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Fibre-optic networks are the backbone of the global communications infrastructure
that made possible modern Internet, providing a multitude of online services and a digital
economy. The development of novel approaches for further increasing capacity of optical
communication systems is in the focus of research around the world due to the constantly
growing data traffic and the corresponding bandwidth demand. Arguably, the most practical
technique is multi-band transmission which utilises a huge spectral bandwidth of the existing
fibre base that has not previously been used. Unlike spatial division multiplexing, multi-band
transmission does not require a new fibre deployment. However, it involves a significant
upgrade of current networks with novel amplifiers in the O-, E-, S-, and U- optical bands that
are yet to be developed and optimised.

In this thesis, E- and S-band bismuth-doped fibre amplifiers (BDFAs) are demonstrated.
The following record characteristics of BDFAs are achieved: 40 dB gain, 4.5 dB noise
figure, and 38% power conversion efficiency. In total, three BDFAs have been developed,
characterised and optimised using pump laser diodes at different wavelengths. Two modelling
techniques of BDFAs are proposed: one based on conventional rate equations, and another
one based on a neural network "black box" approach. Both of these methods are analysed
and their challenges are discussed. A big part of the thesis is devoted to data transmission
demonstrations supported by developed BDFAs in E- and S-bands. The experiments include
both IM/DD and coherent signal transmissions through various lengths of single mode fibre
including record E-band transmission through 160 km of single mode fibre. In addition, a
multi-band transmission experiment in E-, S-, C-, and L-band is performed with an in-line
amplifier based on combined bismuth-doped fibre and discrete Raman amplification. The
total signal bandwidth is 195 nm and the total number of transmitted channels is 143. The
obtained results pave the way towards commercial implementation of multi-band transmission
enabled by BDFAs in E- and S- optical communication bands.

Keywords: Optical communications, Bismuth-doped fibre, Bismuth-doped fibre ampli-
fiers, Multi-band transmission, Ultra-wideband network,
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Chapter 1

Introduction

1.1 Novel challenges of fibre-optic communications

While talking about the history of optical communications the scientific community usually
divides it into different periods by commemorating significant technological advances that
determined and dominated the way optical communications work in that specific stretch
of time. Agrawal in his influential book "Fiber-optic communication systems" [1] splits
the history of optical communications into five major generations. The first generation
(1980-1985) utilised graded-index fibres in combination with radiation at 0.8 µm. The second
generation (1985-1990) was based on the first single mode fibres and signal transmission
in vicinity of 1.3 µm. The third generation (1990-1996) used almost identical fibres but
the signal wavelength was shifted toward 1.5 µm where silica single-mode fibre (SMF) has
the loss minimum. All three of these generations used repeaters, devices that converted the
optical signal into electrical, amplified the electrical signal, and then converted it back to
the optical domain. The main drawback of repeaters was that each carrier wavelength in
the wavelength division multiplexing (WDM) system required its own repeater. Moreover,
repeaters introduce significant delay to the transmitted signal due to the speed limitations
of electrical components. However, the fourth generation (1996-present) made use of
the first telecommunication optical amplifiers, erbium-doped fibre amplifiers (EDFAs),
developed in the late 80s, early 90s by the group of Payne [2]. The development of EDFAs
revolutionised optical communications by allowing simultaneous amplification of multiple
single wavelengths around 1.55 µm in one all-optical device. Moreover, the fourth generation
is remarkable by ubiquitous employment of coherent optical communication systems that
allow higher data rates to be transmitted in comparison to intensity modulation/ direct
detection (IM/DD) systems. The final, fifth generation (research since 2002) focuses on
extending wavelength range over which a WDM system can operate. Currently, optical
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1.1 Novel challenges of fibre-optic communications

Table 1.1 Optical communication bands defined by ITU-T

Band O-band E-band S-band C-band L-band U-band
λs, nm 1260-1360 1360-1460 1460-1530 1530-1565 1565-1625 1625-1675

communication systems are mostly using only conventional C-band. The wavelengths range
for each of the optical communication bands are presented in Table 1.1. Recently, some
commercial systems started to utilise L-band EDFAs for expanding the capacity of the optical
networks.

In contrast, Winzer in paper [3] and Chraplyvy in paper [4] highlight four main eras of
optical communications:

1. the era of regeneration (1977-1995),

2. the era of amplified dispersion-managed systems (1995-2008),

3. the era of amplified coherent systems (2008-present),

4. the era of space division multiplexing (research since 2008).

One can see that the first era consists of the three first generations highlighted by Agrawal,
and era two and era three are the parts of the generation four of Agrawal. Both of these
approaches of dividing the history of optical communications agree that optical networks
will require significant upgrade of the systems very soon due to relentless traffic demand
growth.
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Fig. 1.1 Evolution of commercial optical telecommunication systems over the past 30 years
and extrapolations for the next 20 years.
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1.1 Novel challenges of fibre-optic communications

The evolution of commercial optical telecommunication systems over the last 30 years
and extrapolated prediction of its growth in the next 20 years (from paper [3]) are presented
in Figure 1.1. It shows a comparison between technology system rate capacities of submarine
and terrestrial WDM systems. The interpolation with a 20% yearly increase (historic trend)
will require more than 1 Pb/s per fibre for Submarine systems, and 200 Tb/s for terrestrial
WDM systems by 2032 (10 years from now). Today, commercial long-haul C+L-band
optical communication systems carry up to 192 channels at up to 250 Gb/s, supporting a total
long-haul capacity of ∼48 Tb/s[5], and for short-reach applications up to 400 Gb/s for a total
capacity of up to 76 Tb/s[6]. All these data rates became possible due to implementation
of advanced modulation formats (higher than 16 QAM) [7]. Currently many works are
being presented with impressive modulation formats like 1024 QAM transmission [8] or
transmission of 4096 QAM through 200 km [9] or even transmission of 16384 QAM
transmission over 25 km [10].

