm
Er*" concentration 7.6042 x10" cm™
Core radius 2.7 um
Peak absorption @1480nm 79.13 dB/m
@1560nm 44.11 dB/m
Peak emission @1480nm 31.32 dB/m
@1560nm 102.32 dB/m
MFD @1480nm 6.02 pm
@1560nm 6.28 um
4113/2 lifetime 2.84 ms
Pump threshold 391 mW
Signal saturation power 2.97 mW
Cut-off wavelength 1300 nm
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Figure 4.2  The excited state N, population density for Bi-EDF for different
pumping configuration.
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pump power was fixed at 160 mW and the length of the Bi-EDF fixed at 210 cm. The
simulation result is simulated in Figure 4.2 and 4.3.

With limited pump power, under forward and backward configuration, only
the beginning end of the Bi-EDF generates a higher N, population density compared
with the bi-directional pumping scheme that is capable of generating a high
population density at both ends. As the result from the simulation, splitting the pump
power into a bi-directional pumping configuration, allows the pump source to be
distributed more effectively and generate a longer N, population density length.
Since the absorption efficiency of the pump source is increased, the generated
fluorescence intensity also increases. On that account, a bi-directional pumping
scheme is capable of producing a larger ASE and signal output. The calculated
forward ASE and signal output power are shown in Figure 4.3 (a) and (b).

In Figure 4.3 (a) and (b) the forward ASE and output signal for the forward

pumping configuration is attenuated as it propagates through the Bi-EDF. The limited
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Figure 4.3  The simulation results of (a) forward ASE and signal power (b) for
Bi-EDF for different pumping configuration.

available pump power of only 160 mW in the forward pumping scheme results in the
optimal length of 120 cm of the Bi-EDF for maximum signal output power. The
excess pump power calculated at this length is almost 40 fW revealing that the
remaining Bi-EDF length acts as an absorbing media instead of a gain media.
Although the signal obtained a net amplification at the input end, as the signal
propagates further along the remaining length, the signal is absorbed. This is because
there is no longer a pump source left to excite the Er’* ions and as a consequence,
producing lower population density. Whereas in bi-directional pumping, almost all
the available length of the Bi-EDF is inverted by the pump source and acts as gain
media as demonstrated in Figure 4.3 (b) thus, making it capable of generating a much
higher forward ASE and signal output power. Therefore, the bi-directional pumping

produces more N, population density as presented in Figure 4.2. The backward

127



Characterisation of Erbium-doped Bismuth Fibre Amplifier

pumping scheme on the other hand leaves the output signal suffering from greater
attenuation as the signal has been absorbed at the Bi-EDF input end and only
experiences amplification at the output end of the Bi-EDF. Consequently when the
input signal power is reached at Bi-EDF output end, the power is very low, making
the amplification process limited to a certain extent as that reason, producing lower
output signal powers. Hence, this configuration is not suitable to excite high

absorption cross-section EDFs such as the Bi-EDF efficiently.

4.4 Experimental Result
To fully understand the effect of the pump configuration, experimental
verification was done using the Bi-EDF. The forward ASE spectrum of Bi-EDF

(measured at the output end of the fibre) is presented in Figure 4.4 for different pump
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Figure 4.4  The Bi-EDF forward ASE spectrum for different pumping
configuration
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power ratios. The forward ASE of Si-EDF is also displayed in the figure for
comparison purposes. The ASE power from the backward pumping (FOB160)
generates the highest power while forward pumping (F160B0) is only capable of
generating a low ASE power despite being pumped with the same amount of pump
power. This is because the pump light is only capable of producing high population
inversion at limited lengths of the input portion of the fibre. As a consequence, the
ASE power from forward pumping suffered greater attenuation in reaching the end of
the fibre as compared to the backward pumping configuration. From the figure, the
ASE spectrum of bi-directional pumping is broader and more flatter due to effective
pump light distribution. With a forward:backward pump power ratio of 120:40 mW,
the ASE spectrum can be flattened from 1530 to 1610 nm without using any Gain-
Flattening Filter (GFF) [5,6] or a modified core profile for wide-band 'white-light
source' and optical amplifiers [7,8]. A flat ASE spectrum at the C- and L-band region
demonstrates the ability of the Bi-EDF as a wide-band optical amplifier for DWDM

optical telecommunications systems [3-5].

L. Gain and Noise Figure (NF)

EDFA gain and signal output power parameters are usually measured as a
function of input signal wavelength and power. Basically, signal gain is defined as
the positive signal power difference after propagating through the EDFA. When the
signal is injected into the EDFA, its will be amplified by stimulated emission from
the active medium (Er’") excited at its pump absorption spectrum. The gain medium

will also emit spontaneous emission at the signal wavelength that manifests itself as
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noise to the signal. The magnitude of the noise contribution to the amplification
process is defined as the NF [1,9-10].
The NF in an EDFA is the combined contribution of Signal-Spontaneous Beat

Noise, Spontaneous-Spontaneous (Sp-Sp) Beat Noise and Signal and ASE Shot
Noise that originate from the active medium and distortion/noise from passive
devices, (e.g. isolator, couple and circulator) while Multiple Path Interference Noise
(MP]) is a result of the reflection in the system [1]. Usually, the NF is decided by
Signal-Spontaneous Beat Noise and Shot Noise factor due to its larger contribution
and is calculated by measuring the system gain and ASE power at signal wavelength
[1,9] . This measurement is complicated and lacks accuracy because the ASE level at
the signal wavelength is obscured by the signal itself and the spontaneous emission
near the signal wavelength includes both ASE and Signal Spontaneous Emission
(SSE) [9]. In order to solve this problem, three optical measurement techniques [1,9]
have been developed that is capable of producing a precise and highly accurate
method for ASE level and NF measurement. These techniques are

e ASE Interpolations

e Time Domain Extinctions

e Polarization Extinction

In this study, the optical amplifier performance on signal gain and noise
figure (NF) were measured by an OSA using the ASE Interpolation Technique [10].
The ASE Interpolation technique relies on the determination of the ASE level at a

specific offset (e.g. 1 nm) above and below the signal wavelength, and interpolating
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between these two points to determine the average of the ASE level at the signal

wavelength as illustrated in Figure 4.5. In this technique, the gain, G and NF are

defined as
P.(r)-P
G}\‘ = out s ASE
G0 @1
and
NE,;, () = Pa iy 1 , 4.2)
77 heB,G(,) G,
%’_J %’_J
shotnoise si_gnal&ASE

mixing

where Pouin 1 the signal output and input powers, Pase is the ASE power at signal
wavelength A;, By, is the measured signal spectral resolution and h is the Plank's
constant. The gain of the EDFA is defined as the ratio of the output signal power to

the input signal power.
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Figure 4.5  Determination of the ASE level using linear interpolation
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From the figure, due to the input signal also containing Spontaneous
Emission (SE) from the source, it also gets amplified when it propagates through the
EDFA. For that reason, this extra gain produced by the SE must be removed to
ensure the measurement gives the actual signal amplification. In order to
remove/reduce the gain error, the TLS must have lower SE and good power stability.

The NF equation from Eq. (4.2) contains two important terms that contribute
to noise of the EDFA that came from a) mixing of the signal and ASE; and b) shot
noise of the active medium, (in which the first terms has a larger influence on the NF
values). This calculation also requires that the output ASE power at the signal
wavelength be resolved by using the interpolation technique because the ASE power
at the signal wavelength was masked by the signal itself and cannot be directly
measured.

The noise generated from the mixing of the signal and ASE is also known as
the spontaneous emission factor, ny, which sets the limit of minimum noise of an

EDFA. The smallest ng, is achieved when the gain becomes weakly dependent upon

the launched pump power and approaches its maximum value %} 00, which

corresponds to the regime of maximum inversion [1]. The NF;, and n,,™" at signal

wavelength, A are given by

NE,, (1) = —asits
heB ,G() )
=2n2"(\,) (4.3)
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where oc.(A,s) is the emission and absorption cross-sections at pump and signal
wavelengths, kg is the Boltzmann constant and T is the temperature. For the case of a
two-level laser system (when using 1480 nm pump excitation), the Er’* ions
emission cross-section 6.(A,) is non-zero and causes the denominator in Eq. 4.4 to be
smaller than 1, consequently producing the minimum achievable noise figure of
higher than 2. As a result, 1480 nm pump excitation is less preferred compared with
980 nm pump excitation in a low noise EDFA design [1, 2].

Figure 4.6 (a) and (b) show the measurement of gain as a function of total
pump power with different forward and backward power ratio at 1560 nm signal
wavelength. In this measurement, the forward or backward LD pump power were
fixed with power of 50, 100 and 150 mW while the opposite LD pump power are
increased to maximum (e.g. F50 is defined as forward pump that was fixed at 50 mW
while increasing the backward pump power to maximum) . The figure also shows the
gain for uni-directional pump for comparison purpose. All gain measurement was
done with the input signal power fixed at 1 mW.

The Figure 4.6 (a) and (b) indicates the important gain region that reflect
three possible gain regimes [1]

e the under-pumped regime where G <1,

e the incomplete inversion regimes where the gain steeply increases with pump
power and

e the near-complete inversion regime where the gain approaches the limiting
values of G().

Here, the limit gain G() (using the principles of energy conservation) is defined as
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Gain (dB)

Figure 4.6
power ratio. The broken line correspond to gain coefficient of the Bi-EDFA. (A) =
uni-directional backward pumping, (B,C,D) = bi-directional pumping with forward
pump was fixed at 50, 100, 150 mW, (E) = uni-directional forward pumping, (F,G,H)
= bi-directional pumping with backward pump power was fixed at 50, 100, 150 mW
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[1,11]
Gw ) = epo”ﬂ—”Pa SLH, (4.5)
P
where o5 is the Bi-EDF absorption coefficient at signal A, L is the Bi-EDF length and
N(Asp) = 6e(Asp)/ca(Asp) as calculated from Eq. 3.14. Using the gain and signal output
power relationships, the maximum possible Bi-EDF signal output power is given as

[1, 11],

)\ Pin
P = 1+ A—P P‘i’n : (4.6)

where X, is the pump and signal wavelength and P;,"™ input signal and pump power.

From the Eq. 4.5 and 4.6, the calculated values of G(w) and P,;* of the Bi-EDF for

out
P, =1 mW at 1560 nm signal wavelength and P, =160 mW pump power are 21.8
dB and 152.79 mW, respectively.

From the result obtained for the uni-directional forward or backward
pumping configurations, when the available pump power is restricted to only 140
mW, the 1480 nm pump light is capable of carrying the Bi-EDF into an incomplete
inversion regime. The maximum measured gain for forward and backward pump
configurations were 6.84 and 3.67 dB, respectively. With additional pump power
from the backward or forward direction 50, 100 and 150 mW, the Bi-EDF was able
to operate in the near-complete inversion regime producing higher gain and signal
output power at the same total pump power. The results reveal that pump light in a
bi-directional pump configuration was distributed much better than a uni-directional

pump configuration and produces more gain to the signal [1, 11, 12].
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However, the signal gain variation with the uni-directional pump was found
to vary by about 2.67 dB (= 6.84-3.67 dB) with the same pump power. This
increment is almost 48% higher, which tells us that the uni-directional forward
pumping configuration was more efficient and thus, produces more gain to the
signal. Backward pumping suffers low signal gain because as the signal propagates
from the input to the output end of the Bi-EDF, the signal power is attenuated by the
Bi-EDF and hence limits the signal amplification. Although by utilising a high power
pump source in a uni-directional pump configuration to pump the Bi-EDF can reduce
the attenuation effects, this solution however proved to be largely inefficient and
costly [12].

The gain for bi-directional pumping was found to greatly depend on forward
or backward pump configuration. When the total pump power is fixed at 180 mW,
the gain can vary from 1.37 to 2.24 dB for 50 mW to 150 mW additional pump
power. The gain variations are listed in detail in Table 4.2.

Table 4.2 Gain variation in bi-directional pumping configuration with different
pump power addition. Total pump power was fixed at 180 mW.

Adding (mW) Gain generated by Gain generated by
forward pump (dB) | backward pump (dB)
50 13.54 11.85
100 12.65 12.97
150 11.30 13.22
Gain difference (Gmax - Gumin) -2.24 1.37

From the table, increasing the pump power from 50 to 150 mW at the input

end causes the gain to decline to -2.24 dB whereas adding extra pump to the output
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end leads to a gain growth of 1.37 dB. Hence, from the results, an extra pump light at
the output end of the fibre is capable of generating a gain improvement whereas
adding extra pump light to the Bi-EDF input end saturates the output signal light
thus, reducing gain [1, 12]. This gain variation is expected due to the high power
backward ASE that reflects back into the Bi-EDF and generates an effect of ASE
self-saturation [1, 12, 13].

Self-saturation can cause a population inversion depletion and has been
recognised as a limiting factor [13, 14] for high power optical amplifiers. If the effect
is not minimised or controlled when designing an optical amplifier, it can worsen the
efficiency of the system therefore, limiting the generated output signal power.

There are two kinds of saturation that affects optical amplifier performance,
namely signal-induced saturation and ASE self-saturation. Signal-induced saturation
occurs due to an insufficient number of pump photons to excite the RE ions in order
to amplify a high power input signal, whereas ASE self-saturation is due to a high
ASE power that 'dominates' and 'competes' with the signal photons [1]. The impact
brought about on optical amplifiers is that these factors can reduce the actual signal
inversion population, pump light absorption and worsen the actual signal gain and
NF [13-16]. The signal-induced and ASE self-saturation effect can also affect in
combination and incur more serious decline to the performance of the optical
amplifiers.

In this regard, the gain reduction at the maximum forward pump addition is
due to ASE self-saturation effect that limits the signal amplification at the input end

of Bi-EDF. This result was found to match well with the signal power simulation as
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depicted in Figure 4.3 (a) and (b) since the signal inversion varies with the EDF
length [1, 12]. In the simulation, the pump power was equally divided subsequently,
creating a fairly balanced ASE power. In the experiment, at high forward pump
power, the backward ASE power increases and intensifies the ASE self-saturation
effect at Bi-EDF input end. This effect however is less with the backward pump
power as the ASE power distribution is more at EDF output end.

The transparency pump power P™ where the gain, G = 1 is a practical
parameter to explain the minimum pump power required for bleaching the input
signal from the fibre background absorption. These pump power values allow optical
amplifier designers to identify the threshold power to produce unity gain [1,10,11].
For better pump light distribution and output signal performance, the glass host
background loss at the pump wavelength must be low to minimise the pump power

attenuation.

In Figure 4.6 (a), the P,™" for uni-directional backward pumping
configuration was about 131 mW but with an addition from 50 to 100 mW pump
power at the input end brings out the transparency to be higher, rising from 74 mW
to 101 mW. While in figure (b), the P;mns for uni-directional forward was found to be
much lower; about 97 mW because of high signal amplification at the Bi-EDF input
end, while addition from 50 to 100 mW pump power at output end produces almost
similar P;™" values. So, in bi-directional pumping, the signal loss of Bi-EDFA can

be easily overcome by adding extra pump power at the Bi-EDF input or output end
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which subsequently, bring down the P to the same value of 74 mW as

characterised here. This result describes that the P, is very dependent on pump

configuration rather than total pump power. By deploying bi-directional pumping
configuration, low transparency pump power can be achieved. This enables the Bi-
EDF to achieve a higher signal inversion and thus, produces an efficient optical
amplifier. On that note, this configuration relatively offers an advantage in producing
higher gain output due to the effective pump light distribution.

In order to understand the effects of input pump and gain, the gain coefficient
was calculated and compared. The gain coefficient of an optical amplifier is defined
as the tangent of the maximum gain to the maximum launched pump power? [1, 13].
Although the gain coefficient by definition [1, 13] does not indicate the inversion
condition of the EDF, its can uncover the gain evolution from G = 1 or transparency
to the maximum gain of the RE-doped fibre [1].

The gain coefficient for uni-directional forward and backward pumping
configurations of the Bi-EDF were found to be 0.05 and 0.03 dB/mW, respectively
with lower gain coefficient in the backward pumping scheme due to high signal
absorption at the Bi-EDF input end. The highest coefficient was found to be about
0.09 dB/mW with a bi-directional pumping and 50 mW forward pump power. Other
pump power combinations at 50 and 100 mW exhibit a gain coefficient at anywhere
between 0.07 and 0.08 dB/mW. When the pump power accretion increases to 150
mW, the gain coefficient (either with bi-directional forward or backward pump

configuration) deteriorates significantly. This reduction in coefficient is expected and
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it originates from the effect of ASE self-saturation [1,12] as explained previously.

The bi-directional pumping NF of the Bi-EDF as a function of forward and
backward pump powers are presented in Figure 4.7 (a) and (b). The uni-directional
forward and backward pumping NF is also presented for comparison. From the
result, the NF of the uni-directional backward pump configuration is very dependent
on launched pump power compared with the forward pump scheme. At the same
pump power of 140 mW, the NF of the backward pump configuration was 38.06 dB,
that is almost 30 dB higher than the NF of the forward pump configuration which
was only 8.13 dB. High signal absorption and limited pump power as consequence,
produce low signal gain which leads to high NF penalty in this configuration.

When the amount of backward pump power is raise from 50 to 150 mW in

the bi-directional pumping configuration, the NF was reduced exponentially and
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Figure 4.7  The NF of Bi-EDF for different forward (a) and backward (b) pump
power increment. F: forward, B: backward (bi-directional), For/Back Only: Uni-
directional forward/backward pump

settled down to a value of about 8 dB. However, the improvement rate with forward
pump power add-on was much more faster, where only with 50 mW able to yield a
similar NF reduction as presented in Figure 4.7 (a) compared to when adding extra
pump power at the backward pump. At higher forward pump power addition, the
minimum NF sank down to 9 dB. At this condition, putting an extra pump power will
increase the gain but no further improvement of NF values was observed.

Using this minimum value and including the WSC loss and the Bi-EDF splice
loss calculated from chapter 3.2, the actual NF of the Bi-EDF calculated using Eq.
4.2 was found to be 7.69 dB. This value is almost 3.78 dB higher than the calculated
NF quantum limit n, (using Eq. 4.4) of 3.91 dB at a wavelength of 1560 nm. Hence,

the reason for the higher NF value is assumed to be from other sources/effects such
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as MPI, laser oscillation and saturation [1, 14-18]. These effects have the capability
to deplete the optical amplifier inversion population specially at the input end and
consequently produces a noisy output signal.

The NF results lead to an important finding for different pumping
configurations of the Bi-EDF. Compared with the backward pump configuration, the
forward pump configuration suffers lower NF penalty. As explained by E. Desurvire
[12], forward pump configuration generates lesser signal-spontaneous beat noise [2,
17] due to high signal amplification at the Bi-EDF input end and also smaller ASE
self-saturation effects [12-13]. Although this forward pumping configuration is the
most desirable configuration for low noise optical amplifiers [14-16], low signal gain
and general inefficiency forced optical amplifier designers to pick the bi-directional
pumping configuration for high power applications since this pumping configuration
has better pump power distribution [1]. In Figure. 4.7 (a), under pump deficiency
(when the forward pump power is less than 78 mW), the saturation induced by
signal-induced saturation will deteriorate the signal gain and NF. At the maximum
pump power, the NF value was limited to 8.08 dB because the Bi-EDF was fully
inverted by all available pump power. Accordingly, the NF values of this pumping
configuration is very dependent on the amount of forward pump power launched
into the Bi-EDF. A low NF value is achieved if the input end of EDF is fully
inverted, therefore, producing maximum gain.