To explain capacity limitations of optical networks, the well-known Shannon limit can be
introduced for optical communication systems [11]:

C = B ·2 ·M · log2(1+
S
N
) (1.1)

where C is the total channel capacity limit, B is the signal bandwidth, S is the average
power of signal, N is the noise spectral density, M is the number of channels, and 2 stands
for two polarisation signals in dual-polarisation (DP) systems. The fraction under the
logarithm is intrinsically signal-to-noise (SNR), thus to be able to detect a signal with higher
channel capacity the higher SNR at the receiver should be achieved. In linear systems, the
SNR degrades with the transmission in optical fibre, and additional noise is introduced by
the receiver. However, if the signal power is significantly increased, the signal begins to
propagate in a nonlinear regime, leading to an accumulation of noise related to nonlinear
effects and thus, the signal power cannot be increased infinitely. Periodically-amplified
optical communications systems are characterised by distributed nonlinear effects in the
fibre. The most predominant nonlinear effect arises from the intensity dependent refractive
index (Kerr effect) and results in a number of phenomena such as self-phase modulation,
cross-phase modulation and four wave mixing [12]. The information capacity limits due
to fibre nonlinearity were first addressed in 2001 [13] and are described by the Nonlinear
Shannon limit [14]. The capacity limit of a nonlinear system depends not only on the SNR
of the received signal, but also on nonlinearity of the fibre used for a transmission and its
length. Thus, the Nonlinear Shannon limit for SMF can be graphically represented as a line
in Figure 1.2 along with experimentally achieved spectral efficiencies (SEs). The figure is
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1.1 Novel challenges of fibre-optic communications

obtained from [3]. It is clear from equation 1.1 that to transmit higher signal rate over longer
distances more channels with the same SE are required.
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Fig. 1.2 Experimentally achieved record SEs (in two polarizations) for WDM experiments
versus transmission distance (circles), shown with the Shannon limit estimate on standard
SMF (SSMF) (dashed).

Thus, novel approaches of introducing more signal channels in the transmission lines
should be proposed. Two main solutions are usually highlighted: multi band transmission
(MBT) by Agrawal [1] and spatial division multiplexing (SDM) by Winzer and Chraplyvy [3,
4]. SDM technique is generally divided into two approaches: multi-fibre (MF) approach
and multi-mode/core fibre (MMF/MCF) approach. Thus, SDM can be implemented through
two main strategies: 1) by using dark fibres (only applied for MF approach [15]) or 2) by
much more costly deployment of novel fibres [3, 16]. It was estimated that around $20,000
are required to lay one kilometre of fibre [3]. The SDM through MF approach is the most
popular approach as there is still some dark fibre infrastructure that can be used for capacity
increase. However, this approach will lead to high costs when the dark fibres infrastructure is
exhausted. In contrast, the MMF/MCF approach leads to a potential capacity in 1 Pbit/s/fibre
which is an important milestone, especially for submarine networks [17]. However, the
required technology for commercial utilisation of SDM techniques is still not mature, and
the costs related to the developing of the novel fibre infrastructure seems too high for a
short-term or mid-term solution.

In contrast, the MBT technique is an attractive next-step solution that allows maximum
return-on-investment from the existing infrastructure [18] by extending the transmission
beyond widely utilised C-band. Commercial MBT systems are already targeting C+L-band
with additional 60 nm bandwidth provided by L-band EDFAs. As the next step, other spectral
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bands can be considered, for example S-band, and E-band. If the whole bandwidth from
Table 1.1 is utilised for optical communication, it will allow to achieve more than a 10-fold
increase in the data capacity in comparison to currently deployed C-band systems. However,
MBT also requires development of novel in-line and transreceiver components for data
transmission in unconventional bands, especially optical amplifiers.

There have been numerous demonstrations of various doped-fibre amplifiers [19, 20],
Raman amplifiers [21], fibre optical parametric amplifiers [22], and semiconductor optical
amplifiers [23] operating in different telecommunication bands from O- to U-bands. However,
one of the most promising solutions for MBT are bismuth-doped fibre amplifiers (BDFAs),
due to their significant spectral flexibility enabled by different co-dopants that can be used
to fabricate fibres with different amplification bands. The optical network capacity can
be increased by the matter of 10 comparing to C-band EDFA by only using BDF-based
amplification systems. However, different types of Bi-doped fibres should be used to enable
amplification in all telecommunication bands.

Thus, this thesis focuses on utilising BDFA systems for MBT networks, in particular
development and use of germanosilicate-based BDFAs in E-band. E-band BDFAs have been
studied and showed a great potential in terms of expanding the bandwidth of the conventional
optical links due to decreased stimulated Raman scattering (SRS) impact on C-band and L-
bands from the transmitted channels in E-band [24]. This allows to expand already deployed
C+L-band telecommunication networks with minimal effort and impact on already deployed
bands. A more detailed comparison of the solutions for MBT is presented in the next chapter
along with recent advances in BDFAs.

1.2 Organisation of the thesis

This thesis is organised as follows.
Chapter 1. Introduction
The chapter presents the current challenges of optical communication networks and gives an
overview of the possible solutions for coping with "capacity crunch". Special attention is
paid to the current challenges of multi-band transmission.
Chapter 2. Optical amplifiers for optical communications
In this chapter, the diversity of optical amplifiers that are deployed or can potentially be
deployed for amplification of a signal in telecommunication bands are presented. The chapter
presents the main advantages and challenges of the amplifiers operating from the O-band to
the U-band. The most recent state-of-the-art advances in the development and utilisation of
the aforementioned amplifiers are highlighted.
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Chapter 3. Bismuth-doped fibres
An overview of typical types of Bi-doped fibres is presented in this chapter. The methods of
the fabrication of Bi-doped fibres are presented. The detailed overview includes the energy
levels for each type of the fibre and corresponding luminescence spectra. The analysis of
the recent advances in Bi-doped fibre amplifiers operating in a variety of telecommunication
bands are presented. In the second part of the chapter, the numerical modelling of the
E-band Bi-doped fibre amplifier is presented. The modelling methods include solving of the
conventional energy level rate equations and a "black-box" machine learning approach. The
main challenges of numerical modelling of Bi-doped systems are analysed.
Chapter 4. Development of Bi-doped fibre amplifiers
In this chapter, the development of three E-S-band Bi-doped fibre amplifiers is described. The
main parameters of optical amplifiers are presented and the methods of their measurements
are considered including manual and automatic methods. The developed amplifiers are
compared with different pumping schemes. Further, the performance of the two amplifiers
(BDFA-1 and BDFA-2) are compared with different pumping wavelengths combinations.
The optimal amplifiers pump configurations are presented for minimisation of the NF and
maximisation of the gain and the power conversion efficiency.
Chapter 5. Data transmission experiments enabled by BDFAs
In this section two types of data transmission in E-band are considered: intensity modulation/
direct detection and coherent transmission. Both transmissions are fully supported by only
developed E-S-band bismuth-doped fibre amplifiers. The main specifics of the IM/DD and
coherent transmission setups are considered along with the main metrics that are commonly
used for these transmission formats. In addition to the pure E-S-band transmission, the
multi-band transmission case of dual polarisation 30 GBaud 16 QAM channels in 195
nm bandwidth is considered. The experiment extends in E-S-C-L-bands where E-band is
supported by the developed BDFAs, and the S-C-L-bands are supported by a discrete Raman
amplifier.
Chapter 6. Discussion, future works and conclusion
This chapter concludes the thesis, provides an insight on the challenges with E-band Bi-doped
fibre amplifiers and multi-band transmission, and proposes possible next steps for making
E-band Bi-doped fibre amplifiers a stable and solid platform for the future optical bandwidth
expansion.
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1.3 Collaboration acknowledgement

The thesis focuses on the development and characterisation of BDFAs. Moreover, a big part
of the work is devoted to realisation of E-band and wide-band data transmission enabled by
BDFAs and other amplifiers. As BDFAs structure and data transmission experiments involve
complex elements that were developed or involved effort of others I present a summary
contributions in the table below:

Chapter Activity Collaborator
3 BDFA physical parameters optimisa-

tion using conventional rate equations
Dr Egor Manuylovich

3 NN modelling of the BDFA as a "black
box"

Dr Uiara Celine De Moura, Dr Ann
Margareth Rosa Brusin, Dr Francesco
Da Ros, Prof Andrea Carena, and Prof
Darko Zibar

4 Bismuth-doped fibre fabrication and
provision

Dr Vladislav Dvoyrin, Dr Mikhail
Melkumov, Dr Valery Machinsky

5 Direct detection setup development Dr Ian Phillips, Dr Paul Harper
5 Coherent transmission setup develop-

ment
Dr Ian Phillips, Dr Paul Harper, Dr
Pavel Skvortcov

5 Digital signal processing for coherent
signal

Dr Pavel Skvortcov, Dr Paul Harper

5 Development and characterisation of
SCL-band discrete Raman amplifier

Mr Pratim Hazarika, Dr Mingming
Tan

1.4 Contributions of the thesis

The contribution of this thesis targeting development and utilisation of E-band BDFAs for
MBT can be summarised as follows:
Chapter 2

• The author provides an extensive review of the main amplifiers that can be used for
optical communication networks including the ones that can be used for MBT: Raman
amplifiers, SOAs, FOPAs, EDFAs, PDFAs, NDFAs, TDFAs, and BDFAs.

• Main methods of modelling of the doped fibre amplifiers are provided along with the
main fibre characteristics and energy level diagrams.

Chapter 3
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• The thesis describes the method of fabrication of BDFs and the main types of BDFS:
aluminosilicate fibres, phosphosilicate fibres, low-germanosilicate fibres and high-
germanosilicate fibres along with the methods of modeling of the BDFs. Energy level
diagrams for BDFs are provided and the main challenges of the modelling of BDFs
are discussed.

• Main parameters of the active doped-fibre are presented. Two methods of modelling of
BDFs are proposed for E-band BDFA based on low-germanosilicate fibre. The E-band
BDFA is modelled using conventional method and neural-network model. Challenges
with both models are discussed and future improvements of BDF modelling are
proposed.