In the bi-directional pumping configuration, adding an extra pump power at
the backward direction improved the pump light distribution along the fibre and as a

result, yielding higher signal gain [17]. However, because the amplification is mostly
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done at the output end of the Bi-EDF, this configuration causes higher NF penalties
due to higher shot-noise from forward ASE at Bi-EDF output ends. While increasing
an extra pump power at the fibre input end will improve the NF penalty of the optical
amplifier, this however also generates a large amount of unwanted ASE that is
capable of saturating the signal. Hence the signal gain and NF penalty of bi-
directional pumping configuration is very dependent on the power ratio between the
forward and backward pump. With an equal pump power ratio as indicated in Figure
4.8, the effect of the launched pump power on the signal gain and NF are more worse
compared to the effects from non-equal pump power ratios. From the result, the
optimum gain and NF can only be achieved at the maximum pump power of 290

mW, which in fact suffers from self-saturation [12-17].
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Figure 4.8  The gain and NF with bi-directional pumping with equal ratio
(balanced)
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For that reason, the pump power transparency obtained earlier has to be
reconsidered. Since this pump power indicates the minimum pump power for the
EDF to function as a lossless optical amplifier, the total pump power of 74 mW (ratio
of 24 mW:50 mW) was found to be the lowest limit for the Bi-EDF to operate. At
this pump power, the Bi-EDF is capable of offering an advantage of a more uniform
pump power distribution for medium population inversion [15-17], thus generating
better signal gain and pump efficiency. With other limiting factors such as signal-
induced and ASE self-saturation, signal and pump background loss and splice joint
loss are taken into consideration, this power is not a true indicator of the optimum
pump power for low noise operation of the Bi-EDF optical amplifier. Only by
complete optical amplifier characterisation, then the optimum pump power for low

noise operation can be identified.

II1. Quantum and power conversion efficiency (QCE, PCE)

The main intention of an optical amplifier is to amplify low power input
signal to compensate the fibre link loss in an optical telecommunications system
without adding extra noise to the signal. Long-haul transmission links require a high
output power optical amplifier which is capable of giving good pump to signal
conversion efficiency [18]. The conversion efficiency of pump photons into signal
photons is known as Quantum Conversion Efficiency (QCE), and is defined as the
ratio of the number of photons the amplifier adds to the signal divided by the number

of photons due to the launched pump power, [1, 18], that is given by
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where @,,™"" are the input or output pump and signal photon fluxes, A, are the
signal and pump wavelength and P,,™*"* are the input and output signal and pump
powers. The maximum possible value for the QCE is unity, which corresponds to the
case where all pump photons are effectively converted into signal photons. From the

last term in Eq. 4.7, the Power Conversion Efficiency, PCE can be defined as,

out _ pin
PCE = u

in
p

(4.8)

Figure 4.9 (a) describes the QCE as a function of pump power for different
forward and backward pump ratios. The forward or backward pump power was fixed
to 50, 100 and 150 mW while increasing the other pump power to its maximum
value. For the uni-directional pump configuration (presented as FOR and BACK),
the fibre background loss affected the pump efficiency of the optical amplifier. To
achieve transparency, the forward pump configuration required less pump power of
about 98 mW, while the backward pump required more than 130 mW of pump
power, which consequently forced lower QCE in the backward pumping
configuration. The maximum QCE obtained at the same pump power of 140 mW
from backward pumping was only 1.0% compared to 2.9% from the forward
pumping. This result however was found to disagree with the findings of R. L.

Laming et. al. [13]. The large observed QCE difference was attributed to the Bi-EDF
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high absorption loss and low signal gain due to limited available pump power at Bi-
EDF input ends. As the pump power increases from 50 mW to 150 mW, the QCE of
the Bi-EDF reveals a dependence on pump configuration rather than the amount of
launched pump power as outlined by the slope tangents. The QCE with the forward
pump incorporation increases almost linearly with total pump power but the QCE
with the backward pump incorporation was found to be loosely non-linear and
remains almost constant at higher pump power. With 150 mW backward pump
addition, the QCE stayed at 12.95% when the launched total pump power was above
200 mW. Comparing this with forward pump addition, the QCE value was found to
be increasing linearly with maximum pump power. From the figure (a), the
maximum achieved QCE is 14.11 % with 150 mW forward pump addition. This
corresponded to a total pump power of 290 mW.

The PCE of Bi-EDF shown in Fig. 4.9 (b) also displayed similar slope
tangent as found in QCE result. Under heavy pumping conditions, (at 150 mW pump
power addition) the output signal PCE of the forward pump add-on was 13.39 %,
while the backward pump generates an output signal PCE of only about 12.29 %
(generating about 1.10 % difference). Although the 1480 nm pump wavelength has
been reported [2, 19, 20] as an optimum pump band for high conversion efficiency of
conventional EDF, in a high Er** ion concentration Bi-EDF, the maximum achievable
PCE is limited to only 13.39 % at total pump power of 290 mW. Optical amplifier
with high RE doping concentration are prone to the concentration quenching effect
[2, 21, 22] that is capable of reducing the efficiency of the 1.55 um emission. Besides

the effect of concentration quenching, the Bi-EDF signal gain is also affected by ASE
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self-saturation from the high power backward propagating ASE that depleted the
stimulated emission [12, 19, 20] as exhibited in Figure. 4.6 (a) and (b). Consequently,
their inter-relationship, ultimately causes a low PCE value with backward pump
addition from 50 to 150 mW.

From these efficiency results, the forward and backward pump ratio in the bi-
directional pumping configuration have a large influence on the signal output power
of the Bi-EDF optical amplifier. Consider the first condition when the backward
pump power was fixed while the forward pump power is varied to maximum, the
slope gradient of the QCE and PCE are steeper compared with the second condition
when forward pump power was fixed instead. However above a certain pump power,
the slope gradient declines to a constant for the remaining pump powers. This effect
is actually caused by the ASE self-saturation as observed by E. Desurvire [1, 12] that
reduces the population inversion of stimulated emission at the fibre input ends thus
effecting the pump photon distribution along the fibre.

The forward and backward ASE power at the Bi-EDF ends as a function of
pump power is illustrated in Figure 4.10. The launched pump power is fixed with
equal ratios between forward and backward pump with input signal power of 0 dBm.
From the figure, the backward ASE power Py« is five times higher than the forward
ASE power Py, and begins to increase exponentially while the ratio between Pyo/Ppack
decreases towards unity as the pump power is increased. From the ratio, at low pump
power where the generated backward ASE is low, the effect of signal-induced
saturation is most significant. As the pump power increases, the inversion of the Bi-

EDF is improved and generates a larger backward ASE power and overpowers the
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Figure 4.10 Forward and backward ASE spectrum power and power ratio Pg/Ppack
as a function of total pump power with 0 dBm input signal (under bi-directional
configuration with equal power ratio)

input signal. As a result, the backward ASE acts as broad-band saturating signal that

i1s capable to saturate the input signal [2, 23]. By using an exponential growth

function, the backward ASE power Pasg was given as

pump

P
P...|P.]= 0.38expE—2™ £~ (.66 . 4.9)
ASE( ) P H 120.45%

According to E. Desurvire et. al. [11], the onset of ASE self-saturation is when the
power ratio between saturated signal power Py, and ASE power Pasg 1S Pasg/Psa = 0.6;
and by using Eq. 4.9 with Py, = 1 mW, the calculated minimum pump power is 143.9
mW. This corresponds to a forward pump power of 71.95 mW. Hence, in this bi-
directional pumping configuration, the transition between signal induced saturation

and ASE self-saturation is when the forward pump power is increased to above 71.95
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mW.

III.  Self-Saturation

The detailed analysis of self-saturation will be discussed under the effect of
input signal with different forward and backward pump power ratios. Figure 4.11 (a)
and (b) display the gain and NF of Bi-EDF as a function of input signal power from
-40 dBm to 0 dBm (0.1 uW to 1 mW). From (a), the gain values for bi-directional
pumping configurations have similar slope pattern because the Bi-EDF was in a
highly saturated condition. The signal gain difference between 250 mW and 300 mW
at an input signal power of 0 dBm is 3.74 dB while at low input signal power the
difference increases to about -11.99 dB. Due to low signal power and high backward
ASE power at high forward pump power add-on, the effect of ASE self-saturation is
induced and as a result, reduces the gain of the signal.

The input or output signal dynamic range which is defined as the input/output
signal power where the maximum signal gain is reduced by -3 dB (that which is also
known as the input/output saturation/compression power [1]) was found to decrease
with increased pump power in the output signal dynamic range of -3.05 to 7.84 dBm.
The details of the input and output signal dynamic range is presented in Table 4.3.

Table 4.3 Input and output signal dynamic range

Pump in out
Configuration Poump MW)| G (dB) | P (dBm) PO (dBm)
F50-B150 200 35.95 -36 -3.05
F150-B100 250 47.84 -37 7.84
F150-B150 300 39.67 -30 6.67
F100-B150 250 41.29 -33 5.29
F150-B50 200 44.27 -38 3.27
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This input/output signal dynamic range is a useful experimental parameter to
interpret the minimum input signal power for the optical amplifiers to operate near its
peak performance. From the result obtained, Bi-EDF has a very limited dynamic
range to operate under maximum output power performance. Consequentially, Bi-
EDF is more suitable and effective to operate as a booster amplifier for high output
power applications in optical telecommunication networks.

Since the Bi-EDF is fully inverted by the 1480 nm pump, the net effect is that
the Bi-EDF falls under the effect of saturation (ASE self- and signal-induced) [2, 24].
This appears in a small signal NF dip at about -10 dBm input signal power, followed
by a rapid increase at maximum input signal power as observed in Fig. 4.11 (b).
Using the NF value at 0 dBm input signal power as a reference, the depth of the dip
was found to be inversely proportional to total pump power and also has a higher
dependence on forward pump addition. The depth values are listed in Table 4.4.

Table 4.4 The depths of the NF dip with total pump power

Configuration | Total pump NF at 0 dBm NF depth (dB)
power (mW) | input signal (dB)
F50-B150 200 10.59 2.60
F100-B150 250 8.36 1.82
F150-B150 300 8.05 1.31
F150-B100 250 8.14 1.53
F150-B50 200 8.10 1.67

The detailed characteristics of the NF dip effect [2,24] can be attributed to the
influence of self-saturation by backward ASE generated by the forward pump and

signal-induced saturation that changes the ASE and pump power distribution along
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the fibre. When a sufficiently high input signal is injected into the Bi-EDF (in this
case at about -10 dBm), the backward ASE power at the input ends is clamped
therefore, suppressing the ASE self-saturation effect. This significantly produces a
higher signal inversion at these regions. As the inversion at the input end is high, a
lower spontaneous emission factor ny, value is obtained thus lowering the overall NF
values. However, with increasing input signal power, the signal-induced saturation
become more powerful causing the NF value to degrade. The maximum excess
spontaneous noise factor, X for a highly saturated EDFA [1, 2], which depend on G

and P> and is defined as

¢ 2
x = GlogG Psm A_SH‘%E o, () (4.10)
G-1 P" )\ fo.0o0,0,)

where o, are the mode-field radii at signal and pump, respectively. So, the total
minimum NF, NF,;, is given by

NE;, = 2ng" (1+ X). (4.11)
Using Eq. 4.10 and 4.11, the signal-induced saturation affected the NF,, of the Bi-
EDF by adding an extra 0.48 dB to a new value of 4.39 dB. For that reason, for low

noise optical amplifiers, the signal-induced saturation can restrict the overall optical

performance for low noise operation.

IV. Amplification bandwidth
The signal gain and NF as a function of input signal wavelength is shown in
Figure. 4.12 (a) and (b). The input signal power is fixed at 0 dBm and signal

wavelength is varied from 1532 nm to 1620 nm while the total pump power is varied
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from 200 to 300 mW under different bi-directional pump combination. The data from
the unidirectional pumping is also presented for comparison purposes. From the gain
result of the Bi-EDF, the 3 dB signal bandwidth is strongly dependent on pump
configuration rather than total pump power. The signal gain and bandwidth when
using high backward pump power was found to be higher and wider than the forward
pump power at equivalent pump powers. At a maximum pump power of 300 mW, the
3 dB signal bandwidth is about 73 nm, ranging from 1545 to 1618 nm with a
maximum signal gain of 17.39 dBm at 1568 nm. This is due to wider Er’* ions
emission cross section as characterised in section 3.4 and longer “I;3, state (1550
nm) lifetime that enable an efficient longer wavelength stimulated emission [25, 26].
In addition to that, Bi-EDF optical amplifiers have a low effect on signal and pump
ESA as reported by H. Hayashi et. al. [27] thus, improved the signal gain at longer
wavelengths, around the 1600 nm region [1]. The other 3dB amplification bandwidth
is listed in Table 4.5.

Table 4.5 3dB bandwidth of Bi-EDF bi-directional pumping

Pump Configuration 3dB bandwidth (nm)
F50-B150 67
F100-B150 71
F150-B150 67
F150-B100 72
F150-B50 72

From the gain profile, the effect of the signal re-absorption for longer signal
amplification can be identified as the cause of signal bandwidth reduction when

exposed at low total pump power configuration (e. g. at 200 mW). This configuration
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produces a 3 dB signal bandwidth of 67 nm from 1547 to 1614 nm. An optimum
configuration for maximum signal bandwidth with flat gain can be achieved by
utilizing a higher forward pump power (with forward pump power > 100 mW) as the
signal gain at shorter wavelengths are more reliant on forward pump powers to boost
the final output [28], whereas the backward pumping is used for longer signal
amplification.

The NF as a function of input signal wavelength of the Bi-EDF is
demonstrated in Figure 4.12 (b), which shows different results when compared to the
gain results. At shorter wavelength (C-band) input signals, where the gain is high, the
NF was found to be higher but slowly reduces to the lowest values as the input signal
shifts to longer wavelengths. The lowest NF value (= 7dB) was found at 1588 nm
and a maximum pump power of 300 mW. The reason for this is because under highly
saturated conditions, the excited state of the Er’* ions is mostly populated producing
high ion population density hence, generates more stimulated and also spontaneous
emission [2, 28]. However, from the Bi-EDFA Er’* ions emission cross section
property, the shorter wavelength has larger emission coefficient than the longer
wavelength. As a result, signals with shorter wavelengths will experience higher NF
penalty due to larger shot noise effect from the spontaneous emission than input
signals at longer wavelengths.

From the figure, the deviation of the NF values of Bi-EDF was small if the
total pump power was above 250 mW where the Bi-EDF is fully inverted by the
1480 nm pump light. At pump powers below 200 mW, only the pumping

configuration of F50-B150 has a higher NF penalty. This is because the input signal
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experiences higher attenuation due to the Bi-EDF being in an under-pumped
condition. Increasing the forward pump power to above 100 mW will increase the
Bi-EDF input ends' population inversion therefore, lowering the overall NF penalty.
The QCE of Bi-EDF as a function of input signal wavelength at 0 dBm input
signal power is displayed in Figure 4.13 . The QCE have similar line profile as the
gain result with a maximum efficiency of 19.76% at 1568 nm input signal. The
efficiency at both signal wavelength ends, at 1540 nm and 1620 nm is found to be
rather restricted. At shorter input signal wavelengths, the signal-induced and ASE
self-saturation [2, 28] are the sources of the restriction while at longer signal
wavelength the signal absorption by the ESA effect is the main reason for the low

quantum efficiency [28, 29].
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Figure 4.13 The QCE at 0 dBm input signal power as a functions of input signal
wavelength at different bi-directional pump configuration. FOR: forward, BACK:
backward pumping (uni-directional), F### - B$$$: Forward pump = %%% and
backward pump = *** mW for a total pump power of %%% + *** mW (bi-
directional)
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From the same Figure 4.13, in bi-directional pumping configuration, adding
extra power at the Bi-EDF back end was found to be more effective than adding
pump power at the input ends. When compared with a total pump of 200 mW (pump
configuration of F50+B150 and F100+B50) and 250 mW (pump configuration of
F100+B150 and F150+B100), the difference in the QCE was found to be much
higher at low pump powers. For better analysis of this two pump power, the
efficiency is varied with different forward and backward pump combination at same
pump power as revealed in Figure 4.14. With high backward pump power, the QCE
of the Bi-EDFA was found higher compared with high forward pump power and
decreases with higher pump power. At 200 mW pump power, the maximum QCE

difference was about 6.25 % and reduces to about 2.66% at an input signal of 1556
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Figure 4.14 The QCE different as the function of input wavelength in bi-
directional pump configuration at 200 and 250 mW pump power with different
forward and backward pump power.
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nm. With increasing total pump power, the population inversion of Er’* ion in Bi-
EDF is shifted from moderate to highly populated to its maximum, subsequently
initiating a full signal amplification condition. Consequently, the difference in
efficiency at highly saturated condition is less significant than in moderately
saturated conditions. The most important point is the population inversion of Er** ion
in bi-directional pumping configuration EDFA was maintained by backward pump
power as observed by E. Desurvire et. al. [1, 12]. In this figure the minimum signal

bandwidth for maximum efficiency was about 60 nm between 1548 to 1608 nm.

V. Temperature effect in Bi-EDF optical amplifier

The optical lasing action in a three level laser and optical amplifier system
occurs when the excited RE ions in the metastable state decay to the ground state and
release its energy in an optical form. The most efficient optical amplifier condition is
such that all the decay process correspond to an optical radiative transition. However,
for randomly aligned RE ions in glass material, there are other competing transitions
that can also depopulate the metastable state and, as a result, reduce the number of
stimulated photons emitted. These nonradiative transitions can effectively dissipate
energy as heat or vibration (phonons) [1, 2, 27, 29] and there are also some other
cases where the energy of pump photons or excited RE ions are re-absorbed to the

higher energy level, which is also known as upconversion and ESA [1, 27, 29, 30].

0.(0) = Gab(U)eXpE- ME 4.12)
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The glass host ligand field distributes Er** ions randomly and prompts
multiple Stark level manifolds. From section 3.4, the transition between these Stark
level manifolds is treated using the McCumber theory from the generalization of
Einstein's A and B coefficients, which are temperature dependent as explicated in Eq.
3.9 (see Eq. 4.12). The pump absorption and signal emission cross section
characteristics of an RE in the glass host shifts the spectral position, bandwidth and
distribution with changing temperatures [2, 30, 31]. Therefore, when the EDF
temperature increase / decrease, this makes a combined effect on pump and signal
cross sections consequently produces a net change that influences the maximum
signal output power and bandwidth.

In low phonon energy glass such as bismuth, phosphate and fluoride -based
glass [28, 29, 30], multiphonon absorption can effectively reduce the radiative
emission of Er'" ion at the 1550 nm region. Using phonon and mutiphonon
absorption coefficients, Eq. 3.1 and 3.2, the relationship between the nonradiative

emission rate "*W and phonon absorption is [31]

Sz Wyft- e (4.13)

Therefore any changes in fibre temperature will affect the Er’* ions energy
level nonradiative emission rates that produces net/combined changes in optical
amplifier efficiency and performance.

The characterisation of the optical amplifier performance is examined
between fibre temperatures of 0 °C to 63 °C to simulate the effect of temperature

variations. The Bi-EDF was enclosed in an aluminium foil and placed in both a cool
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and hot chamber to simulate these conditions. The casing temperature was monitored
using a K-type thermocouple that is connected to a Fluke 53 II Digital thermometer.
The temperature of the casing was controlled and maintained to enable the Bi-EDF to
reach thermal equilibrium before and during the measurement of the optical gain and
NF. The experimental set-up is illustrated in Figure 4.15. The input signal power was

fixed at 0 dBm and its wavelength varied from 1520 nm to 1620 nm for a pump

power of 300 mW.
Bi-EDF
VOA CIR 1480nm LD 1480nm LD
IS0
TLS == WsC WscC p—t— OSA
1 Thermal
o chamber

Thermometer

Figure 4.15 The experimental set-up to measure the effect of fibre temperature,
TLS:Tunable Laser Source, VOA:Variable Optical Attenuator, CIR:
Circulator, LD:Laser Diode, ISO:Isolator, OSA:Optical Spectrum
Analyser
Figure 4.16 (a) and (b) describe the gain and NF behaviour of Bi-EDF with
temperatures ranging from 0 °C to 63 °C for input wavelengths from 1520 nm to
1620 nm. From the emission cross sections calculated using the McCumber theory,
the temperature effect is examined at the Er’* ion emission peak. By using a Bi-EDF
of length 215.3 cm, the gain peak is shifted from 1530 nm region to 1568 nm due to
signal re-absorption for longer L-band signal amplification. As the temperature of
the fibre increases, both the gain and NF values and profile were altered significantly
especially at shorter input wavelengths [32, 33]. At low fibre temperatures, the signal

gain of the Bi-EDF was found to be higher than the corresponding gain values at

higher fibre temperatures.
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Figure 4.16 The gain (a) and the NF (b) at 0 dBm input signal power as a
functions of input signal wavelength at different temperature.
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A similar improvement was also found with the NF presenting a lower penalty at low
fibre temperature. This result revealed that the population inversion of
the Bi-EDF was higher and is able to run most efficiently at low temperatures. The
details of the gain and NF differences for 0 °C ,22 °C, 43 °C and 63 °C are shown in
Figure 4.17.

The maximum gain, AG and NF fluctuations, ANF were located at the cross
section peak of Er’” ions emission of 1532 nm, with AG = 11.06 dB and ANF = 17.97
dB at high temperature difference of 63 °C. The variations at a gain peak of 1568 nm
is rather small, with AG = 0.40 dB and ANF = 0.02 dB for NF penalty. At low
temperature difference of (0-22 °C) , the AG and ANF fluctuations are small, with

maximum values of 5.07 dB for gain and 10.15 dB for NF.
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Figure 4.17 The gain and NF different at 0 °C and 63 °C as a functions of input
signal wavelength.
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At low temperatures, the Stark sublevels are more dense due to small
Boltzmann thermal distribution [32] , causing the upper Stark sublevels of the ground
and metastable states to depopulate easier [33]. As a result, the pump absorption rate
increases and produces intense fluorescence emissions at shorter input wavelength
[32-34]. Besides that, the decreased number of thermally activated phonons causes
low pump photon energy loss to glass host phonons and this subsequently, reduces
the nonradiative emission of Er’" ions. Therefore, these enhancements increases the
input signal gain at shorter wavelengths.

To study the effect of the QCE with the fibre temperature, the slope

coefficient of QCE and temperature was calculated as,

A
QCE,,, (%/°C)= —¢=, (4.14)
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Figure 4.18 The QCE / temperature (slope coefficient) as a functions of input
signal wavelength.
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The results of Bi-EDF QCE/temperature versus wavelength is shown in Figure 4.17.
At the Er’* ions emission cross section peak, Bi-EDF exhibits a positive coefficient
while longer input signals exhibits a negative coefficient. The reason for different
coefficient polarities are the different signal amplification conditions whereby the
longer band signal amplification is largely dependent on re-absorption of ASE at Er**
ions emission peak [1]. The lowest coefficient (-0.06) was found at an input signal of
1596 nm. At longer input wavelengths at the 1610 nm region (where the ESA effect
is most significant [28, 29]), higher fibre ambient temperature enhances the
efficiency coefficient. When the fibre temperature is higher, the Er** ions thermal
distribution increases causing the Stark sublevels to widen. As a result, the excited
Er** ions at lower sublevel metastable states decay to the upper sublevel of the
ground state with fast nonradiative and radiative processes. This causes the
population density at metastable state to be lower and this reduces the ESA

absorption significantly.

165



Characterisation of Erbium-doped Bismuth Fibre Amplifier

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

E. Desurvire, “Erbium-doped fiber amplifiers: Principle and Application,”
John Wiley & Son Inc., New York, 1994.

Seo Yeon Park, Hyang Kyun Kim, “Efficient and low-noise operation in gain
-flattened 1580 nm band EDFA”, OFC/IOOC 1999 Technical Digest, Vol. 2,
pp. 123, 1999

H. Ono, M. Yamada, Y. Ohishi, “Signal output characteristics of 1.58 um
band Er*-doped fibre amplifiers with cascaded configurations”, Electron.
Lett. Vol. 34, No. 15, pp. 1513, 1998

K. Rottwitt, J. H. Povlsen, A. Bjarklev, O. Lumholt, B. Pedersen, T.
Rasmussen, “Optimum signal wavelength for a distributed erbium-doped
fiber amplifier”, IEEE Photonics. Tech. Lett., Vol. 4, No. 7, 1992, pp. 714

R. Sommer, R. M. Fortenberry, B. Flintham, P. C. Johnson, “Multiple filter
functions integrated into multi-port GFF components”, Conference on
Optical Fiber Communications and National Fiber Optic Engineers
Conference, OFC/NFOEC 2007, 2007, pp.1

R. B. Sargent, “Recent advances in thin films filters”, Optical Fiber
Communication Conference, 2004, OFC 2004, Vol. 1, 2004, pp. 23

Y. B. Lu, P. L. Chu, A. Alphones, P. Shum, “4 105-nm ultrawide-band gain-
[flattened amplifier combining C- and L- band Dual-core EDFAs in a parallel
configuration”, IEEE Photonics. Tech. Lett., Vol 16, No. 7, 2004, pp. 1640

Y. B. Lu, P. L. Chu, “Gain flattening by using dual-core fiber in erbium-

166



Characterisation of Erbium-doped Bismuth Fibre Amplifier

[9]

[10]

[11]

[12]

[13]

[14]

[15]

doped fiber amplifier”, IEEE Photonics. Tech. Lett., Vol. 12, no. 12, 2000, pp.
1616

D. M. Baney, P. Gallion, R. S. Tucker, “Theory and measurement techniques
for the noise figure of optical amplifiers,” Opt. Fib. Tech., Vol. 6, 2000, pp.
122

D. Baney, C. Hentschel, J. Dupre, “Optical fiber amplifiers - measurement of
gain and noise figure”, HP Lightwave Symposium, 1993.

E. Desurvire, M. Zimgibl, H. M. Presby, D. DiGiovanni, “Characterization
and modelling of amplified spontaneous emission in unsaturated erbium-
doped fiber amplifiers”, IEEE Photonics. Tech. Lett., Vol. 3, No. 2, 1991,
pp-127

E. Desurvire, “Analysis of gain difference between forward- and backward-
pumped erbium-doped fiber amplifiers in saturation regime”, 1EEE
Photonics. Tech. Lett., Vol. 4, No. 7, 1993, pp.625

R. I. Laming, J. E. Townsend, D. N. Payne, F. Meli, G. Grasso, E. J. Tarbox,
“High-power erbium-doped-fiber amplifiers operating in the saturated
regime”, IEEE Photonics. Technol. Lett., Vol. 3, No. 3, pp. 253, 1991

J. F. Massicott, R. Wyatt, B. J. Ainslie, S. P. Craig-ryan, “Efficient, high
power, high gain, Er'* doped silica fibre amplifier”, Electron. Lett., Vol. 26,
No. 14, 1990, pp. 1038

Piotr Myslinski, Dung Nguyen, Jacek Chrostowski, “Effects of concentration
on the performance of erbium-doped fiber amplifiers”, Jour. Light. Technol.,

Vol. 15, No. 1, 1997, pp.112

167



Characterisation of Erbium-doped Bismuth Fibre Amplifier

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

F. W. Willems, J. C. van der Plaats, “Experimental demonstration of noise
figure reduction caused by nonlinear photon statistics of saturated EDFA's”,
IEEE Photonics. Technol. Lett., Vol. 7, No.5, 1995, pp. 488

E. Desurvire, “Analysis of distributed erbium-doped fiber amplifiers with
fiber background loss,” 1IEEE Photonics. Tech. Lett., Vol. 3, No. 7, 1991,
pp.625

E. Desurvire, “Spectral noise figure of Er*-doped fiber amplifiers”, IEEE
Photonics. Tech. Lett., vol. 2, No. 3, 1990, pp. 208

C. R. Giles, E. Desurvire, “Modelling erbium-doped fiber amplifiers”,
Lightwave Technol., Vol. 9, No. 2, 1991, pp. 271

Y. Kimura, K. Suzuki, M. Nakazawa, “Noise figure characteristics of Er'*-
doped fibre amplifier pumped in 0.8 um band”, Electron. Lett., Vol. 27, No. 2,
1991, pp. 146

R. G. Smart, J. L. Zyskind, J. W. Sulhoff, D. J. DiGiovanni, “An
investigations of the noise figure and conversion efficiency of 0.98 um
pumped erbium-doped fiber amplifiers under saturated conditions”, IEEE
Photonics Technol. Lett., Vol. 4, No. 11, pp. 1291, 1992

B. Pedersen, M. L. Dakss, and W. J. Miniscalco, "Conversion efficiency and
noise in erbium-doped fiber power amplifiers," in Optical Fiber Amplifiers
and Their Applications, OSA Technical Digest Series, Vol. 13, 1991

F. A. Flood, “Gain saturation behaviour in L-band”, 1IEEE Photonics.

Technol. Lett. Vol. 12, No. 9, 2000, pp. 1156

J. F. Marcerou, H. Fevrier, J. Herve, J. Auge, “Noise characteristics of the

168



Characterisation of Erbium-doped Bismuth Fibre Amplifier

[25]

[26]

[27]

[28]

[29]

[30]

EDFA in gain saturation regions”, Proc. Tropical Meeting of Optical
Amplifiers and Applications, Optical Society of America (OSA), paper ThEI,
p. 162, 1991

Jianhu Yang, Shixun Dai, Nengli Dai, Shiqing Xu, Lei Wen, Lili Hu,
Zhonghong Jiang, “Effect of Bi,O; on the spectroscopic properties of
erbium-doped bismuth silicate glasses”, J. Opt. Soc. Am. B., Vol 20, No. 5,
2003, pp. 810

Yongzheng Fang, Lili Hu, Meisong Liao, Lei Wen, “Effect of bismuth oxide
introduction on spectroscopic properties of Er’*/Yb’" co-doped
aluminophosphate glasses”, Jour. Alloys and Compd, Vol. 457, 2008, pp. 19-
23

Hideaki Hayashi, Setsuhisa Tanabe, Naoki Sugimoto, “Quantitative analysis
of optical power budget of bismuth oxide-based erbium-doped fiber”, Jour.
Lumin., Vol. 128, 2008, pp. 333

Tsair-Chun Liang, Yung-Kuang Chen, Jing-Hong Su, Weng-HungTzeng,
Chiek Hu, Ying-Tso Lin, Yin-Chieh Lai, “Optimum configuration and design
of 1480 nm pumped L-band gain-flattened EDFA using conventional erbium-
doped fiber”, Opt. Comm., Vol. 183, 2000, pp. 51

James A. Harrington, “Infrared fibers and their application”, SPIE Press,
2004

M. Poonau, D. R. Gamelin, S. R. Luthi, H. U. Gudel, “Power dependence of
upconversion luminescence in lanthanide and transition-metal-ion system”,

Phys. Rev. B, Vol. 61, No. 5, 2000, pp.3337

169



Characterisation of Erbium-doped Bismuth Fibre Amplifier

[31]

[32]

[33]

[34]

R. Reisfeld, Y. Eckstein, “Dependence of spontaneous emission and
nonradiative relaxations of Tm’" and Er’* on glass host and temperature”,
Jour. of Chem. Phys, Vol. 63, No. 9, 1975, pp. 4001

E. Desurvire, J. R. Simpson, P. C. Becker, “High-gain erbium-doped
traveling wave fiber amplifier”, Optics Lett., Vol 12, No. 11, 1987, pp. 888
Felton A. Flood, “Comparison of temperature dependence in C-band and L-
band EDFAs”, Jour. Light. Technol., Vol. 19, No. 4, 2001, pp. 527

C. A. Miller, T. J. Whitley, S. C. Fleming, “Thermal properties of an erbium-

doped fibre amplifier”, IEE Proceeding, Vol. 137, Pt. J, No. 3, 1990, pp. 155

170



Bismuth-based EDFA in WDM Optical Network

CHAPTER 5

BISMUTH-BASED EDFA IN WDM OPTICAL NETWORK

5.1 Introduction

Transmission of multiple data in WDM optical network simultaneously has
many advantages for higher data capacity telecommunication system. The data
capacity of WDM can be increased by employing optical filter (e.g. Interference
filters, diffraction grating filters, or prism filter [1]) in single optical fibre link to
combine multiple data channels that correspond to different signal wavelengths. It is
capable to support higher data rate at lower cost and allow for more efficient data
load and distribution [1]. Also with the aids of optical amplifiers to boost the signal
strength, signal transmission is expanded to maximum distance.

In this chapter, optical performance characterisation of bismuth-based EDFA
for WDM optical networks is discussed. The measurement of gain flatness, gain
slope, gain clamping effect and channel spacing were done by using 4 signal
wavelengths. From the results, the overall performance of bismuth-based EDFA for

WDM optical networks is evaluated and discussed.

5.2 Gain Equalisation in WDM Optical Systems

The WDM optical network implements a multiple signal channel that span

across the amplification bandwidths. The signal channel is equally separated and

contains as many as 1021 signal channels [1] that cover from C-band to L-band
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region. Some of the new WDM optical systems that are combined with Raman
optical amplifier have very close signal channel spacing, which is about 50 GHz (=
0.4 nm) to support the demands of higher data capacity [2]. In order for the EDFA to
be used as an amplification device, it must have equal signal gain at every signal
channel to balance the output signal at transmitter ends. As the EDFA gain profile is
not spectrally uniform, the investigation of this signal equalisation (flatness) in
WDM optical network is crucial. This parameter is important for WDM optical
network systems to achieve error free detections (low bit-error rate) and low
Composite Second Order (CSO) distortion in analog systems [3]. There are several
techniques that have been used for gain equalisation in WDM optical networks such
as gain clamping method, incorporating passive or active filter to flatten the gain
profile, cascading EDFAs with different gain profile, spatial hole burning method

and adjustment of input signal powers [3].

LDy, 1560 nm ] 3 dB coupler

— .

3 dB coupler
LDy, 1574 nm
— 1
LDs, 1588 nm 3 dB coupler

| I—
LDq, 1602 nm ||

Bismuth-based
EDFA

0S5A

Figure 5.1 Schematic for 4 channel WDM optical system, LD: Laser diode,
OSA: Optical Spectrum Analyser
The gain equalisation measurement was done in an experimental set-up
depicted in Figure 5.1. In this figure, the configuration of bismuth-based EDFA is

similar to bi-directional configuration that was shown in previous Figure 4.1. The
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pump power of the bismuth-based EDFA was set to 150 mW in both forward and
backward direction, giving a total pump power of 300 mW. The signal wavelengths
of the WDM channel were 1560 nm, 1574 nm, 1588 nm and 1602 nm covering both
C- and L-band regions with wavelength spacing between channels of 14 nm
combined by using 3 units of 3-dB couplers. The WDM signals were limited to only
4 channels due to the limitation of our equipment in the laboratory. Each input signal
power was arranged at -5 dBm, producing a total input power of 1 dBm (1.26 mW)
to the bismuth-based EDFA. The measurement of output signal gain, NF and Signal-
to-Noise (SNR) was performed by OSA built-in functions.

The results obtained for the 4 channel WDM testing system are demonstrated
in Figure 5.2. From the figure, the highest signal gain of about 16.85 dB was
obtained at wavelength of 1602 nm and it corresponds to an output power of 11.48
dBm. However, the lowest signal gain detected was about 13.65 dB for the input
wavelength of 1560 nm that corresponds to 3.2 dB gain fluctuation. When comparing
the results of the 4 channel WDM signal with a single signal gain profile in Figure
4.12 (a), the input signal at shorter wavelength (1560 nm) experienced higher gain
than input signal at longer wavelength (1602 nm) although the shorter signal
wavelength has higher signal gain than longer signal wavelength. These results
indicate that when Bi-EDFA was incorporated into WDM optical networks, shorter
input signal wavelength experiences greater signal-induced saturation effect. This
effect is also known as signal cross-saturation where the saturation effect was
produced by other signal wavelengths [1]. Cross-saturation occurs as the signal

amplification in the EDFA was done with the same excited Er*" ions and since most
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Figure 5.2  Signal gain and NF for the 4 channel WDM testing system.

of its energy was dominated by the high power saturating signal, the other signal
could be stimulating lesser Er** ions in the excited state and thus yields lower gain
[1]. At shorter wavelength in multichannel EDFA, the excited ions population
density is lower thus making the signal suffer greater gain fluctuation and vice-versa
with population density at longer wavelength. The low ion population density at
shorter wavelength is due to signal re-absorption for longer signal amplification (L-
band region). Consequently, these cause the shorter input signal wavelength to
experience higher NF value of about 8.6 dB as shown in the result. As the signal
shifts to longer wavelength, the gain and NF were improved as the effect of gain

saturation slowly diminishes.
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The output signal SNR and the signal noise level are illustrated in Figure 5.3.
The SNR of an optical amplifier is defined as the ratio between signal peak power
and noise power level. It was measured directly by an Ando AQ6317C OSA by using
ASE level linear interpolation method [4] (see section 4.2.2 (Gain and NF)). SNR
measurements characterised the electrical current noise levels generated by the

optical amplifier at the receiver photodiode. It is given as [3, 5]

2
SNR = G_Sou’r , (5.1)
N+ N

where G is the gain of the system, S, is the electrical signal output power, N is the
electrical noise power level of the photodiode and N' is the optical noise (shot-noise
and ASE beat noise) generated from the optical amplifier that was converted by the

photodiode into an additional noise background.
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Figure 5.3  The signal SNR and noise level for the 4 channel WDM testing
system.
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From the result, the output SNR of Bi-EDF has a similar slope with signal
gain due to its dependence on the signal gain as represented by Eq. (5.1). The highest
SNR, was found to be 34.02 dB at wavelength of 1602 nm. Input signals at longer
wavelengths have better SNR,, because the ASE power level at this region was
lower than that at shorter wavelengths. However, the noise level of the Bi-EDF
optical amplifier was found to be higher at longer signal wavelength. This was
because at a longer wavelength, the noise level of the Bi-EDF which originated from
the shot-noise and ASE beat noise was largely affected by the signal ESA process [3,
6] that came from transition of Er** ion energy level “I;3, to the *Iyy.