Chapter 4

• The thesis provides a description of the main parameters of optical amplifiers along
with the methodology for their manual and automated measurements. The setup of
automatic measurement of gain, NF and PCE was developed at Aston University that
can be used for characterisation of any optical amplifiers operation in E-, S-, C-, and
L-bands.

• Three optical amplifiers operating in E- and S- bands with record performance for
E-band amplifiers were developed. The best performance is achieved with the BDFA-2
which features record 39.8 dB gain, 4.5 NF for -25 dBm input signal power and 38%
PCE for 5 dBm input signal power.

• Different pumping schemes were compared including various combination of pumping
wavelengths. Based on the achieved experimental results, a conclusion about the pump
wavelength optimisation of BDFAs is made.

Chapter 5

• The thesis provides the description of the main quality metrics for both IM/DD and
coherent signals. The setup descriptions of both IM/DD and coherent systems are
provided along with the procedure for their setting up.

• The developed BDFAs were used to demonstrate 4 channel IM/DD transmission
through 160 km of 10 GBit/s OOK NRZ signal which is the record transmission
distance for IM/DD system in E-band.
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• An in-depth study of the coherent transmission systems enabled by developed BDFAs
was performed. It included a 60 km long transmission of 50 GBaud SP QPSK supported
by 2 BDFAs and a 4 channel E-band 30 GBaud 16 QAM transmission over 160
km supported by 3 BDFAs. The transmission quality was characterised and the
performance degradation factors were appropriately discussed.

• The thesis demonstrates the record bandwidth transmission of the coherent signal in
E-S,C-L bands which was supported by developed BDFAs and DRA discussed in
details in the PhD thesis of Dr Pratim Hazarika. The signal consists of DP 143 30
Gbaud 16 QAM channels and is transmitted through 70 km of SMF.

Chapter 6

• The author briefly discusses future research directions in the area of MBT and BDFAs.
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Chapter 2

Optical amplifiers for optical
communications

In this chapter, an overview of the optical amplifiers operating in ITU-T telecommunication
bands is presented.

2.1 Raman amplifiers

Raman amplifiers are based on the effect of stimulated Raman scattering (SRS) occurring
in optical fibres [12]. They are so far the most studied type of the amplifiers along with
EDFAs. To discuss the disadvantages and benefits of Raman amplifiers, it is important to
introduce the physical principles that it makes use of. SRS is an important nonlinear process,
that can not only allow a useful Raman amplification from pumps to signal, but also lead to
undesirable transfer of energy from low wavelength channels to higher wavelength channels.

In any molecular medium, spontaneous Raman scattering can transfer a fraction of power
from one optical field to a new one, whose frequency is less by an amount determined by
the vibrational modes of the medium. This effect was discovered by Raman in 1928 [25]
and later in 1962 the effect of SRS was observed [26]. The main difference between
spontaneous Raman scattering and SRS is that SRS enables more efficient transfer of the
pump (higher frequency) to the signals (lower frequency). The effectiveness of the energy
transfer of SRS and its spectrum depends on the media where signal and pump are being
transmitted. A comparison between Raman gain efficiency for three typical fibres used in
optical communication is presented in Figure 2.1[1, 27].

One can see that the maximum gain of each fibre is shifted approximately by 12 THz
from the pump wavelength. That means, that, for instance, to achieve amplification in
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Fig. 2.1 Raman gain spectra for SMF, DSF, and DCF pumped at 1510 nm.

C-band one requires to use pump laser diodes (LDs) with radiation wavelengths in S-band.
The significant difference of the amplitude of gain for all three presented fibres is mostly
explained by geometrical and composition difference of the fibres. The Raman gain depends
on nonlinear coefficient comprising from both nonlinear refractive index and effective mode
area [12]. Both dispersion shifted fibre (DSF) and dispersion compensating fibre (DCF) have
lower core diameter and different concentration of Ge. Thus, this leads to the differences to
nonlinear coefficient of the fibre. Based on the fibre and its length that is used in the Raman
amplifier, the Raman amplifier design can either be discrete or distributed [28]. Distributed
Raman amplifiers are commonly based on SMF and, basically, use the transmission fibre
as the amplification medium [29]. In contrast, discrete Raman amplifiers use 5-20 km-long
segments of fibre that is used as amplification medium [30]. Currently, a significant progress
has been made to use multiple Raman pumps for developing not only wideband Raman
amplifiers [31], but also Raman amplifiers with flat or tilted gain spectra (to compensate tilt
of SMF loss) using conventional and machine learning (ML) techniques [31–33].

The main advantage of Raman amplifiers is that they can be designed to amplify any
necessary optical band if the required pump lasers are available. Moreover, ultra-wideband
designs (more than 200 nm gain bandwidth) of amplifiers purely based on SRS have been
recently presented [31]. Distributed Raman amplifiers usually can provide low NF (around 5
dB), and sufficiently compensate the loss of the transmission fibre. However, they require
a high level pump powers and numerous pump LDs to achieve flattop and high gain. In
contrast, discrete Raman amplifiers can achieve a higher gain coefficient of up to 27 dB [32],
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but still suffer from relatively high NF (more than 6 dB). One of the main disadvantages of
the Raman amplifiers, both discrete and distributed, is the requirement of numerous pump
LDs at different wavelengths that are DFB stabilised and in total have high optical power.
This often leads to low power conversion efficiency (PCE) of Raman amplifiers.