The gain equalisation of an optical amplifier also depends on total signal
input power. In the case of second generation WDM optical systems that utilise
channel add-drop or cross-connect scheme [3, 7], the signal number and direction are
reconfigurable depending on data load and demands. The diagram of wavelength
Add/Drop Multiplexer and 4x4 Active Cross-connect Switch is illustrated in Figure
5.4.

In order to study the signal channel add/drop effect in Bi-EDFA, optical gain

and NF were measured in two experiments. In the first assessment, the input signal

output fibre link
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Figure 5.4  Wavelength Add/Drop Multiplexer (WADM) (a) and 4x4 Active
Cross-connects Switch (b)

channel was turned off one after the other while maintaining the total input signal to

0.95 mW to simulate a channel drop. In the second assessment, the input signal

power at a wavelength of 1560 nm was varied from -30 to -5 dBm to simulate

channel add. The results obtained are demonstrated in Figure 5.5.

Figure 5.5 (a) indicates the signal gain at an input signal of 1560 nm when
one of the other three signal channels was turned off . The signal gain at -5 dBm
input power was fluctuated to a maximum of +3.14 dB to a single channel drop. The
gain fluctuation was found to be higher when the signal channel at 1602 nm is turned
off because of long signal wavelength re-absorption property [3]. While other signal
channels at 1574 nm and 1588 nm exhibit lower gain fluctuation that originates from
the gain saturation effect [3, 8]. As a result, the signal channel at 1560 nm
experiences an extra gain when the signal at 1602 nm is turned off.

In the second evaluation, when the signal channel was added into Bi-EDF by
adjusting the input signal power at 1560 nm from -30 dBm to -5 dBm, the gain

decreases slowly from 15.47 dB to 13.56 dB thereby producing a gain fluctuation of
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1.91 dB. The addition of an extra signal channel into the EDFA has modified its
steady-state population inversion to a new level. This reduced the signal gain and
increased the overall NF as elucidated by M. Zirngibl et. al. [9, 10]. This effect that
is known as gain saturation has large influences on EDFA signal gain under the
signal channel addition. The impact of gain saturation on Bi-EDFA is presented in
Figure 5.5 (b). From the results, the NF at 1560 nm was found to increase to a
maximum of 2.88 dB when the signal channel at 1574 nm and 1588 nm were turned
off. However, when the signal channel at 1602 nm is turned off, the NF was
improved to 8.92 dB. The improvement was expected from the reduction of ESA
effect in Bi-EDFA. This result indicates that Bi-EDFA in 4 channels WDM optical
system were affected by the ESA and gain saturation effect that conforms the Er**
ions homogeneity property.

The gain variation across the signal channel is defined by the gain slope. The

0.7

0.6 -

o
o
/

Gain slope (dB/nm)
o o ©
M (2% o+
/
/
/
e
/

e
/
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Input power (dBm)
Figure 5.6  Gain slope between 4 signal channels when the input power at 1560
nm was varied from -5 to -30 dBm.
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gain slope for 4 channels Bi-EDFA is depicted in Figure 5.6. For a gain bandwidth of
42 nm (from 1560 to 1602 nm), and an input signal channel of 1560 nm, the slope
fell from 0.58 dB/nm to 0.07 dB/nm with the signal power increment from -30 to -5
dBm. This variation was originated from different gain saturation condition and
signal re-absorption when adding a signal [3] thus, modifying the gain slope between

signal channel.

I Gain Saturation

The effect of saturation to the signal output power in Bi-EDFA discussed in
section 4.2.2 was only limited to ASE influence. In reality, the saturation effect was
initiated by other factors that reduce the population inversion of the EDF, thereby
limiting the scaling of high output power. In a highly saturated condition, the output
signal of an EDFA can be saturated when the stimulated emission that is induced by
the high power signal (laser or ASE) becomes comparable (or competing) to the
pumping rate [3]. The saturating signal in the case of multi-wavelength WDM optical
system can originate from the signal itself or laser oscillation [9, 11, 12]. Laser
oscillation occurs when the EDFA gain is high enough to compensate for the return
loss of any reflecting element in the path of the ASE signal. This ASE signal is then
reflected back and forth into the EDF, which operates as a laser oscillation.

Gain saturation in Bi-EDFA was characterised by monitoring the gain
variation at signal channel with different saturating signal wavelengths and output
powers. Signal gain and NF at each signal channel that were measured with signal

input power at wavelength of 1560 nm was varied from -30 to -5 dBm. The input
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signal power for other signal channels were arranged to -5 dBm. The result of the
measurement is given in Figure 5.7.

The gain variation of Bi-EDFA was limited to a maximum value of 0.92 dB at
1574 nm (shorter wavelength region) as indicated in Figure 5.7 (a). At longer
wavelength, the gain variation was as low as 0.54 nm. This result conformed the
previous one where the shorter signal channel experienced a higher gain saturation
effect in Bi-EDFA. The NF of Bi-EDFA in Figure 5.7 (b) also show good
performance, producing reduction values where the input signal channel at 1588 nm
experienced an improvement at almost 0.68 dB. As discussed in the previous result,
the NF improvement at shorter signal channel was due to low gain compression by
reduction of gain saturation effect. In contrast, at longer signal channel, the
improvement was due to low ESA effect that transfer the energy of excited Er*" ions
to a still higher excited state.

The signal gain at -5dBm input channel of 1560 nm with different saturating
signal powers from -25 to 9.9 dBm is presented in Figure 5.8. The saturating signal
wavelength were adjusted to 1581, 1582, 1584 and 1587 nm. Due to the fact that Bi-
EDFA was operating in a fully saturated condition, the signal gain fluctuation was
smaller when adjusting the saturating signal wavelength compared to the signal
power of the saturating signal itself. This result indicated that the gain saturation
effect was largely dependant on signal power rather than the signal wavelength. A
small signal gain fluctuation was produced because at room temperature (that have
fast intra-manifold thermalization effect [3, 13] ) the EDFA gain profile was

dominated by homogeneous broadening effect [3, 13, 14] where in this case the
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stimulated emission from excited Er** ion was uniformly saturated by the high power
saturating signal. Therefore, the saturating signal and signal channel were capable to
access the energy stored in the Er** ions that was coupled to *I;;, metastable state.
This result implies that Bi-EDFA is a completely homogeneous gain medium

compared to normal silica-based EDFA as reported by K. Inoue et.al. [15].

25.0
¢ O ab& ap
20.0 - Sooy
]
< 1587 ®
. 15.0 - o 1584 C .
m A 1582
= 10.0 - X 1581 i
& X
5.0 -
Fa
0.0 -
'5-0 L L L) L) L L) L) L] L]

-35 -30 25 20 15 10 5 0 5 10 15
Sat. signal power (dBm)

Figure 5.8 Signal gain at 1560 nm with different saturating signal
wavelengths

I1. Gain Compression

The gain saturation dynamic range that is also knowns as gain compression
has similar definition with input signal dynamic range but it is measured in the
presence of saturating signal [3, 16]. In order to measure the gain compression of Bi-
EDFA, the saturating signal power wavelength of 1586.7 nm was varied from 0 to
-15.23 dBm. This saturating signal wavelength was calculated based on the input
signal wavelength that was arranged at 1560 nm with signal power from -5 to -30

dBm.
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Figure 5.9  Signal gain (a) and NF (b) at 1560 nm with different saturating
signal powers.
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Figure 5.9 (a) illustrates the signal gain at 1560 nm with different saturating
signal powers. The results for the 4 channel systems are also included in the figure
for comparison. From the figure, the gain compression had improved with high
saturating signal power. At high saturating signal power of -0.23 dBm, the gain
compression of Bi-EDFA was 24.7 dB extending the input signal power to -5.3 dBm.
With higher gain compression, Bi-EDFA was capable to sustain high input power
signal that increased the output signal power over much longer transmission
distances. However, as the Bi-EDFA is operated in high saturating signal power, the
NF penalty increased to a maximum of 9.96 dB. Although the total output signal gain
was clamped to higher input signal, this technique has a drawback due to high NF
penalty. By reducing the saturating signal power to -5 dBm, led to a reduction in the
gain compression to 14 dB for the maximum input power of -16 dBm. Then the NF
penalty then dropped to 9.11 dB, showing only 0.85 dB improvement. Lowering the
saturating signal power further down resulted in little gain compression and NF

penalty enhancement as the Bi-EDFA was still under heavy saturation.

III.  Gain Flatness

The inherent signal wavelength dependence of the gain and NF characteristic
and performance of EDFA corresponds to the distribution of Er** ion Stark manifolds
in the glass fibre. Under normal amplification operation, this lead to the suffering of
WDM optical networks from an imbalance in the output power and SNR of the
channels [17]. In this case, the channel that experiences the least gain is degraded

more by the ASE noise [18]. Silica-based EDFA has narrow gain flatness in C- and
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L-band regions, thus forcing large gain difference between channels and restricting
the usable amplification bandwidths of the EDFA. Therefore, a minimal gain ripples
in WDM optical networks are critical in order to minimize the distortion and
amplification bandwidths.

For application in WDM optical networks that require larger amplification
bandwidth, the gain flatness can be improved by operating the EDFA in deep
saturation conditions [3, 17], thus minimising the gain difference between C- and L-
band signals.

The Bi-EDFA gain flatness was measured by probing a signal gain and NF at
input power of -20 dBm from wavelength of 1540 to 1620 nm that were combined
with high saturating signal at 1586.7 nm. The saturating signal power was changed
from 0 and -10 dBm to simulate the gain saturation effect. The gain and NF of Bi-

EDFA gain flatness are plotted in Figure 5.10.
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Figure 5.10 Gain flatness of Bi-EDFA. Gains for input signal power of 0 and
-20 dBm are given for comparison, Sat: saturating laser power
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At a maximum saturating signal power of 0 dBm in Figure 5.10, the gain
flatness for an input signal wavelength of 1560 to 1612 nm was about 2.49 dB before
a slight improvement to 1.97 dB at a lower saturating signal power of -10 dBm.
When the Bi-EDFA was operated without saturating signal at similar input signal
power, the gain flatness worsened to a maximum 13.88 dB. However at a higher
input signal power of 0 dBm, the gain flatness was enhanced to less than 0.4 dB. In
this case, the gain profile of the Bi-EDFA was saturated by the input signal itself [3,
17-18].

Although the gain flatness was improved with high power input signal, the
NF performance of the Bi-EDFA was seriously affected. In the Figure 5.11, at an
input signal of 0 dBm, the most minimum NF was limited to only 6.26 dB. However,

with saturating signal powers of 0 dBm and -10 dBm, the most minimum NF was
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Figure 5.11 NF of the signal input for gain flatness measurement of Bi-EDFA. The
NF for input signal power of 0 and -20 dBm is presented for
comparison
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found to be 5.72 dB and 5.60 dB respectively. The gain saturation has caused a small
NF penalty of 0.66 dB which can be considered for maximum gain flatness. The gain
flatness from saturating signal has shown more advantages especially with lower NF
penalty that was suitable for WDM optical networks.

Saturating signal power effect on peak powers of Bi-EDFA also demonstrated
in Figure 5.12. The peak power of more than 17 dBm was attained when
implementing high input signal of 0 dB. From the observation, the signal peak power
is dependent on the saturating signal power. When the saturating signal power was
reduced from 0 dBm to -10 dBm, the corresponding signal peak power increased
from 10 dBm to 14.6 dBm (exhibiting a discrepancy of around 4.6 dB). As the peak

power of the signal depends on saturating signal power, the accessible amplification

bandwidths have also been affected. To utilise these, the saturating
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signal power has to be reduced which consequently worsen the gain flatness quality.
Therefore, this will limit the overall performance of Bi-EDFA in WDM optical

network systems.

IV. Gain Spectral Hole Burning

Gain Spectral Hole Burning (GSHB) is a phenomenon that causes the gain
deviation or a hole in the spectral region when a strong signal is added into the
EDFA. At room temperature, the gain profile comprises of contributions from a
number of transitions between different sublevels in the Stark split manifolds of the
ground and excited states due to the site-to-site variation from ligand field [3].
Because of the rapid thermal relaxation occurring between the different sublevels, the
saturation behaviour of the gain profile will tend to be homogeneously broadened
across its full width [3,15].

The homogeneous property in the glass laser (in this case the EDFA) arise
from the lifetime and dephasing time of the transition state and depends on the both
radiative and nonradiative process [19, 20]. The faster the lifetime or dephasing time,
the broader the transition. While the inhomogeneous broadening is the measure of
the various different glass sites in which an ensemble of Er** ion can be situated. As
the result of the variations of the glass local environment, there will be shifts in the
Stark manifolds and the fluorescence or absorption observed [19]. Thus, the
inhomogeneous line is a superposition of a set of homogeneous lines.

Consequently, if the homogeneous width of each transition is less than the

inhomogeneous width and also less than the wavelength separation (in multichannel
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WDM system) to neighbouring transition, the inhomogeneous effect should play a
role near such transaction. This causes the Er'" ions population inversion to be a
function of input wavelength [3,15].

When an EDFA operates in the presence of a high input signal, population
inversion at that wavelength will be reduced and this subsequently leads to reduction
in the signal gain. If an input signal wavelength is within the width of the
inhomogeneous spectral broadening, a gain fluctuation (hole) will occur due to
spectral hole burning.

Siegman [21] has shown that the difference between homogeneous and
inhomogeneous spectral broadening can be measured for RE doped glass medium
with saturation hole-burning technique [3,22].

The GSHB measurement was investigated by using an experimental set-up
that was proposed by A. K. Srivastava et. al. [3, 22] by evaluation of the gain
profile in the presence of a saturating signal at 1560 nm with different saturating
power. The gain profile was probed by -20 dBm input signal from 1550 nm to 1620
nm. In order to maintain the population inversion of the Bi-EDFA, a gain locking
signal of 1580 nm was used with input power of -20 dBm.

Figure 5.13 depicts the gain spectrum under different saturating powers for
GSHB measurement. From the result, at a saturating signal power of 0 dBm, that
comprises of 5 dB gain compression, the dip in the gain spectrum was about 0.342
dB. However by comparing with the normal silica-based EDFA, the gain spectral
hole-burning dip reported by A. K. Srivastava et. al. [22] was almost a half ( = 0.14

dB) lower than in Bi-EDFA. As the gain spectral hole burning is resulted by multiple
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population densities within Stark manifold of ground and excited states, the dip
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Figure 5.13 The spectral hole-burning effect with different saturating signal

power at 1560 nm
represents the stimulated emission rate of the Er** ions at that manifold. High
saturating signal power will fasten the stimulated emission rate at that wavelength
and hence, reduce population density at the Stark manifold [3, 23]. Although S. Ono
et. al. [24, 25] have reported that the dip of gain spectral hole-burning effect in
highly doped silica-based EDFA was not affected by high power saturating signal
due to the fast energy migration process between Er** ions, Bi-EDFA has different
type of concentration quenching process as discussed previously in section 3.3.5. As
the main energy transfer in Bi-EDFA was contributed by cross-relaxation process, the
number of Er** ions at excited state is exhausted at mush faster rate, thus producing

deeper gain spectral hole burning dip in Bi-EDFA [15].

As presented by the results, the hole depends on the saturating signal input
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power and also the wavelength as observed by F. A. Flood [26]. The gain difference
was found less as the input signal shifts from shorter wavelengths to longer
wavelength due to the smaller inhomogeneous broadening effect at this region [2,
26]. Consequently, when puts in multichannel WDM optical networks, Bi-EDFA was
able to support more channel loading at L-band compared to that at C-band since the
gain difference is lesser and flatter.

The characteristic and performance of Bi-EDFA in WDM optical networks
have been experimentally demonstrated. The gain variation and NF penalty for a 4
channel WDM system at an input signal of -5 dBm shows a slightly worse
performance, but capable to produce much higher signal output power. The Bi-EDFA
also exhibits greater gain saturation and compression at higher input signal compared
to normal silica-based EDFA due to the higher Er** ion concentration in the Bi-
EDFA. However, the optical performance of the 4 channel WDM system indicates
that Bi-EDFAs have the potential of being optical amplifiers for WDM optical

networks.
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CHAPTER 6

DISCUSSION and CONCLUSION

6.1 Introduction

In this thesis, an optical amplifier for Dense Wavelength Division
Multiplexing (DWDM) networks that was fabricated by Asahi Glass Co. Ltd by
utilising bismuth glass host has been characterised. The fabrication process was
based on a mixed-former fabrication technique [1, 2] to produce a multicomponent
glass that involves doping with a high concentration of Er’* ions of 3250 wt. ppm.
This method has successfully produced a glass host that has high Er’" ions
concentration with minimal ion clustering as reported by Jianhu Yang et. al. [1, 2].
Therefore, this new bismuth-based erbium-doped optical amplifiers require shorter
fibre lengths to achieve higher signal output powers compared to that of
conventional silica-based erbium-doped optical amplifiers. With shorter fibre length,
the signal propagation length is also reduced, thus significantly reducing non-linear
effects such as FWM, XPM, SPM and stimulated Brillouin scattering. For optical
amplifier manufacturers, shorter active fibre length indicates that the final product
will have a smaller spatial dimension and reduced costs. In addition, this fabrication
method also widens the radiative fluorescence spectrum of the Er’" ion. This
increases the signal amplification bandwidth [1, 2] that is beneficial for long-haul

DWDM optical networks.
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6.2 Erbium-doped Bismuth Optical Fibre Spectroscopic Properties

The bismuth oxide fibre was fabricated by using three glass former elements,
bismuth oxide Bi,0s, silica SiO, and alumina ALOs. This optical fibre has a high
core/cladding refractive index at 1550 nm of 2.03/2.02. By implementing Marcuse
equation, the calculated mode-field diameter (MFD) was determined to be about 6.1
pm with a core radius of 2.55 um. The smaller core radius causes the doped Er’" ions
to confine in the centre of the fibre core for better pump and signal absorption and
amplification. The utilisation of multiple glass former elements causes the bismuth
glass to possess multiple advantages such as higher RE ion concentration; lower
glass devitrification, wider gain bandwidth, high refractive index and lower
nonradiative energy transfer that significantly enhances the efficiency of the 1.55 pm
radiative emission for DWDM signal amplifications [1,2]. From the Judd-Ofelt
theory, the effect of the glass composition is explained by the (), 4, coefficients [4-6].
A high Q, coefficient value indicates that the Er’" ions in the bismuth-based erbium-
doped fibre are very well placed and have a high site symmetry at the vicinity of the
network former and non-bridging oxygen bonds. This reduces the ion clustering
effect efficiently. The Q,and Q¢ coefficients, which are related to the glass covalency,
glass basicity and fraction of the non-bridging oxygen ions are found to be
comparable and/or lower compared to conventional silica-based glass. From the
calculated Q4 coefficient, the addition of Bi,O; leads to an increase in the number of
non-bridging ions and covalent bonds, respectively as reported by Shiqing Xu et. al.

[4] and T. V. Bocharova et. al [7]. These result in higher peak emission cross-section

198



Discussion and Conclusion

and broader emission bandwidth. The calculated emission cross-section that relies on
the McCumber theory also exhibits a similar result of spectral broadening at the
longer wavelength region as well as a low ESA absorption cross-section coefficient.
In spite of these advantages, a higher content of Bi,O; and Er,Os; ultimately
affects the glass host local environment by resulting in a shorter Er’" ion metastable
level lifetime of 2.84 ms. This consequently reduces the efficiency of the optical
amplifier. Optical amplifiers with longer metastable lifetimes are capable of
maintaining its excited state population inversion longer, and as a result, producing a
higher energy conversion efficiency. The reasons for the lower lifetime value are due
to the effect of the Er’” ions radiation quenching and the addition of Bi,O that reduce
the overall glass phonon energy. Bi,O; has a low phonon energy of about =500 cm™
compared to that of silica glass of <1000 cm™. With lower phonon energy, the non-
radiative decay rate of the Er’** ion at the “I55 level in the bismuth-based glass was
found to be shorter by about 130.3 s thus, leading to a significant increase in the
multiphonon relaxation rates. This consequently increases the emission upconversion
process to the higher energy level. The upconversion process wastes the pump
photon energy that leads to reduction in the important 1.55 um radiative emission for
WDM optical communications. The upconversion measurement from 400 nm to
1100 nm that implements a 1480 nm laser diode excitation detects a high 975 nm
emission from the bismuth-based fibre. This upconversion process has a quadratic
dependence on 1480 nm excitation at low powers due to the fact that it is a two-
photon absorption scheme but it increases to a 4x dependence at higher excitation

powers. The explanation for the latter situation is given as follows. At low pump
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power, most Er’” ions are quenched by the cooperative energy transfer (CET) but as
the pump power increases, other higher rate quenching mechanisms such as 532 nm
upconversion process, energy transfer to glass impurities and defects and ESA occur.

From the optical absorption and fluorescence emission measurements, a
bismuth-based optical amplifier has a higher peak coefficient of 7.58 x 10* m* and
wider full-width half-maximum (FWHM) value of about 80 nm (especially at longer
wavelengths) as compared to silica-based optical amplifiers. At this region, silica
-based optical amplifiers have a low signal gain coefficient due to a higher ESA as
reported by E. Desurvire et. al. [5]. Therefore, by utilising a new bismuth-based
optical amplifier, this longer wavelength region can be employed for signal
amplification that is needed for DWDM optical communication networks.

The glass performance defined by the figure of merits (FOM) of bismuth-
based optical amplifier is the highest compared to other glass hosts such as tellurite
and phosphate where the bandwidth FOM is 606.40 x 10 (ss-m”) and gain FOM is
21.53 x 10 (nm'm®). The major reason for this high optical performance is because
of the careful consideration in the material chosen and the fabrication method used in
designing the Bi-EDFA. Therefore, this merits potential application of bismuth-based

optical amplifiers for DWDM communication networks.
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6.3 C+L band Bismuth-based EDFA

The Bismuth-based optical amplifier properties were evaluated by
incorporating a single-pass bi-directional pumping scheme of a pump wavelength of
1480 nm. This pumping configuration was employed [5] because it is the most
effective and efficient technique to demonstrate the Bi-EDFA's full potential.
Another benefit is that the 1480 nm pump light was evenly distributed throughout the
entire Bi-EDF length. This significantly increases the overall Er’* ion population
inversion density along the active Bi-EDF, and for this reason, pushing the Bi-EDFA
to regions of near-complete inversion. From the measured forward ASE spectrum,
the bi-directional pumping arrangement has the widest and flattest output spectrum.
This was done without using any Gain-Flattening Filter (GFF) that makes it suitable
for DWDM signal amplifications.

This pumping technique also improved the output signal gain and noise of the
optical amplifier. The input signal experienced less attenuation because the
amplification was done at both Bi-EDF ends with significantly smaller noise
contribution. From the result obtained, the signal gain from the bi-directional
pumping was almost 34 % higher than the uni-directional pumping when comparing
at the same pump power. The gain to pump power coefficient also improved from
0.03 dB/mW to a maximum of 0.09 dB/mW, and thus, bringing down the pump
power transparency of Bi-EDF to only 74 mW. Meanwhile, the signal NF was
reduced to 8.58 dB at similar conditions. The pump to signal QCE of the Bi-EDFA

also improved to about 8.58 %, indicating better and lower energy transfer loss
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between pump and signal.

The advantage of implementing two laser diode pumps is to allow indirect
control of self-saturation effect in Bi-EDFA by adjusting the pump ratio between
forward and backward pumps. This self-saturation effect has been known as a
limiting factor in high power optical amplifiers that deteriorates the amplified signal
quality and overall performance.

When the power of forward pump at Bi-EDF is increased, the backward ASE
power was intensified and competes with the actual input signal. This ASE behaved
as such a high power pseudo-signal which competed for gain with the input signal
and as a result, reduced the available gain for the signal.

From the result obtained in chapter 4, by adjusting the forward and backward
pump ratio to be 1:3 out of the total pump power, the Bi-EDF input end's population
inversion was maintained low and as a result, producing less self-saturation effect to
the incoming signal. In addition, the signal gain was also improved up to 4% while
the NF was enhanced up to 3 % at maximum pump power. Although the
enhancements are small in near-complete inversion, the pump ratio is much larger
under moderate inversion where it is preferable and more suitable for low-noise
application. The QCE also improved to 6.25 %, signifying better pump light
distribution due to the reduction of the ASE self-saturation effect. Modified bi-
directional pump ratios also enhanced the Bi-EDFA amplification bandwidth to 72
nm especially at longer input signal wavelengths.

The Bi-EDFA has lower phonon energy due to its high Bismuth contents.

Low phonon energy glasses are influenced greatly by ambient temperature as
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indicated by reduction of the *I;3, nonradiative emission rate and McCumber theory
[5]. These are because absorption and emission cross section are temperature
dependent [5]. From the result, the signal gain and NF of Bi-EDFA were varied to a
maximum of AG = 11.06 dB while the ANF = 17.97 dB at a signal wavelength of
1536 nm. The temperature coefficient of the Bi-EDFA was found to depend on the
input signal wavelength with input signals beyond the Er’* ion peak emission of 1530
nm that have a negative coefficient. This is due to the amplification property of long
input signal wavelengths that is largely dependent on the Stark levels of the Er’”

10ns.

6.4 Bi-EDFA in WDM optical network system

In this chapter, the performance of Bismuth-based EDFA was investigated
with a 4 channel WDM optical system. The signal channel gain, NF and SNR were
found to be effected moderately by the signal-induced saturation and gain profile
flatness. These were because the gain profile of Bi-EDFA was a combination of two
gain regions, C- and L-bands. C-band signal amplification was initiated directly by
excitation from a LD pump at 1480 nm that depends on the pump intensity. While L-
Band signal amplification was originated from C-band signal and ASE re-absorption
which depend on the photon wavelength. This amplification was possible when the
primary pump sources were not sufficient to create population inversions at the
region that was far away from the pump. The EDFA acted as a quasi-two level laser

system [5] which eventually resulted in the amplification depending on the Stark
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levels splitting by Boltzman distribution [8].

At shorter wavelengths, the gain and NF between signal channels were found
to produce larger variations than those at longer wavelength. The gain variation at
shorter wavelengths was about 0.92 dB before reducing to 0.54 dB at longer
wavelengths. In addition, the NF penalty was found about 0.37 dB at shorter
wavelengths, before increasing to 0.50 dB at longer wavelengths. These results were
related to L-band signal saturation induced by high power backward ASE that
created a broad-band gain depression as explained by Flood F. A. et. al. [9]. The SNR
of the signal also enhanced to a maximum 1.25 dB at longer wavelengths due to a
higher signal gain at this region. From signal channel add/drop experiment to
investigate gain saturation effect, the Bi-EDFA gain profile was influenced largely by
addition of signal at longer wavelengths.

Although Bi-EDFA is capable of both shifting the ESA T13» — “Io» transition
to longer wavelengths as well as producing larger gain coefficient, in highly
saturated condition, the output signal still suffers ESA which leads to reduction in the
total output signal power. Therefore, the usable amplification bandwidth of Bi-EDFA
was only limited to 1612 nm before the ESA effect dominates the signal gain. In
addition to that, the GSHB in the Bi-EDFA was found to be much higher compared
to silica-based EDFAs. This effect has been known to produce gain fluctuation in
closely spaced signal channels found in dense WDM optical system [10].

Generally, the Bi-EDFA has demonstrated that it has sufficient gain with less
ripples to produce large gain dynamic range or compression with an acceptable gain

flatness from C-band to extended L-Band (1530 nm to 1620 nm) for applications in
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WDM optical networks. The amplification bandwidths were expanded to a maximum
of 73 nm, hence increasing the channel number and spacing to enhance signal

crosstalk, Composite Second Order (CSO) distortion and bit error rate.

6.5  Issues and Suggestion for Future Work

The Bi-EDFA is a high-potential broadband optical amplifier for optical
telecommunication networks. The mixed-former fabrication method has successfully
yielded an advanced host material for optical amplifiers. This technique can enhance
the RE doping concentration and therefore, improving the output signal gain, NF and
efficiency. The Bi-EDFA has been doped to a maximum of 26000 ppm with
negligible concentration quenching effect [11] that results in a significant reduction

in EDF length to a minimum of 63 cm for L-band amplification [12].

However high splice losses, complicated fabrication methods and low phonon
energies generally limit Bi-EDFA optical efficiency and performance. These
limitations must be decreased before introducing the Bi-EDFA to real world optical
systems. Splice losses of this device can be minimised by using multiple dummy
fibres with higher refractive index and spliced using angle splicing method in order
to lessen its Fresnel reflection (thus, increasing the signal gain and NF). The
efficiencies of the Bi-EDFA can be improved by suppressing the upconversion

process through lanthanum (La) and boron (B) addition into the glass host [13].

Full understanding of gain, noise and efficiency of optical performance in

highly doped optical amplifiers should be revisited because optical fibres are more
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prone to undesirable effects such as self-saturation (ASE and signal-induced) and
concentration quenching. In WDM optical systems, where the high total input power
is combined with the cascade EDFA configuration, the gain, NF and SNR of the
output signal will degrade and hence increase the signal crosstalk and bit-error rates
of the system. With this knowledge, future work on ultrawide band optical amplifiers
that includes multiple RE ions namely thulium (Tm®*") and praseodymium (Pr’") in a
bismuth host glass or other host glasses could be done to expand and improve the

accessible amplification bandwidth for future DWDM telecommunication networks.
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L-BAND AMPLIFICATION AND MULTI-WAVELENGTH
LASING WITH BISMUTH-BASED ERBIUM DOPED
FIBER

S. W. Harun, N. Tamchek, S. Shahi, and H. Ahmad

Photonics Research Center
University of Malaya
Kuala Lumpur 50603, Malaysia

Abstract—Bismuth-based EDF (Bi-EDF) is comprehensively studied
as an alternative medium for optical amplification. The bismuth glass
host provides the opportunity to be doped heavily with erbium ions to
allow a compact optical amplifier design. The gain spectrum of the Bi-
EDF amplifier has a measured amplification bandwidth of 80 nm with a
quantum conversion efficiency of 20% obtained using 1480 nm pumping
and 215 cm long of doped fiber. A multi-wavelength laser comb is also
demonstrated using a four-wave mixing effect in a backward pumped
Bi-EDF. The laser generates more than 10 lines of optical comb with
a line spacing of approximately 0.41nm at 1615.5nm region using
146 mW of 1480 nm pump power.

1. INTRODUCTION

Recently, Bismuth-based erbium-doped fibers (Bi-EDFs) have been
extensively studied for use in compact amplifiers with short gain
medium lengths. This fiber incorporates lanthanum (La) ions to
decrease the concentration quenching of the erbium ions in the fiber [1],
which allows the erbium ion concentration to be increased to more
than 1000 ppm. A fiber with such a high erbium dopant concentration
is expected to have enormous potential in realizing a compact erbium-
doped fiber amplifiers (EDFAs) and EDFA based devices. The Bi-
EDF also exhibits a very high fiber nonlinearity, which can be used for
realizing new nonlinear devices such as wavelength converter and laser
source [2, 3]. Multi-wavelength lasers are required for dense wavelength

Corresponding author: S. W. Harun (swharun@um.edu.my).
T The first author is also with Department of Electrical Engineering, University of Malaya,
Kuala Lumpur 50603, Malaysia.
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division multiplexing (DWDM) optical system, which is an enabling
technology to fulfill a demand of bandwidth in the modern information
age.

In this paper, the optical performance of the Bi-EDF amplifier (Bi-
EDFA) is characterized and compared with that of Si-EDFA. Then, a
multi-wavelength laser is demonstrated using the Bi-EDF assisted by
FWM process.

2. CHARACTERIZATION OF THE Bi-EDF

The Bi-EDFA is characterised for its luminescence and lifetime
properties and its gain and noise figure performance. In this Bi-EDFA,
the Bi-EDF is bi-directionally pumped by a 1480 nm laser with total
power of 288 mW. The Bi-EDF used in this experiment is commercially
available from Asahi Glass Co and has an Er®t ion concentration of
7.6 x 10%°ions/m? with a Lanthanum ion co-dopant concentration of
approximately 4.4wt%. The fibre used has a length of 181.9cm, a
core/cladding refractive index of 2.03/2.02 and a NA of 0.20. It is
angle spliced to a single-mode fiber in order to reduce splice point
reflections.

For the luminescence experiment, the two 1480 nm pump laser
diodes are operated in CW mode while for the lifetime experiment
the 1480 nm pumps are pulse modulated using a square-wave function
generator at 70 Hz. The 1550 nm fluorescence spectra is measured using
an optical spectrum analyser (OSA) and the lifetime of the erbium
ion in the Bi-EDF is measured using the decay, which is detected
using HP 83440B photodiodes with a digital oscilloscope. The decay
oscillogram is transferred to a computer via General Purpose Interface
Bus (GPIB) hardware, and the decay lifetime is obtained by fitting
the single-exponential function to the experimental fluorescence decay
curves. The gain and noise figure of the Bi-EDFA are also investigated.
The experiment is then repeated using a 30 m commercially available
Si-EDF from Fibercore Ltd. with an Er3* doping concentration of
2.0 x 10%° ions/m? for comparison purposes.

Figure 1 shows the measured and calculated emission cross-section
using the McCumber theory and also the Si-EDF emission cross-section
as a comparison. The McCumber emission cross-section was calculated
using absorption cross-sections provided by Asahi Glass Co, and it can
be seen in the figure that the calculated emission cross-section agrees
well with the experimental data. This optical emission peaks at the
1.53 um, which is obtained due to the population inversion between
energy level 4113/2 and 4115/2. Also from Fig. 1, it can be seen that the
Bi-EDF has wider emission spectra as compared to Si-EDF, especially
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at the longer wavelengths at 1620 nm because of its larger emission
cross-section. The Si-EDF has a bandwidth of only 40 nm while the
Bi-EDF bandwidth is almost double at 80 nm for the same emission
intensity. The widening of the emission spectra is believed to be a
result of the Stark level of the Er®t ions in the Bi-EDF, which is
separated to a larger degree due to the larger ligand field as shown
by the absorption cross-section. As shown in Fig. 1, despite the Bi-
EDF having a higher absorption cross-section of 7.58 x 1072 m? at
the 1530 nm peak as compared to the Si-EDF absorption cross-section
(which is only 4.39 x 1072m?), the peak full-width half maximum
(FWHM) of the Bi-EDF is narrower than the FWHM of the Si-EDF.
This is due to the larger inhomogeneous energy level degeneracy that
the ligand field of the Bismuth host glass induced as a result of site-to-
site variations, also known as the Stark effect [4], causing the widened
optical transitions. Other elements such as potassium oxide also have
similar glass basicity expender effects [5] and are used in the fabrication
of Bi-EDF to obtain a broader amplification region.

1
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Figure 1. Absorption and emission cross-section of Bi-EDF and Si-
EDF. (The Bismuth absorption cross-section is obtained from Asahi
Glass Co.). The calculated Bismuth emission curve coincides very well
with the measured curve.

Figure 2 shows the lifetime decay curve of Er3T ions of Bi-EDF,
which was measured at wavelength of 1530nm. The decay curve is
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fitted with the single exponential decay function using the least square
method as shown by the solid line. From the fitting curve, the lifetime
of the erbium ion was measured to be approximately 2.8440.08 ms,
which is shorter than that measured by Yang et al. [6] and much
more lower than the compared lifetime of Er3* ions in a silica host
glass [4]. The quantum efficiency 7 and non-radiative transition rate
WNR at the 1550 nm emission are calculated to be 63.0% and 130.3s71,
respectively. This shows that the Bi-EDF is capable of generating
the sought-after high population inversions with only a modest pump
power [7]. Furthermore, this indicates that glass hosts with low phonon
energies such as bismuth glass (500cm™!) can be used to design an
efficient optical amplifier with a wider fluorescence bandwidth [6,7].
The wider fluorescence bandwidth is also attributed to the effect of the
alumina and Lanthanum co-dopants towards the Er3* ions distribution
in the Bi-EDF which reduces the concentration quenching effect of the
Er* ions, thus increasing the quantum efficiency [8, 9].

0.025 4
0.020 4

. 0.015 -

)

0.010 o

Intensity (a.u

0.005 H

0.000 4

¥ T Li T = T . T ¥ T * 1
28.0ms 30.0ms 32.0ms 34.0ms 36.0ms 38.0ms 40.0ms
time (s)

Figure 2. The measured lifetime of the erbium ion in Bi-EDF at
1530 nm. The fitting curve to the data is represented by the solid line.

The complete compositional analysis of the Bi-EDF glass is
also investigated and measured using Energy Dispersive X-Ray
Microanalysis (EDX) techniques. In this measurement, the sample is
bombarded with electron energy accelerate at 20kV and the emitted
X-Rays from the sample are captured and analysed with the system
software. Fig. 3 shows the measured energy spectrum of the Bi-
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Figure 3. The measured energy spectra of the Bi-EDF using EDX.