2.2 Semiconductor optical amplifiers

Semiconductor optical amplifiers (SOA) are based on the stimulated emission on the electron
transition from a conduction band to a valence band of a semiconductor [34]. However,
to achieve gain, the emission should exceed the material loss and excess loss caused by
stimulated absorption. Sufficient population of the conduction band can be achieved directly
by electrical current injection. Confinement of the optical wave in the active zone of SOA is
achieved by surrounding the gain medium in a cladding material with lower refractive index,
thus, forming an optical waveguide.

SOAs can be designed to cover any desired wavelength range and bandwidth up to 100
nm. They are usually quite compact and can be pigtailed which increases their compatibility
with telecommunication standards [23]. However, there are multiple drawbacks that limit
the applicability of SOAs. The typical output powers of SOAs are below 20 dBm, and the
NF exceed 7 dB. Moreover, amplification in a single chip is polarisation-sensitive, thus, to
achieve low polarisation dependent gain, a combination of two chips should be used which
increases cost and complexity of the amplifier. Furthermore, the usable output power range
of conventional SOAs is strongly limited due to gain saturation generating interchannel
crosstalk [35]. Despite recent progress, SOAs are still not widely used for WDM applications
due to high NF and smaller output powers compared to doped-fibre amplifiers.

2.3 Fibre optical parametric amplifiers

Fibre optical parametric amplifiers (FOPAs) are based on the third-order Kerr nonlinearity of
optical fibres. Parametric amplification in fibres can be achieved in two or single pumping
schemes. If one considers one of the pumps’ optical frequency to be ωp1 and the optical
frequency of the second one to be ωp2, and if a signal at ωs co-propagates with pumps, then
it generates a new wave at ωi which grows while propagating with signal and pumps. The
spectrum of idler is a mirror image of that of the signal in respect to the central frequency that
can be defined as ωc = (ωp1 +ωp2)/2. When only a single pump exists, centre frequency
equals pump frequency. The spectrum of idler is inverted and is complex-conjugated to the
signal and is shown in Figure 2.2 [36]. Generally FOPA operates in a regime when both
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signal and idler are present at the input to the amplifier. For a more detailed explanation of
the FOPA operation refer to [12, 36].

! p1 ! s ! c ! i ! p2

a)

Pump 1 Pump 2

!

Pump

IdlerSignal

! !c p= !! s ! i

IdlerSignalb)

Fig. 2.2 Output spectra of FOPA for two pumps (a) and one pump (b).

Generally, several advantages of FOPAs are highlighted in the literature: potential large
gain of 70 dB [37], a broad gain spectrum (more than 100 nm) [38], and phase sensitive gain
that allows to potentially achieve NF less than 3 dB [39]. Moreover, as the FOPA is based
on Kerr nonlinearity, the design can be used at any desired amplification bandwidth with
suitable passive components and LDs provided [40]. Previously, one of the main drawbacks
of FOPA was its polarisation sensitivity, however, utilisation of different designs like looped
polarisation insensitive FOPA allowed to minimise polarisation sensitivity of FOPA [41].

However, one of the main drawbacks of FOPAs is a requirement to deal with high pump
powers (higher than 1 W) that can sometimes exceed even 10 W. Despite its possibility to
achieve high gain, low NF and wide bandwidth, FOPAs usually suffer from low PCE of
several % or less [42]. Another significant drawback is the complexity of the setup that re-
quires polarisation beam splitter (PBS), circulators and multiple WDMs to allow polarisation
insensitive amplification. Moreover, when developing such an amplifier for unconventional
bands, each of the components should be specifically designed to be compatible with the
required transmission band. In comparison, typical doped-fibre amplifiers are based only
on two WDMs if bi-directional pumping is required and a set of isolators, that are usually
available for wide spectral bands.
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2.4 Doped-fibre amplifiers

As the next step, the diversity of doped-fibre amplifiers operating in telecommunication
bands is considered. The comparison of the main parameters of doped-fibre amplifiers is
presented. The energy levels of all doped-fibre amplifiers are shown in this Section except
Bi-doped fibres (BDFs). Because of the rich diversity of BDFs, they are discussed in the next
Chapter 3 with utmost detail. The main distinctive feature of all doped-fibre amplifiers is that
they are only developed as discrete amplifiers with much shorter length than the transmission
line.

2.4.1 Er-doped fibre amplifiers

Among all rare-earth doped elements, erbium is the most widely used element that is used in
the majority of optical amplifiers around the world. It operates in the vicinity of 1.54 µm. The
EDFAs have been extensively studied since the late 1980s, however, a significant advance
has been made in early 1990s that allowed a wide commercial use of EDFAs. This significant
change (before EDFAs, repeaters were used for compensation of optical loss in transmission
fibres) allowed to massively implement WDM systems and, thus, substantially increase the
capacity of optical networks. For the last 30 years EDFAs have proved themselves as a
reliable tool for amplification in C-band. The energy level diagram for erbium is presented
in Figure [43, 44]. According to the energy diagram, EDFA can be pumped at both 980 nm
(4I15 −4 I11) and at 1480 (4I15 −4 I13) to achieve generation in vicinity of 1540 nm.