EDF glass. In the experiment, an elemental analysis is performed
using the bundled in software build-in with the ZAF method to
calculate the errors. The complete compositional analysis of the
Bi-EDF glass using EDX is summarized in Table 1. From the
analysis, the glass network formers for the Bi-EDF are determined
to be bismuth oxide, silica and alumina while the other markers are
determined to be the glass network modifiers. The glass former is
more prevalent elements in the glass structure than the glass modifier.
By utilizing bismuth oxide and alumina as the main glass network
former, the local glass basicity near the Er3t ions sites is expanded
as reported by Yang et al. [10] and Ainslie et al. [8], effectively
increasing the crystal field (ligand field) of the glass. This has the
result of enhancing the 1530 nm fluorescence full-width-half-maximum
(FWHM) spectrum [8,10] making it comparably broader than that
obtainable with a silica glass host.

3. AMPLIFICATION CHARACTERISTICS

In order to gauge the behaviour of the Bi-EDF in optical amplification,
then Bi-EDF optical amplifier characteristics and performance is
evaluated by measuring the signal gain and noise figure. In this
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experiment, the Bi-EDF is bi-directionally pumped by a 1480 nm laser
with total power of 288 mW. The gain (G) and noise figure (NF) are
measured by an optical spectrum analyzer (OSA) using the following
equations;

Pyt — P

G(dB) = 10log, (—t 5 ASE) (1)
_ 1 Pasp

NF(dB) = 10logy, ( St A G) (2)

wher Pj,, Py, and Pagg are the input power, the output power and
the amplified spontaneous emission power (ASE) power, respectively.
h is the photon energy and is the OSA’s resolution. Fig. 4 compares
the gain and noise figure of the Bi-EDFA with the Si-EDFA at input
signal of 0dBm. The gain of the Bi-EDFA is approximately 3dB
or 50% higher than that of the Si-EDFA with a flat gain profile.
The Bi-EDFA gain bandwidth is also wider by 15nm than that of
the Si-EDFA, to give the Bi-EDF gain bandwidth of approximately
80nm spanning from 1540nm up to 1620nm. This 15nm increase
in the gain bandwidth represents the potential addition of 18 signal
channels of a 100 GHz transmission system with the implementation
of Bi-EDF optical amplifiers [11]. However, the high Er®* ions doping
concentration and high insertion loss of the Bi-EDF incur a higher noise
figure penalty of approximately 2.6 dB than the noise figure penalty of
a Si-EDF when spliced to a conventional SMF. This increased noise
figure is attributed to the effect of multiple reflections from both the
fibre splice points whereby the signal is reflected back into the Bi-
EDF due to the large refractive index difference, causing multi-path
interference (MPI) noise [4].

Figure 5 shows the quantum conversion efficiency (QCE) and

Table 1. The Bi-EDF glass composition analysis using EDX.

Element | Mass (%) | Error (%)

Biy O3 67.80 1.88
SiOo 14.24 0.81
Al,O3 16.96 0.87
K-20O 0.05 0.29
P->0Os5 0.53 0.64
ErsO3 0.42 1.67
Total 100.00 6.17
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output power of the Bi-EDFA against signal wavelength. The QCE
is pump wavelength independent and defined as [4]:
As> Pyt — P )

where )\, s are the pump and signal wavelengths, Poutin are the signal

output and input powers and P;” is the pump power. From energy

conservation principles, the maximum value for the QCE is unity when:

Peut— pin ),

P s

The highest QCE is determined by Eq. (4) to be approximately 19.7%
at 1568 nm while the lowest QCE is calculated to be 1.7% at 1540 nm.
The higher QCE in the Bi-EDF amplifier is due to the phonon energy
of the glass host is much lower than the Er?* ions energy gaps and
this significantly reduces the pump photon energy loss to non-radiative
emission [12]. Therefore, almost all the pump photons are converted
to signal photons in the amplification process. With its high pump to
signal conversion efficiency, the Bi-EDF is an efficient optical amplifier
with shorter fibre length as compared to Si-EDF.

4. NONLINEAR CHARACTERISTICS

Beside a broadband amplification, the Bi-EDF also exhibits a very
high fiber nonlinearity, which can be used for realizing new nonlinear
devices such as multi-wavelength laser [13,14]. A multi-wavelength
laser is demonstrated using the Bi-EDF assisted by FWM process in
a ring cavity resonator as shown in Fig. 6. The multi-wavelength laser
resonator consists of the 215 cm long of Bismuth-based EDF (Bi-EDF),
which is backward pumped using a 1480 nm laser diode, isolators,
polarization controller (PC) and 10dB output coupler. Wavelength
division multiplexer (WDM) is used to combine the pump and laser
wavelengths.  Polarisation controller (PC) is used to control the
birefringence in the ring cavity so that the output laser generated can
be controlled and optimized. Two optical isolators are used to ensure
unidirectional operation of the laser. A 10dB coupler is used to tap
the output of the laser via 10% port as shown in Fig. 1, which is then
characterized by an optical spectrum analyzer (OSA) with a resolution
of 0.015nm. The operating wavelength of the multi-wavelength laser
is determined by the backward pumped Bi-EDF gain spectrum which
covers the long-wavelength band (L-band) region from 1570 to 1620 nm
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Figure 6. Experimental set-up for the proposed a Bi-EDF based
multi-wavelength ring laser.
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Figure 7. Output spectrum of the proposed Bi-EDF based multi-
wavelength ring laser at different 1480 nm pump powers.

as well as the cavity loss. The Bi-EDF amplifier has small signal gain
of approximately 30dB at the L-band region with a pump power of
150 mW.

Figure 7 shows the output spectrum of the multi-wavelength
laser for different 1480 nm pump power. As shown in the figure, the
oscillating laser lines are observed in the 1615.5nm region, which is
fall within an extended L-band region. The amplification bandwidth
of the Bi-EDF is extended to this region due to the suppression of
excited-state absorption (ESA). The laser operates at this region due
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to the cavity loss which is lower at the longer wavelength. The
backward pumped Bi-EDF generates amplified spontaneous emission
at this region which oscillates in the ring cavity to generate at least two
oscillating lines with a constant spacing due to the longitudinal modes
interference. The strong forward oscillating laser generates a backward
propagating reflected light in the gain medium (due to scattering and
Fresnel reflection) to form a standing wave which interferes each other
to form a multiple modes. The multi-wavelength laser generation with
a constant spacing is assisted by the four-wave mixing process, which
annihilates photons from these waves to create new photons at different
frequencies. A PC has been used to control the polarisation and the
birefringence inside the cavity, which in turn control the number of line
generated, channel spacing and the peak power.

As shown in Fig. 7, more than 10 lines are obtained at the
maximum pump power of 147 mW. At the minimum pump power of
100 mW, the erbium gain is lower and only one strong oscillating laser
is generated. Since another oscillating laser line is below the threshold
of the FWM process and thus no additional frequencies lines were
observed. The number of generated line as well as the peak power is
observed to increase as the pump power for the 1480 nm laser diode
increases which is attributed to the increment of the erbium gain with
pump power. This situation provides sufficient signal power for the
FWM process to generate additional lines. In this experiment, the
strongest line has a peak power of approximately —2 dBm and the line
spacing is measured to be around 0.41 nm, which is determined by the
cavity length and the birefringence in the ring cavity. The number
of lines is limited by the availability of the 1480 nm pump power or
erbium gain, fiber nonlinearity and polarisation filtering effect in the
linear cavity resonator. The multi-wavelength output is observed to
be stable at room temperature with only minor fluctuations observed
coinciding with large temperature variances.

5. CONCLUSION

The composition and characteristic of the Bi-EDF and its optical
performance with 1480nm excitation have been comprehensively
studied. Compared to the current Si-EDF, the Bi-EDFA only requires
a shorter length of active fibre to achieve amplification and can
significantly reduce the complexity and cost of optical amplifier. The
Bi-EDF is also capable of producing high quantum efficiency amplifiers
that significantly benefits optical amplifier designers. The Bi-EDF
also has a shorter 1530 nm emission lifetime due to the high refractive
index and Er3t doping concentration. In the proposed Bi-EDFA, the
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efficiency of 17.9% can be achieved with an amplification bandwidth
of 80nm after being pumped at wavelength of 1480nm. We have
also demonstrated a multi-wavelength laser comb using a Bi-EDF
fiber as both linear and nonlinear gain media. The multi-wavelength
generation is due to oscillating Bi-EDF laser lines which interacts each
other to create new photons at other frequency via four-wave mixing
process. The generated laser comb has more than 10 lines at the
maximum 1480 nm pump power of 147mW with a constant spacing
of approximately 0.41 nm.
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Brillouin fibre laser with 20 m-long photonic
crystal fibre

S.W. Harun, S.N. Aziz, N. Tamchek, N.S. Shahabuddin and
H. Ahmad

Brillouin fibre laser is demonstrated using a very short length of photo-
nic crystal fibre (PCF). A simple ring resonator is used in the exper-
iment which consists of a 20 m long highly nonlinear PCF and
49 cm long Bismuth-based erbium-doped fibre (Bi-EDF). The pro-
posed Brillouin laser is able to generate up to 3 Stokes and 3 anti-
Stokes lines in the 1560 nm region at a channel spacing of 0.09 nm.

Introduction: The area of photonic crystal fibre (PCF) technology has
progressed rapidly in recent years and has been successfully applied
to the development of a variety of photonics devices and applications
[1, 2]. PCFs are a class of micro-structured fibre which possesses a
solid core surrounded by a cladding region that is defined by a fine
array of air holes that extend along the full fibre length. PCFs are typi-
cally made of a single material, usually pure silica, and guide light
through a modified form of total internal reflection since the volume
average index in the core region of the fibre is greater than that of the
surrounding micro-structured cladding [3].

One of the most promising applications of PCFs is in the development
of nonlinear optical devices for fibre-optic communication systems.
PCFs can have much higher nonlinearity per unit length than conven-
tional fibres, and devices based on such fibres can thus be much
shorter in length, and/or operate at lower power levels. One of the non-
linear devices is the Brillouin fibre laser (BFL), which uses a nonlinear
gain from the Brillouin effect in optical fibre. BFLs have been realised in
previous reports, using about more than 70 m-long PCF as a gain
medium [4, 5]. In this Letter, a new configuration of BFL is proposed
using only 20 m of PCF, which we believe to be the first experimental
demonstration using such a very short length of PCF. The BFL utilises
a bismuth-based erbium-doped fibre (Bi-EDF) in the cavity to minimise
the total fibre length.

Experiment and results: The experimental setup for the PCF-based
BFL is shown in Fig. 1. The ring resonator consists of a circulator, a
20 m-long polarisation-maintaining PCF, a 49 cm-long Bi-EDF, two
1480 nm pump diodes, two wavelength selective couplers (WSCs),
two isolators, a 95/5 coupler and a polarisation controller (PC). The
PCF used as a nonlinear gain medium is a polarisation-maintaining
fibre which has a cutoff wavelength of 1000 nm, zero dispersion wave-
length of 1040 nm, nonlinear coefficient of 11 (W - km)~' and a mode-
field diameter of 4.0 um. The Bi-EDF used as a linear gain medium has
an erbium concentration of 3200 ppm with a cutoff wavelength of
1440 nm and a pump absorption rate of 130 dB/m at 1480 nm. The
EDF is pumped bidirectionally using two 1480 nm lasers. Optical isola-
tors are used to ensure a unidirectional operation of the BFL. Circulator
and optical isolators used in this experiment are a polarisation insensitive
type. An external cavity tunable laser source (TLS) with a linewidth of
approximately 20 MHz and a maximum power of 6 dBm is used as the
Brillouin pump (BP).

i PC
circulator PCF (20m)

95/5 coupler

Bi-EDF
(49 cm)

WSC  isolator

1480nm
pump

pump
Fig. 1 Configuration of Brillouin fibre laser

The BP is injected into the ring cavity and then the PCF via the cir-
culator to generate the first Stokes at the opposite direction. However,
since the PCF length is not sufficient, the back-scattered light due to

Rayleigh scattering is relatively higher than the first Stokes. Both the
back-scattered pump and the first Stokes lights are amplified by the
bidirectionally pumped Bi-EDF and oscillate in the ring cavity to gene-
rate the dual-wavelength laser. The line spacing between them is
obtained at approximately 11 GHz, which is equivalent to the Stokes
shift in the SMF. The interaction between these two lines in both the
PCF and the Bi-EDF generates another additional Stokes and anti-
Stokes. The output of the linear cavity BEFL is tapped from the 95/5
coupler and characterised by an optical spectrum analyser (OSA) with
a resolution of 0.015 nm.

The operating wavelength of the BFL is determined by the bidirec-
tionally pumped Bi-EDF gain spectrum which covers the C-band
region from 1525 to 1565 nm as well as the cavity loss. The free-
running spectrum of the BFL (without BP) is shown in Fig. 2
in which many peak wavelengths are generated within the 1559—
1562 nm region. The multiwavelength generation is attributed to the
comb filter which is formed due to interference inside the polaris-
ation-maintaining PCF. The comb filter slices the amplified spontaneous
emission spectrum from the Bi-EDF amplifier and then oscillates in the
ring cavity to generate a multi-line spectrum, as shown in Fig. 2. The
wavelength lines are generated in the region where the difference
between the Bi-EDF’s gain and cavity loss is largest. The free-running
BFL also exhibits a peak power of approximately — 10 dBm with band-
width of approximately 3 nm. The chosen BFL operating wavelength
must be within or close to the bandwidth of the free-running BFL.
Therefore, the BP is set within this region in this experiment.
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Fig. 2 Free-running spectrum of BFL (without Brillouin pump)

Fig. 3 shows the output spectrum of the proposed BFL configuration
at different 1480 nm pump power. The BP wavelength is set at 1560 nm,
which is within the lasing bandwidth of the free-running BFL, and the
BP power is fixed at 6 dBm. In the experiment, the combined pump
powers of both 1480 nm laser diodes was varied from 144 to
220 mW. Below pump powers of 140 mW, the erbium gain is very
low and cannot sufficiently compensate for the loss inside the laser
cavity and thus no Stokes are observed. The generated wavelength as
well as the peak power is observed to increase as the combined pump
power for the 1480 nm laser diodes increases, which is attributed to
the increment of the erbium gain with pump power. This situation pro-
vides sufficient signal power for stimulated Brillouin scattering as well
as the four-wave mixing to generate Stokes and anti-Stokes. In this
experiment, three Stokes and three anti-Stokes are obtained at the
maximum 1480 nm pump power of 220 mW. The first Stokes has a
peak power of —12.6 dBm with a 3 dB bandwidth of about 0.02 nm,
limited by the OSA resolution of 0.015 nm. The multiple peaks have
a spectral spacing of 0.09 nm within a bandwidth of approximately
0.5 nm, which is limited by the availability of the Brillouin pump
power, fibre nonlinearity and polarisation filtering effect. The number
of lines can be largely increased by adjusting the effective cavity
length so that the spacing of the polarisation comb filter matches with
the Brillouin spacing. The multiwavelength output of the BFL is
observed to be stable at room temperature with only minor fluctuations
observed coinciding with large temperature variances. Since bismuth
fibres typically have a reasonably higher nonlinear coefficient compared
to PCF, an even shorter BFL could be realised by replacing the PCF with
undoped bismuth fibre. This would alleviate potential limitations caused
by the birefringent nature of the PCF.
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Fig. 3 BFL output spectra at different 1480 nm pump powers

Conclusion: A new configuration of BFL is proposed and demonstrated
using just 20 m-long PCF. The BFL uses a ring cavity structure with a
Bi-EDF amplifier to generate Stokes and anti-Stokes via stimulated
Brillouin scattering and four-wave mixing processes. The proposed
BFL is able to generate up to three Stokes and three anti-Stokes lines
with a channel spacing of 0.09 nm at the 1560 nm region at a BP
power of 6 dBm and 1480 nm pump power of 220 mW. The multiwave-
length BFL is stable at room temperature and also compact owing to the
use of only 20 m-long PCF and 49 cm-long Bi-EDF.
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Abstract: Erbium-doped optical fibre amplifiers (EDFAs) have boosted the Wavelength-
Division-Multiplexed (WDM) transmission system with the popularization of Internet usage
worldwide. However, present silica-based EDFAs have limitations that restrict the full utilization
of optical fibre transmission. In order to design wide-band optical amplifiers, it is important to
understand the characteristics of host glass in erbium-doped fibre amplifiers. In this paper, a
bismuthate glass material is proposed as a new glass host erbium-doped fibre amplifiers. A Judd-
Ofelt analysis of erbium absorption spectra reveals that bismuthate-host has high Q¢ Judd-Ofelt
coefficient, and the comparison of the emission cross-section using McCumber theory with
measured data also shows very good agreement. The gain spectrum of the erbium-doped
bismuthate-host glass has a wider amplification bandwidth of 80 nm and a high quantum
conversion efficiency of 70% obtained using 1480 nm pumping.

Keywords: Wavelength-Division-Multiplexed (WDM), erbium-doped fibre amplifier,
bismuthate glass

Introduction

A key enabling technologies of long-haul optical communications networks is the erbium
doped fibre amplifier (EDFA). EDFAs have allowed for the deployment of Dense Wavelength
Division Multiplexed (DWDM) optical network technologies due to their ability to amplify
multiple signals simultaneously. This has made the EDFA a much cheaper and efficient method
of amplifying optical communication systems compared to previously used -electronic
regenerators.

EDFAs are critical in determining the usable bandwidth of a network. Typically, optical
communication systems are confined to two side-by-side transmission regions. The first region is
known as the Conventional (C-Band) and ranges from 1530 to 1560 nm, while the second region
is the Long-Wavelength (L-Band), which falls between 1560 nm to 1610 nm. Conventionally, C-
and L-Band optical amplification is done using EDFAs consisting of Erbium as the active gain
medium in a silica-glass host. Silica-glass was the chosen host for the EDFA as it is easy to
splice to conventional silica-glass transmission fibres. It was also a significantly easier optical
transmission medium to be fabricated, compared to other host glass materials such as
phosphorous [1] and telluride [2]. The use of the silica-glass host thus reduced the complexity
and cost of the EDFA and increased it commercial viability. However, the silica-glass host does
bring about certain limitations in the performance of the EDFA. The primary limitation of the Si-
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EDFA is the dopant concentration that the host can sustain, with the maximum reported dopant
concentration of 2.0x 10> ions/m” in the silica-glass host [3]. The host’s ability for a high dopant
concentration is important in order to produce a higher single gain per pump power without
requiring an increase in the Erbium Doped Fibre (EDF) length. The Er’" ion distribution should
ideally be confined as a delta function in the centre of the fibre core [3,4] to obtain the maximum
signal gain, but as the rare earth concentration is increased the ion distribution and distance is
reduced due to residual interactions such as ion clustering [3] and local charge compensation [4].
This in turn leads to detrimental effects such as the reduction of fluorescence bandwidth and
lifetime as well as concentration quenching [3,4,5] and is especially profound in Si-EDFAs.

As the concentration limit is an inherent characteristic of the silica-glass host, other
methods must be found to increase the doping concentration of the erbium ions so as to be able
to produce shorter EDFAs. Co-doping erbium ions with ytterbium ions have been able to
increase the gain of the Si-EDFA [6], while other hosts such as phosphate, fluorophosphates,
fluoride, tellurite and germanate [1,2,3] glasses have also been considered. Recently, Bismuth
glass-based hosts have shown increasing potential for use as EDFA applications, due to their
good broadband properties [7] (i.e. broader flat gain amplification region) as well as relatively
easy splicing to currently used silica and bismuth glass transmission fibres. They are also easier
to fabricate as compared to other glass-hosts, thus making them a more commercially viable
option.

In this paper we report a new oxide glass composition based on a bismuthate glass host,
in which Er’" ions show a very broad emission as compared to silica glass. The optical
performance of the new bismuth-based amplifier is characterized and compared with that of
silica-based amplifiers. The efficiency of the amplifier is measured under 1480nm pumping
configuration to investigate the efficiency of the pump to signal photon conversion.

Optical Amplifier Concepts

Optical fibre amplifiers work on the principle of light amplification by stimulated
emission of radiation, similar to that of a laser as shown in Figure 1. It requires pump photons
with energy equivalent to the dopant (Er’") absorption wavelength to generate a population
inversion in the amplifier medium. When an incoming signal photon stimulates an excited
electron, the electron relaxes back to the lower energy state, in the process emitting a second
signal photon with the same energy and phase as the incoming photon. This process continues as
long as there is a significant population inversion, which is largely dependent on the glass host
material [8,9,10]. To realize broadband and high signal gain with high pump-to-signal efficiency,
the emission spectra and Er'* ions lifetime are vital properties to the evaluation of optical
amplifiers [8,11]. The emission spectra of Er*' ions in glass largely depend on the glass former
and modifiers materials [8,10]. Therefore with specific host material, a broad and flat gain
spectra optical amplifier can be fabricated.

The most common glass network former is silica tetrahedron (SiO4), linked with broad-
bond angled oxygen atoms link to form a tetrahedral structural. This material capable to form a
glass structure which forming a three-dimensional matrix with oxygen atoms. Other compounds,
such as oxides of alkali-metals or alkali-earth metals, (i.e Natrium, Lithium, Aluminum,
Germanium, etc) can be added to the glass as network modifiers. These modifiers cause the
former bridging ions to become non-bridging, thus breaking the lattice and resulting in a looser
network structure. These modifiers facilitate the incorporation of trivalent rare earth ions such as
Er’" ions and also to lower the glass fusion temperature and viscosity. However, the glass
composition has a significant effect on the performance of the amplifier. Each element used in
the fabrication has distinct properties depending on glass host and there have been many
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attempts to identify and understand these characteristics [12,13]. This can be done by performing
a spectroscopic analysis on glass host itself, and requires the researcher to fabricate the glass host
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Figure 1: Energy state diagram of Er’* ions showing Ground State Absorption (GSA), radiative
transitions, Exited State Absorption (ESA) transition and concentration quenching (cooperative
upconversion and pair induced quenching (PIQ))

and carry out the details spectroscopy analysis of the glass. This is however very complicated,
due to the number of parameters involved and can often lead to erroneous conclusions.
Alternatively, the characteristics of the host glass can be understood by relating the transmission
loss or absorption spectrum to the amplified emission spectrum as demonstrated by B. R. Judd
[14], G. S. Ofelt [15] and McCumber [16].

Judd and Ofelt independently developed the theoretical background for the calculation of
rare earth optical transitions induced by the crystalline field (also known as ligand field) in a
glass host. According to the Judd-Ofelt theories, the transition between an initial J manifold

‘(SL)J> and final J° manifold ‘(S'L' )y>

defined as,

(o) . :
where the three terms are the reduced matrix elements of the unit tensor operators
calculated in the intermediate-coupling approximation [17] while the coefficient Q; (t=2,4,6) is

=D liesL|u® “(S'L')J'> (1)

t=2,4,6
the intensity parameter that contains the information [18, 19 and 20] of the effect of the glass
host on rare-earth doping. The values of € are calculated using least-square method [17, 21 and
22] of:

, Syr for the oscillator strength of an electric dipole is

2
_ 2
8m’e’) (n + 2)
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where k(1) is the absorption coefficient at A, A is the mean wavelength of the absorption band, p
is the Er’" concentration, h is the Plank constant, ¢ is the velocity of light, ¢ is the elementary
electric charge and n is the refractive index.

Using these coefficient, the spontaneous emission probability Ajy [17, 22] can be computed as

2
2
64n*e’n (n + 2)
= oy Sy 3)
3h(2T+ DA 9

A

The probabilities for magnetic-dipole transitions were not considered since they are
generally small. t, the lifetime of an excited state i to ground state j is determined by a
combination of probabilities for all possible radiative W;;* and non-radiative W;"" decay rates
and is given as:

ENLD S
J J

4
According to R. Reisfeld et. al. [23], WijNR is related to multi-phonon relaxation of the
Er’" ions in the glass material. Therefore with the measured lifetime and Ajy probabilities from
Eq. (3), the non-radiative decay rate W™~ and radiative quantum efficiency, n can be calculated
using Eq. (4), to give;

1 5
wwo L s (5)
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As an optical amplifier requires a long metastable state lifetime to maintain high
population inversion [4] under steady-state conditions, a high rate WijNR will result in the loss of
the pump photon energy to phonon energy, producing a concentration quenching effect [24] and
subsequently reducing the efficiency of the optical amplifier. The concentration quenching effect
acts as pump photon energy sink and can be observed from the fluorescence spectra at high
frequencies. To minimize energy losses, optical amplifiers is fabricated with a glass host that has
a low phonon energy and capable of high quantum efficiencies. However, the low phonon
energy glass host reduces the decay rate of the excited state of *I;;» to the metastable state of
*I132, limiting the pumping efficiency [10].

Experimental Setup

The Bi-EDF glass composition is measured by Scanning Electron Microscopy (SEM) and
Energy Dispersive X-Ray Microanalysis (EDX) techniques using a JEOL JSM 6460LA with the
capability to detect light elements from Boron up to Uranium for the composition element
analysis. For the EDX measurement, the sample is bombarded with electron energy accelerate at
20 kV and the emitted X-Rays from the sample are captured and analysed with the system
software.
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Figure 2: Experimental setup for Bi-EDF and Si-EDF Characterisation

The experimental setup is shown in Figure 2. The EDF is bidirectionally pumped by two
1480 nm laser diodes with total power of 288mW and coupled via a wavelength selective
coupler (WSC). For the luminescence experiment, the two 1480 nm pump laser diode operate in
a CW mode while for the lifetime experiment, the 1480 nm pumps are pulse modulated using a
square-wave function generator at 70 Hz for 1530 nm and 200 Hz for 545 nm lifetime
measurement. The luminescence spectrum is detected transversely from the fiber using a
monochromator and a 2048-elements linear Photodiode Charge Coupled Device (PCCD) from
Alton Instrument Corp.

The Bismuth-based erbium-doped fibre (Bi-EDF) wused in this experiment is
commercially available from Asahi Glass Co and has an Er’” ion concentration of 7.6x10%
ions/m* with a Lanthanum ion co-dopant concentration of approximately 4.4 wt%. The
core/cladding refractive index is 2.03/2.02 with a NA of 0.20. The Bi-EDF length used is 181.9
cm and the fibre is angle spliced to a single-mode fibre in order to reduce splice point reflections.
Both splice point ends have a total insertion loss of about 1.4 dB measured at 1310 nm. The 30m
silica-based erbium-doped fibre (Si-EDF) used for the purpose of comparison is commercially
available from Fibercore Limited with a Er3+doping concentration of 2.0x10* ions/m’. The
1530 nm fluorescence spectra and decay is monitored at the WSC 1530nm input port, with the
spectra detected using an optical spectrum analyzer (OSA) and the decay detected using BPX66
and HP 83440B photodiodes with a HP54510A 250 MHz digital oscilloscope. The decay
oscillogram is transferred to a computer via General Purpose Interface Bus (GPIB) hardware.
The decay lifetime is obtained by fitting the single-exponential function to the experimental
fluorescence decay curves. For optical amplifier characteristic measurements, the input signal is
tuned from 1540 nm to 1620 nm at an input signal power of 0 dBm. All measurements are
performed at room temperature.

Result and Discussion

The energy spectrum of the sample from the EDX measurement and an elemental
analysis is performed using the bundled-in software for JEOL with quantitative setting of
standardless and ZAF for oxide calculations and the results are shown in Table 1. From the data,
the glass network formers of Bi-EDF are determined to be bismuth oxide, silica and alumina
while the other markers are determined to be the glass network modifiers, as the glass formers
will be the more prevalent elements in the glass structure than the glass modifiers. The error
percentage is computed by the bundled-in software.
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Table 1: Bi-EDF glass composition analysis from EDAX

Element Mass (%) Error (%)
Bi,03 67.80 1.88
SiO; 14.24 0.81
AlLOs 16.96 0.87
K,O 0.05 0.29
P,0s 0.53 0.64
ErO; 0.42 1.67
Total 100.00 6.17

By utilizing bismuth oxide and alumina as the main glass network former, the local glass
basicity near the Er’" ions sites is expanded as reported by Jianhu Yang et. al. [25] and Ainslie
et. al. [26], effectively increasing the crystal field (ligand field) of the glass. This has the result of
enhancing the 1530 nm fluorescence full-width-haft-maximum (FWHM) spectrum [25,26]
making it comparably broader than that obtainable with silica glass host. Figure 3 shows the
relative absorption intensity of the Bi-EDF compared with that of the Si-EDF. Despite the Bi-
EDF having a higher absorption cross-section of 7.58x10 m” at the 1530 nm peak as compared
to the Si-EDF absorption cross-section which is only 4.39x10° m” on, the peak full-width half
maximum (FWHM) of the Bi-EDF narrower than the FWHM of the Si-EDF. This can be
attributed to larger inhomogeneous energy level degeneracy that the ligand field of the Bismuth
host glass had induced as a result of site-to-site variations, also known as the Stark effect [10]
and widens the optical transitions. Other elements such as potassium oxide also have similar
glass basicity expender effects [27] and are used in the fabrication of Bi-EDF to obtain a broad
amplification region.

i i Cumber
0o4+-—--———-- Fmm e R = = = =Bismuth Ems
! ! weven e Hismuth Ans
o= NSOy WEVERIIE SRR | W8 SR EEELEES SiEms
1
1
07Ft-----—--t----—-- -t
i
06 --—mmmmmm oo A--—-f R e

2

____________________________

Absorption and Emission cross section
[a.u.)
-
ey

1400 1450 1500 1550

Wavelength {nm)
Figure 3: Emission cross-section of Bi-EDF and Si-EDF
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Figure 3 also shows the calculated emission cross-section using the McCumber Theory.
The McCumber Theory estimates agree well with the measured emission cross-section of the Bi-
EDF. The optical emission at the 1.53um band from the energy levels 3 to “I;sp, is the most
important characteristic for optical communication systems and this is clearly shown in Figure 3.
The Bi-EDF has a wider emission spectra, especially at the longer wavelengths at 1620 nm
because of its larger emission cross-section as compared to Si-EDF [24] which has a bandwidth
of only 40 nm while the Bi-EDF bandwidth is almost double at 80 nm at a similar emission
intensity. It is believed that the Stark level of the Er’* ions in the Bi-EDF is separated to a larger
degree due to the larger ligand field, causing the emission spectrum to widen. The Judd-Ofelt
coefficient Q. (t=2,4,6) calculated for the Bi-EDF are 9.55x10% ¢cm?, 2.86x10% ¢m? and
0.32x10™° cm™ respectively and it is determined that the value of Qg in the Bi-EDF is very small
compared to other glasses [28]. According to Tanabe et. al. [28], the ¢ value relates to the
nature of the chemical bonding and is a major factor in determining the transition probability of
the Er’* ions F orbitals. Currently, the smaller value is attributed to the small Erbium atom °S
electron density but without more detailed measurements on the glass chemical structure and
ligand field strength this claim cannot be confirmed. The lifetime decay curve was measured to
be approximately 2.84 ms, which is shorter than that measured by Yang et. al. [8] and much
more lower than the compared lifetime of Er'" ions in a silica host glass [10]. The quantum
efficiency n and non-radiative transition rate W™~ at the 1550 nm emission is calculated using
Egs. (4) and (5) to be 63.0 % and 130.3 s respectively. This shows that the Bi-EDF is capable
of generating the sought after high population inversions with only a modest pump power [23]
due to the higher quantum efficiency. Furthermore, this indicates that glass hosts with low
phonon energies such as bismuthate glass (500 cm’™") can be used to design an efficient optical
amplifier with a wider fluorescence bandwidth [8, 23]. The wider fluorescence bandwidth is also
attributed to the effect of the alumina and Lanthanum co-dopants towards the Er’* ions
distribution in the Bi-EDF which reduces the concentration quenching effect of the Er** ions,
thus increasing the quantum efficiency [26, 29].

The normalized emission spectra of the Bi-EDF between 400 nm to 1100 nm under 1480
nm pump excitation is shown in Figure 5. The Bi-EDF shows 7 peak emissions centered at 521,
544, 658, 807, 825, 847 and 976 nm which correspond to the electronic transitions of the Hyyp,
4S3/2, 4F9/2 and 4111/2 levels of the Er’" ions. The intensity of the upconversion emission at 521 and
545 nm which is can be seen as visible green light is for the highest energy states with a full-
width at half-maximum (FWHM) of 17.5 nm. Here, the emission originates from radiative
transition of the 2H11/2 to 4115/2 states and the 4S3/2 to 4115/2 states while the fluorescence is due to
the effects of concentration quenching. In order to determine the responsible upconversion
mechanisms, the upconversion intensity of different peaks are measured as a function of the
1480 nm pump power.
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Figure 4: Upconversion fluorescence spectra under 1480 nm excitation. The radiative transitions
are indicated from their initial state and terminated at the ground state of *I;s, except as indicated
by its final state

The most important characteristic of the Bi-EDF is its ability to amplify optical signals. As such,
the Bi-EDF optical amplifier characteristics and performance is evaluated by measuring the
signal gain and noise figure for a 0 dBm input signal as shown in Figure 5 (a). The gain of Bi-
EDF is approximately 3 dB or 50% higher than that of the Si-EDF optical amplifier with a flat
gain profile. The Bi-EDF gain bandwidth is also wider than the Si-EDF gain by 15 nm to be
approximately 80 nm, spanning from 1540 nm up to 1620 nm. This 15 nm increase in gain
bandwidth represents the potential addition of 18 signal channels of a 100GHz transmission
system with the implementation of Bi-EDF optical amplifiers [30]. However, the high Er’* ions
doping concentration and high insertion loss when spliced to conventional SMF results in the Bi-
EDF having a higher noise figure penalty. A higher noise figure penalty of approximately 2.6 dB
is observed for the Bi-EDF when compared to the Si-EDF. This increased noise figure is
suspected to be the effect of multiple reflections from both the fiber splice points whereby the
signal is reflected back into the Bi-EDF due to the large refractive index difference or multi-path
interference noise [10, 31].
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Figure 5: Measured signal gain and noise figure (a) and QCE (b) of 0 dBm input signal power
from 1540 nm to 1620 nm for Si-EDF and Bi-EDF.

Figure 5 (b) shows the quantum conversion efficiency (QCE) and output power of the Bi-EDF.
The QCE is pump wavelength independent and defined by B. Pederson et al. [9] as,

B i Psout _ Psin 7
QCE _(,1 JP;” (7)

P
where A, is pump and signal wavelength, P."""™ is signal output and input power and P," is
pump power. The highest QCE is determined to be approximately 69.7 % at 1568 nm while the
lowest QCE is calculated to be 7 % at 1540 nm. The higher QCE is due to the higher phonon
energy of the glass host than the Er’" ions energy gaps and this significantly reduces the pump
photon energy loss to non-radiative emission [4, 7 and 17]. Therefore, almost all the pump
photons are converted to signal photons in the amplification process. With its high pump to
signal conversion efficiency, the BI-EDF is an efficient optical amplifier with shorter fibre
length as compared to Si-EDF.

Conclusion

The bismuthate host glass with a high Er** ions doping is a potential candidate to replace current
Si-EDF optical amplifiers due to its better performance and characteristics. The Bi-EDFA only
requires a shorter length of active fibre to achieve amplification and can significantly reduce the
complexity and cost of optical amplifier manufactures and will bring down the total cost of
operations. The Bi-EDF is also capable of producing high quantum efficiency amplifiers that
significantly benefits optical amplifier designers. The Bi-EDF has a shorter 1550 nm emission
lifetime due to the high refractive index and Er’* doping concentration, and has a wider
amplification bandwidth of 80 nm and high QCE of 70% using 1480 nm pumping. However,
high insertion losses and multipath reflections between splice points arising from splicing joints
to SMFs must be improved before the Bi-EDF can be implemented in optical communication
networks.
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ABSTRACT. Erbium-doped optical fibre amplifier have boost the Wavelength-Division-Multiplexed (WDM)
transmission system with the popularization of Internet usage worldwide. Present silica-based erbium-doped fibre
amplifier have a few limitations that restrict the full utilization of optical fibre transmission. In order to design a
wide-band optical amplifiers, it is important to understand the characteristics of host glass in erbium-doped fibre
amplifiers. In this paper, bismuthate glass material is proposed as a new glass host for C- and L-band erbium-doped
fibre amplifiers. Judd-Ofelt analysis of erbium absorption spectra reveals that bismuthate-host have high Judd-
Ofelt coefficient. The gain spectra of Erbium-doped bismuthate-host glass have a wider amplification bandwidth of
80nm and a high quantum conversion efficiency of 70% was obtained using 1480nm pumping. This shows that Bi-
EDF is a promissing candidate of WDM transmission system optical amplifier.

Keywords: Wavelength-Division-Multiplexed (WDM), erbium-doped fibre amplifier, bismuthate glass
PACS: 42.81.-

1.0 INTRODUCTION

The increasing demand in capacity for Wavelength-Division-Multiplexed (WDM) transmission system has
rendered the silica-based fibre amplifier a bottle neck in optical transmission systems due to its limitation such as
useful amplification bandwidth, low power conversion efficiency, high unit cost and bulkiness. Today's WDM
transmission system designers only consider the full utilization of C- and L- band amplification [1,2,3] region when
designing an optical amplifiers. Although optical fibre amplifier have been playing a crucial role in optical
transmission systems both at 1.55um and 1.3um, there exist further requirement for better performance [1,2,4].
Therefore, as the optical transmission technology evolved, these limitations will become the bottleneck for
bandwidth expansion.