4I11/2
980 nm

1530 nm 4I13/2

4I15/2

ground level

pump level

pump/metastable
level

Fig. 2.3 Energy level diagram of erbium.
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The EDFA has been substantially studied in terms of modelling using conventional rate
equations in [43, 45]. The amplifier operating at a pump wavelength of 980 nm can be
modelled using the three level system (Described in Appendix A) and the amplifier with a
pump wavelength of 1480 can be described using the quasi-three level system, which can be
simplified to the two level system (Appendix B). The absorption and emission cross sections
of a C-band EDFA are presented in Figure 2.4 [46]. One can see that the absorption and
emission cross sections significantly overlap. However, if the EDFA is pumped at 1480 the
transition is happening at the tail of the transition, as the maximum of the absorption cross
section is near 1530 nm. The emission cross section has a similar shape as the absorption
cross section. It has a well pronounced peak in vicinity of 1530 nm and sometimes gain
flattening filters are used to allow flatter amplification in C-band EDFAs. Current state of the
art of C-band EDFAs allow to achieve gain as high as 40 dB, PCE of 33% for 980 nm pump
and PCE of 50% for 1480 nm pump wavelength [47]. Commercially available EDFAs are
close to the theoretical limit of 3 dB for NF and achieve NF as low as 3.5 dB.
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Fig. 2.4 Emission and absorption cross sections of Erbium.

In addition to C-band amplification, EDFAs can also be designed to provide gain in
L-band. They are based on the same transition as C-band amplifiers and use the right-hand
side tail of the emission cross section. However, L-band amplifiers most commonly use only
1480 nm pumps to support a better transition of the energy towards L-band. The PCE of
L-band amplifiers is typically around 20% [48]. However, recent studies proposed to use
980 nm pump for L-band EDFAs based on phosposilicate erbium-doped fibre [49]. They
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also provide gain higher than 35 dB, however, their 5-6 dB NF is higher compared to C-band
EDFAs.

2.4.2 Pr-doped fibre amplifiers

Praseodymium fibres were extensively studied in the 1990s [50]. However, due to various
factors they were not found as reliable as Er-doped fibres [35]. These factors are addressed in
the next paragraph. Praseodymium-doped fibre amplifiers (PDFAs) can potentially provide
gain in O-band, more specifically in the spectral range from 1280 nm to 1330 nm. However,
one of the main drawbacks of PDFAs is that Pr-doped fibre can only be realised based
on fluoride or chalcogenide fibre that have low compatibility with SMF-fibre. The energy
diagram of the levels corresponding to the operation of Pr in vicinity of 1300 nm is shown in
Figure 2.5 [51].

1D2

1G4

3F4
3F33F2

3H6

3H5
3H4

1380 nm ESA

1015 nm
GSA

1050 nm
Emission

1325 nm
Emission

1440 nm
GSA

Fig. 2.5 Energy level diagram of praseodymium.

The transition 3H4 −1 G4 can be used as a pump transition at 1015 nm. The radiation
transition exists between energy levels 1G4 and 3H5. However, a rapid non-radiative transi-
tion between G4 and 3F4 levels (small non-radiative lifetime) contributes to the poorer (as
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compared to EDFAs) performance of the Pr-doped fluoride fibre amplifiers [51] and prevents
creation of Pr-doped silica fibre amplifiers that would be fully compatible with standard
telecommunication fibres. Another problem with praseodymium is excited state absorption
that can lead to undesirable transfer of some of the already excited electrons from 1G4 to
higher level 1D2. PDFA can be modelled using 4 level system described in Appendix C.1.
However, it should in addition consider excited state absorption, and ground state absorption
described in [51]. These two effects significantly contribute to the population of the upper
emission transition level along with its non-radiative lifetime. As the cross section of pump
absorption is by a factor of ten smaller than the cross section of single emission, the fraction
of the pump power absorbed during propagation in the doped fibre is small. Due to the low
PCE, high power LD have to be used for pumping, which leads to short LD lifetimes. This
is one reason why PDFAs are known for high failure rates [35]. The PDFA can achieve 25
dB gain, and 7 dB NF [52], mostly due to usually high loss between silica fibre components
and fluoride active fibre and existence of undesirable transitions in the active fibre. Currently,
very limited work is being conducted on the development of PDFAs.

2.4.3 Nd-doped fibre amplifiers

The neodymium-doped fibre has been proposed as a possible solution for amplification in
E-band in the same time frame as Pr-doped fibre [53]. Neodymium-doped fibre amplifier
(NDFA) can provide gain in both O- and E-bands in the spectral range from 1310 nm to
1370 nm [53] for the O-band, and in the E-band operation wavelength range is 1400-1450
nm [19]. For discussion of several current challenges with NDFAs the energy level diagram
of neodymium is presented in Figure 2.6.

Pump transition between the ground level 4I9/2 and the upper level 4F5/2 can interact with
the pump wavelength in vicinity of 800 nm. One can see that fast transition between 4F5/2

and 4F3/2 allows to achieve the population inversion between 4F3/2 and lower levels. The
stimulated emission and amplified spontaneous emission (ASE) can occur on all transitions
from 4F3/2 and lower levels like 4I9/2, 4I11/2, 4I13/2. Commonly, the following transition can
compete with each other: 4F3/2 −4 I9/2, 4F3/2 −4 I11/2, and 4F3/2 −4 I13/2 [19, 53, 54]. The
broad 4F3/2 −4 I13/2 transition supports amplification in O-band and E-band. The magnitude
of the optical gain observed in the E- and O- bands in the result of the 4F3/2 −4 I13/2

transition is substantially limited by the ASE originating from other transitions. However,
to achieve sufficient amplification on the single transition, ASE on the other competitive
transitions should be minimised. To allow higher efficiency of E-band amplification achieved
with NDFA, the Nd-doped micro-structured fibre was proposed. Such fibre is designed
specifically to attenuate unwanted ASE on transition 4F3/2 −4 I11/2 [19]. Even though a