Optical fibre amplifier works by the basic principle of light amplification by stimulated emission of radiation,
similar to laser operation as shown in Fig 1. It requires pump photons with energy equivalent to the rare-earth (Er’*
ions) absorption wavelength to generate a population inversion in the amplifier medium. When an incoming signals
photon stimulates an excited electron, the electron relaxes back to the lower energy state and emits a second signal
photon with the same energy and phase as the incoming photon. This process will continue as long as the population
inversion in the glass medium is high and produces more signal photons. The population inversion of the amplifiers
largely depends on the glass host material (phonon energy, optical absorption, refractive index), rare-earth doping
concentration, and the pump and signal photon energy[4,5,6].

To realize broadband and high signal gain with high pump-to-signal efficiency, the emission spectra and Er**
ions lifetime are vital properties to the evaluation of optical amplifiers [4,7]. The emission spectra of Er’" ions in
glass largely depend on the glass former and modifiers materials [4,6]. Therefore with specific host material, a broad
and flat gain spectra optical amplifier can be fabricated. According to Judd-Ofelt theories [8,9] by using the

(SL)J)

oscillator strength of an electric dipole, the transition between an initial J manifold ‘ and final J’'manifold

‘(S L )J> , Sy is define as,

Sy= Y. Ql(sLI|u® L) (1)

t=2,4,6

(joe
where three H> terms are the reduced matrix elements of the unit tensor operators calculated in the intermediate-
coupling approximation [10] and the coefficient Q, (t=2,4,6) are the intensity parameters that contains information
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[11,12,13] of the effect of the glass host with rare-earth doping. The values of the €} is calculated using least-square
method from [10,14,15],
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where k(L) is the absorption coefficient at A, » is the mean wavelength of the absorption band, p is the Er**
concentration, h is Plank's constant, c is the light velocity, e is the elementary electric charge, and n is the refractive
index. By using these coefficient, the spontaneous emission probabilities, A,y is [10,15],

2
2
64n*e’n (n + 2)
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Here, the probabilities for magnetic-dipole transitions were not considered since they are generally small.
The 7 lifetime of an excited state i to ground state j is determined by a combination of probabilities for all possible
radiative Win and non-radiative WUNR decay rates,
According to R. Reisfeld et. al. [16], the WijNR is related to multiphonon relaxation of the Er’" ions in the glass
Sy wh Wt O
! J J

material. Therefore with the measured lifetime and A,y probabilities from Eq. (3), the non-radiative decay rate WhHR
and radiative quantum efficiency, n can be calculated using Eq (4),

ww oA ®)

T

Ny =Ty Agp (6)

An optical amplifier requires a long metastable state lifetime to maintain high population inversion [4]
under steady-state conditions. Here, when WUNR rate is high, the pump photon energy is lost to phonon energy, thus
reducing the efficiency of the optical amplifier. Optical amplifiers fabricated with a glass host that has low phonon
energy minimizes energy losses and are capable of high quantum efficiencies. However, glass host with low phonon
energy slows the decay from excited states (pump absorption level) to the metastable state, thus limiting the
pumping efficiency [6]. Therefore, optical fibre amplifier hosts should have medium phonon energy and a wider
emission spectrum for broadband amplification.

In this study, we report a new oxide glass composition based on bismuthate glass as a host, in which
erbium ions show very broad emission compared to silica glass. The optical performance of the new bismuth-based
amplifier was characterized and compared with silica-based amplifiers. The efficiency of the amplifier is measured
under 1480nm pumping configuration to investigate the efficiency of pump to signal photon conversion.

20 EXPERIMENTAL

The experimental setup is shows in Fig. 2. The Bismuth-based erbium-doped fibre (Bi-EDF) used in this
experiment is commercially available from Asahi Glass Co. It has an Er’" ions concentration of 3250 wt. ppm and
Lanthanum co-dopant of approximately 4.4 wt%. The core/cladding refractive index is 2.03/2.02 with NA=0.20.
The fibre length is 181.9 cm. The Bi-EDF is angle spliced with single-mode fibre to reduce splice point reflection.
Both splice point ends have a total insertion loss of about 1.4 dB measured at 1310nm. The silica-based erbium-
doped fibre (Si-EDF) used for comparison is commercially available from Fibercore Limited with 960 wt. ppm of

Er3t doping. The length of the Si-EDF is 30m.

The EDF was bidirectionally pumped by 1480nm laser diode with total power of 288mW, coupled via a
wavelength selective coupler (WSC). In the optical amplifier characterization, the 1480nm laser diode is operated in
CW mode while for the lifetime measurement, the 1480nm laser diode was square wave modulated at 70Hz with 7%
duty cycle using a signal generator which produces an off-time of about 13ms. The 1530nm fluorescence decay is
monitored at the WSC 1530nm input port. The decay is detected with a silicon PIN photodiode and captured by a
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HP54510A 250 MHz bandwidth digital oscilloscope. The decay oscillogram is transferred to a computer via GPIB
connection. Decay lifetime is obtained by fitting the single-exponential function to the experimental fluorescence
decay curves. For optical amplifier characteristic measurement, the input signal was tuned from 1540nm to 1620nm
with input signal power of 0dBm. All measurement was performed at room temperature.

3.0 RESULT and DISCUSSIONS

The optical emission at 1.53um band is the most important characteristic for optical communication
system. This fluorescence emission from energy levels I35 to *I;52 is shown in the Fig. 3. The Bi-EDF has a wider
emission spectra especially at longer wavelength around 1620nm because it has a larger emission cross section than
Si-EDF [17] The emission spectrum of Si-EDF has a bandwidth of about 40nm while Bi-EDF bandwidth is almost
doubled at 80nm when compared at similar emission intensity. It is believe that Stark level of Er’* in Bi-EDF is
more separated due to crystal field (ligand field) that widen the emission spectrum. The Judd-Ofelt coefficient €,
(t=2,4.6) calculated for Bi-EDF are 9.55x10% cm™, 2.86x10%° cm™? and 0.32x107%° cm™, respectively. It was found
that the value of Qg in this Bi-EDF is very small compared with other glasses [17]. According to Tanabe et. al. [17],
the Q¢ value is related to the nature of chemical bonding and it is a major factor in determining the transition
probability of Er’* ions 4f orbitals. The smaller value is suspected due to small Erbium atom 6s electron density.
However without further details measurement on the glass chemical structures and ligand field strength , this claims
cannot be conform by now.

The lifetime decay curve of Er'" ions at 1530nm in Bi-EDF is shown in Fig. 4. The decay curve is fitted

with single exponential decay as shown by the solid red line. The lifetime was found to be about 2.84ms, which is
shorter than that measured by Yang et. al. [4] and much more lower when compared the lifetime of Er'" ions in
silica host glass [6]. The quantum efficiency n and non-radiative transition rate W'® at1550nm emission is
calculated using Eq. (4) and (5), to be 63.0% and 130357, respectively. Therefore Bi-EDF is capable of generating
high population inversions with modest pump power [16] due to the higher quantum efficiency. This also indicates
that glass with low phonon energy such as bismuthate glass (500cm™) is capable of producing an efficient optical
amplifier with wider fluorescence bandwidth [4,16]. It is suspected that the effect of Lanthanum co-doping affects
the Er*" ions distribution in Bi-EDF and reduces the upconversion, thus increasing the quantum efficiency.
Optical amplifiers characteristic and performance is evaluated by measuring signal gain and noise figure at 0 dBm
input signal as shown in Fig. 5 and 6. The gain of Bi-EDF is about 3 dB or 50% higher than Si-EDF optical
amplifier. The gain bandwidth is also wider at approximately 80nm, spanning from 1540nm up to 1620nm. The
15nm increase in gain bandwidth represents a potential addition of 18 signal channels at 100GHz transmission
system with the implementation of Bi-EDF optical amplifiers [18].

However, with the high Er’* ions doping and high insertion loss when spliced to SMF, Bi-EDF have higher
noise figure penalty. The maximum noise figure penalty is approximately 2.6 dB when comparing to Si-EDF. This
is suspected to be the effect of multiple reflections from both fibre splice points where the signal is reflected back
into the Bi-EDF due to large refractive index difference or multipath interference noise [6,19].

Fig. 7 shows the quantum conversion efficiency (QCE) and output power of the Bi-EDF. QCE is pump wavelength
independent and defined by B. Pederson et al. [9] as,
The highest QCE is about 69.7 % at 1568nm and the lowest is 7 % at 1540nm. The higher QCE is due to higher
out in
oce=| & |F P ™
A P,

P
phonon energy of the glass host than Er’" ions energy gaps that significantly reduces the pump photon energy loss to
non-radiative emission [4, 7, 16]. Therefore, almost all the pump photon is converted to signal photon in the
amplification process. With its high pump to signal conversion efficiency, BI-EDF is an efficient optical amplifier
with shorter fibre length compared to Si-EDF.

4.0 CONCLUSION

Bismuthate host glass with high Er’" ions doping is a potential candidate to replace current Si-EDF optical
amplifiers due to its better performance and characteristics. Bi-EDFA only requires a shorter length of active fibre to
achieve amplification. This advantage can significantly reduce the complexity and cost of optical amplifier
manufactures and will bring down the total cost of operations. Bi-EDF is also capable of producing high quantum
efficiency amplifiers that significantly benefits optical amplifier manufacturer . However Bi-EDF have shorter
1550nm emission lifetime due to the high refractive index and Er'* doping concentration. Other problems such as
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high insertion loss and multipath reflections between splice points when spliced to SMF must be improved before
the Bi-EDF can be implemented in optical communication networks.
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Figure 1. Energy level diagram of Er’* in glass host showing absorption and emission transitions.
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Abstract

Green upconversion emission
characteristics of Erbium-doped Bismuth-based
fibres when pumped with 1480nm laser diode have
been investigated. Broad green emission peaking at
521nm and 544nm was observed when pumped by
1480nm with a half maximum (FWHM) at 544nm
peak of 17.5nm. It is found that the upconversion
emission process is dominated by concentration
quenching effect at low 1480nm pump power and
replaced by Excited State Absorption at high 1480nm
pump power.

Key words: green upconversion, Bismuth-based
fibre, life-time, concentration quenching

1. Introduction

Erbium-doped glasses especially silica glass
have attracted much attention following the success
of erbium-doped fibre amplifier [1]. The choices of
practical host material for erbium doping have been
known to be limited to silica-based due to its low
splice loss to transmission fibre. However, with
increased demand in data transmission and new
optical fibre fabrication technology, the ability to
fabricate new host material for fibre amplifier is
crucial. Fluoride, ZBLAN, Bismuth and Telluride
glass have been potentials to become host material
due to their respective advantages. The main reason
for their selection and effectiveness is due to the
ability for high Erbium doping concentration with
relatively low concentration quenching effect to
generate higher signal gain and wider gain
bandwidth capability [2, 3, 4, 5, 6]. Other host glass
such as Telluride has low signal gain due to high up-
conversion emission rates [2] and difficulty to splice
with single-mode fibre (SMF), while high material
cost is an obstruction to use fluoride glass [3].

Bismuth-based glasses are very attractive
hosts for rare-earth ions doping and have significant
advantages in optical fibre field. The low phonon
energy, high refractive index and capability for high
concentration rare-earth doping yield low non-
radiative decay rates of rare-earth energy states, high
radiative emission rates and generates better
quantum efficiency in shorter length of doped fibre
[7, 8, 9]. These characteristics of Bismuth-based
glass give rise to a new type of optical fibre for

optical amplification that cannot be observed in other
host glasses.

The efficiency of the optical amplifier is
calculated from the output power generated per
pump power at optical transmission region which
spanned from 1520nm to 1620nm, the transmission
window mainly utilised today. The selection of pump
laser diode wavelength is a critical factor due to
Excited State Absorption (ESA) and concentration
quenching (cooperative upconversion and pair
induced quenching (PIQ)) that reduces the efficiency
of optical amplifier significantly. These effects have
caused degradation of pump to signal power
efficiency as reported by [9,10,11] due to
cooperative upconversion which also referred to as
cross relaxation. The energy state diagram of Er’
ions and its radiative transitions in Figure 1 shows
Excited-state Absorption (ESA) and concentration
quenching effects. The concentration quenching
effects depend on Er*’ ions concentration. It’s occur
when two (or a cluster of) Er'" ions interact and
energy is being transferred from one Er'' ions to
another Er'" ions, promoting it to a higher energy
states while the ion itself drop to ground states.
ESA, on the other hand, is independent of Er’" ions
concentration but depends on pump intensity and
occurs through absorption of photon by excited Er'*
ions, promoting it to a higher energy state [12].

In this work, we report the characteristics
and mechanism of upconversion emission of Er**
ions in Bismuth-based glass to evaluate its optical
performance. The measurement of upconversion
intensity shows that both ESA and concentration
quenching effect are taking place and also has fast
upconversion decay rates.

2. Experiment

The Bismuth-based Erbium-doped fiber (Bi-
EDF) used is commercially available from Asahi
Glass Co. with Er’* concentration of 3250 wt. ppm,
Lanthanum (La) co-doping of approximately 4.4
wt%. and Numerical Aperture (NA) of 0.20 with
core/cladding reflective index of 2.03/2.02. The Bi-
EDF length is 51.5 cm. The fibre output end was put
in index matching gel to reduce Fresnel reflection.

The fibre was pumped by 1480nm pump
laser diode and coupled to the Bi-EDF using
wavelength  selective  coupler (WSC). For
luminescence experiment, the 1480nm pump laser
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diode is operated in CW mode while in lifetime
experiment, the 1480nm pump was pulse modulated
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Figure 1: Energy state diagram of Er3+ ions

showing Ground State Absorption (GSA), radiative
transitions, Exited State Absorption (ESA) transition
and  concentration quenching (cooperative
upconversion and pair induced quenching (PIQ)).

using a function generator at 200Hz with 12.94%
duty cycle output. The pulse off-time is fixed to
4.3ms to enable the measurement of emission decay
time of Er'" ions. The luminescence spectra were
detected transversely from the fibre using a
monochromator and 2048-elements linear
Photodiode Charge Coupled Device (PCCD) from
Alton Instrument Corp.

For lifetime measurement, the fluorescence
decay is monitored by silicon PIN photodiode and
captured using HP54510A 250 MHz digital
oscilloscope. The decay oscillogram is transferred to
a computer using HPIB cable. The lifetime was
obtained by fitting the single-exponential function to
the experimental fluorescence decay curves. The
specific upconversion wavelength power was
detected using Optical Spectrum Analyzer (OSA) set
at Onm scan setting. All the measurement was
performed at room temperature.

3. Result

The normalized emission spectra of Bi-EDF
between 400 nm to 1100nm under 1480nm pump
excitation are shown in Figure 2. The Bi-EDF shows
7 peak emissions centred at 521nm, 544nm, 658nm,
807nm, 825nm, 847nm and 976nm. The
corresponding peak can be assigned to the electronic
transition *Hj 5, *S32, *Fo» and *I;1, of Er" ions. The
intensity of upconversion emission at 521nm and

545nm, which is visible green are the highest energy
states with a full-width at half-maximum (FWHM)
of 17.5nm. Here, the emission is originated from
radiative transition of °H;y to *I;s, states and *S;) to
4115/2 state.
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Figure 2: Upconversion florescence spectra under
1480nm excitation. The radiative transitions are
indicated from their initial state and terminated at
ground state 1152 excepts indicated by its final state.

In order to determine the responsible
upconversion  mechanisms, the upconversion
intensity of different peaks was measured as a
function of 1480nm pump power.
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Figure 3: Upconversion florescence intensity at
545nm relative to 1480nm pump power. The inset is
upconversion florescence at 980nm versus 1480nm
pump power. (The solid lines is fit to the data)

Figure 3 shows the upconversion intensity
at 545nm with 1480nm pump power on log/log scale
and the inset shows the upconversion intensity at
980nm with 1480nm pump power for comparison.
The slope for upconversion at 545nm is 2.19 while
upconversion slope at 980nm is 1.90, confirming that
the upconversion emission at 545nm is a two photon
process which are cooperative upconversion and PIQ
mechanism. The upconversion emission at 980nm
exhibits a slope of less than 2 due to additional effect
from ESA which is single ions process. At higher
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pump power, the slope of 980nm upconversion
emission reduced even further, showing a more
dominant ESA effect.

Figure 4 shows decay curves of Bi-EDF at
545nm when pumped with 1480nm pump laser
diode. The Bi-EDF lifetime of 306us shows good
agreement with the predicted value of 300us from
[8]. The lifetime of Er'" ions in glass host is
dependent on the host phonon energy from the
energy transfer rate equation,
=2l A

j

z-exp

where 7 is the total lifetime observed experimentally,
Ain is the radiative decay rate of level i and the AUNR
is the non-radiative decay rate between energy levels
i and j. Here the non-radiative decay rate is largely
depended on glass host vibration phonon energy and
if it’s larger than total radiative decay rate, ). AijNR >
Ain, fluorescence will not be observed. Bismuth-
based glass has a low phonon energy of 500 cm™ and
longer total lifetime at 1530nm of 3~4ms [7,8], the
infrared fluorescence at 1530nm is more efficient
compared to visible fluorescence at 545nm.
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Figure 4: 545nm upconversion decay curves. The
solid red line is a fit to the data.

4, Discussion and Conclusion

The upconversion characteristics and
mechanism of Bi-EDF is investigated in this study.
From our results, Bi-EDF shows broad upconversion
emission with multiple peaks corresponding to Er'’
ion energy state under 1480nm pump excitation. The
highest upconversion energy of Bi-EF is observed at
521nm and 545nm. The upconversion emission
mechanisms involved are concentration quenching
and ESA process. The 1480nm pump energy excites
the Er’* ions to *I;5, state and populates the excited
state. When the excited state population became
higher, cooperative upconversion mechanism causes
the ions to populate the higher 1y, state, which then
quickly decayed to 1., state due to phonon
nonradiative decay. From this state, the Er’" ions

excited to the >Hyp by also cooperative
upconversion. The green emission peak at 521nm
arise from radiative transition from this H,,, state to
ground state ;5. The other emission peak at 545nm
and also 658nm is caused by phonon nonradiative
decay from H,,,, state to the *Ss;, and *Fy, states,
and radiatively decay to ground state 1,5, . However,
this 2 photon upconversion process of Bi-EDF is
slowly taken over by 1 ions process as the pump
power increases due to effect of ESA as the effect is
dependent to pump power. The lifetime of 521nm
545nm emission is 306us which is small compared
with the lifetime of 1530nm emission [7,8].

Bismuth-based Erbium-doped fibre (Bi-
EDF) with low upconversion inversion, low phonon
energy, high reflective index and capable of high
Er’* ion doping without clustering, is a suitable
material for broadband optical fibre amplification in
WDM communications systems. The upconversion
fluorescence measured from 400nm to 1100nm
shows 7 emission peaks corresponding to Er'" ion
energy states. The green emissions at 512nm and
544nm have a full-width at half maximum of
17.5nm. The lifetime of these two peaks is 306us
which is comparatively shorter than the lifetime of
1530nm emission. Therefore Bi-EDF is a suitable
material in future broadband optical amplifier for
replacing current silica-based erbium-doped optical
amplifier.
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