A. Donodin, PhD Thesis, Aston University, 2022 19



2.4 Doped-fibre amplifiers

1G7/2

ESA

1400 nm
Emission

4F3/2

4F5/2

4I13/2

4I1 /21
4I9/2

800 nm
pump

1100 nm
Emission

900 nm
Emission

Fig. 2.6 Energy level diagram of neodymium.

significant progress has been made recently, such fibres still require further development in
order to match the performance of Er-doped fibres. NDFAs now can achieve 24 dB gain and
6-7 dB NF with up to 18% PCE [19]. The modelling of NDFAs is described in details in [54]
and can be generally described using a four-level system described in details in Appendix C.
The modelling of NDFA should include most of stimulation emissions from 4F3/2 as well as
exited state absorption from level 4F3/2 to the level 4G7/2.

2.4.4 Tm-doped fibre amplifiers

The thulium-doped fibre allows broad amplification bands in S-band and at longer wavelength
in vicinity of 1850 nm. A comprehensive numerical model of a thulium-doped silica-based
fibre amplifier was presented in paper [55]. The energy diagram of thulium is presented in
Figure 2.7. The laser transition that is associated with the signal amplification in vicinity of
1500 nm is 3H4 −3 F4. As this transition exists between sub-level of the upper level and the
second level, the signal amplification at 1500 nm in Tm-doped fibre can be characterised by
4-level energy system.

Two main problems complicate the use of this transition for an efficient optical ampli-
fication. Firstly, the thulium behaves as a four-level laser system where the lifetime of the
lower level is longer than that of the higher level. Therefore, the population inversion can be
hardly achieved with direct pumping to the upper laser level. The second problem with the
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Fig. 2.7 Energy level diagram of thulium.

3H4 −3 F4 transition is the possibility of nonradiative decay via the intermediate level 3H5.
While modelling Tm-doped fibres, it is important to carefully consider up-conversions and
cross-relaxations which can occur between various energy levels. Those effects are described
in detail in the paper [55].
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Fig. 2.8 Emission and absorption cross sections of Tm-doped fibre.

If these effects are considered, this problem can be resolved with up-conversion pumping
schemes involving pump absorption from the ground level and from the second energy level
using one or two pump wavelengths. Combining such a pumping scheme with suppressed
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pump excited state absorption, thulium behaves like a three–level amplifier and PCEs of
50% can be achieved [56, 57]. Since such pumping schemes are less efficient in glass
hosts exhibiting higher phonon energy, the use of low phonon energy glasses is beneficial.
However, signal amplification can be obtained in multi–oxide silicate glass, although with
reduced gain efficiency as compared to fluoride glass [35]. Figure 2.8 shows emission and
absorption cross sections of Tm-doped fibre.

With respect to spectral hole burning, thulium performs better than erbium, since TDFAs
exhibit hole depths that are by a factor of four smaller than those of C–band EDFAs [58].
Depending on the host material [59], TDFAs offer gain bandwidths between 30 nm and 60
nm with varying centre wavelength for amplification in WDM systems. Typical TDFAs are
designed either for the bandwidth–limited S–band (1480 nm–1530 nm) or the S+–band (1450
nm–1480 nm). Thus, only the combination of two TDFAs is able to open up the complete
S–band for data communication [35].

2.4.5 Bi-doped fibre amplifiers

The first Bi-doped fibre and a laser based on that fibre were developed and demonstrated
in 2005 by the group of Dianov [60]. The laser generated optical radiation in the spectral
range of 1120-1220 nm. Since 2005, BDFAs have been extensively but not yet completely
studied and showed a great potential for ultra-wideband optical communication networks.
Bi-doped fibre is a unique material with broad emission and amplification bands covering
in total an impressive bandwidth of 1.1-1.8 µm that are presented in Figure 2.9. Such
spectral flexibility of BDF is achieved by co-doping of the core of the BDF with different
additional elements. Amplification with BDFA can be achieved in all telecommunication
bands: aluminosilicate fibres allow to achieve amplification in vicinity of 1100 nm [61],
O-band can be covered by phosposilicate fibres [62] (1200-1300 nm), E- and S-bands can be
amplified with germanosilicate fibres with low concentration of germanium (Si-Bi-related
centre allows to achieve generation between 1390-1510nm) [63], and amplification in L-
band and U-band is observed in germanosilicate fibres with high germanium concentration
(Ge-Bi-related centre allows to amplify the region of 1600-1800 nm) [64].

Recent advances in development of BDFAs have shown a significant progress in devel-
opment and utilisation of BDFAs in all aforementioned regions, but the most attention has
been paid to O- and E-band amplifiers due to their potential to be next in line for expanding
commercial telecommunication networks. First of all, the first stabilisation of both phos-
phorous and silica related centres was presented in paper [65] which showed a combined
amplification bandwidth of 116 nm. The record 40 dB gain BDFA in O-band was reported in
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Fig. 2.9 Optical bands that BDFAs can provide gain. in

the paper [66]. The first attempts of data transmission have been reported in O-band [67, 68]
and E-band supported by BDFAs [69].

Despite the aforementioned progress, several problems of BDFA have been addressed
but not resolved. The clusterisation process that occurs in the Bi-doped fibres significantly
limits the maximal concentration of bismuth in the core of the fibre. The occurring clusters
significantly increase passive loss of the fibre, thus all the fibres are produced below the
threshold of clusterisation. This way, the fibre length required to achieve a substantial gain is
a magnitude higher than that used for commercial EDFAs and is typically more than 100 m.
Another problem that is caused by the low bismuth concentration in the fibre is unavailability
to measure the concentration of Bi-related centres in the core. The problem is significantly
complicated due to the fact that bismuth can form different Bi-related centres in the fibre
and it is unknown what are the real ratios between, for instance, silica Bi-related centres
and germanium Bi-related centres. Moreover, uniformity of the concentration of Bi along
the length of the fibre is unclear. As conventional rate equations require knowledge of the
concentration of active ions, it is complicated to solve rate equations for Bi-doped systems.

The work in this thesis focuses on the development of BDFAs in E- and S-bands [63],
as these amplifiers are less investigated and BDFA seems the most promising candidate for
the expanding of current network bandwidth through utilising MBT in O- and E-bands. The
different methods of modelling of BDFAs are proposed and tested along with the details of
different fibres in Chapter 3. Moreover, a great deal of attention is paid to the development
of a test bed for IM/DD and coherent transmission in E-band and incorporation of BDFAs
in ulta-wideband transmission networks [70]. As the next step, differences between most
common types of Bi-doped fibres are considered, including energy diagrams and methods of
modelling.
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Chapter 3

Bismuth-doped fibres

3.1 Fabrication of bismuth-doped fibres

Fabrication of almost any types of fibres is usually divided into two fundamental steps:
preform formation and fibre drawing. Modified chemical vapour deposition (MCVD) is the
most commonly used method for fabrication of fibre preform, and in particular BDF preforms.
To produce a preform volatile liquid halide, precursors (i.e GeCl4,POCl3,BBr3,SiCl4, and
SF6) that have high vapour pressure at a temperature slightly higher than the room one (30◦C)
are sent into a rotating reference silica tube while heating it up using an oxyhydrogen burner.
The core composition depends on various factors like atmospheric pressure and temperature
of the burner. Moreover, the core thickness can be controlled by the number of deposited
layers. After that, the preform with a hole in the centre is collapsed and follows sealing of
the glass tube to get a solid preform. The advantage of the MCVD solution is that it is robust
and convenient to experiment with to develop different preforms with various characteristics.

The process of rare earth doped preforms fabrication involves two steps. The first
step predominantly targets minimisation of contaminants in the core by passing a SF6 gas
mixture and oxygen through the reference tube while the tube is being heated up by a burner.
After that, vitrified silica or silica with phosphorous and germanium is deposited at a low
temperature in the core. This layer is essential for rare earth deposition into the core. In the
second step the reference tube with deposited layers is solution doped by keeping it in an
alcoholic solution of the required rare earth dopant for a specified time. This process forms a
porous layer with the desired rare-earth dopants. After the porous layer is deposited, the tube
is dehydrated with the help of O2 or N2 flow. Next, the dried tube is heated in the presence of
oxygen for conversion of rare earth dopants into corresponding oxides. In the final stage, the
tube containing the rare earth-doped core is collapsed to produce the preform. Typically Bi
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is incorporated into the core through solution doping while forming the porous layer [71].
Different other co-dopants can be introduced at various stages of the preform fabrication.

When the preform is ready it can be used for drawing. The typical drawing process
is presented in Figure 3.1. The process of drawing Bi-doped fibres is similar to the same
process for conventional rare earth preforms. The drawing is usually performed with the
speed that is calculated from the preform core and preform cladding diameters, and feed
speed.

Preform holder
Preform

Furnace

Diameter gauge

Diameter
gauge

Cane puller

Coating cup

UV lamp

Fibre spool

Fig. 3.1 Fibre drawing setup.

The preform holder is used to hold the preform attached to it. The preform is located at
the centre of the furnace and moved into the heating area of the furnace. After the preform is
heated up, a drop is formed from the output of the furnace and this drop is falling down by
the force of gravity. When the drop followed by thin fibre comes out of the furnace, it is cut
off the fibre. Additionally, fibre can be taken through a diameter gauge for a precise control
of the fibre diameter. Then the fibre is fed into a cane puller. Once the required diameter is
reached, the fibre can be fed into a coating cup where the coating is applied. Immediately
after the coating, the fibre passes through an ultraviolet lamp where the coating is cured.
Then, the fibre is eventually collected on a spool.
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3.2 Types of bismuth-doped fibres

Bismuth is a polyvalent element with four oxidation states: Bi5+, Bi3+, Bi2+ and Bi+. Two
processes take place in molten polyvalent element-doped glass: oxidation (as it has been
mentioned in the previous Chapter, Bi-doped fibres can be developed with inclusion of
different co-dopants in the core of the fibre along with bismuth to enable amplification in
various spectral bands at higher valence state) and reduction (at a lower valence state) [72].
This happens due to the fact that inner subshells of Bi are completely filled and the outer 6s
and 6p electrons significantly interact with the host material, thus, bismuth shows substantial
host-dependent absorption and emission cross-sections. In the subsections below, Bi-doped
fibres based on different host materials are considered.

3.2.1 Aluminosilicate fibres

The first Bi-doped glass was presented by Fujimo and Nakatsuka in 2001 [73]. In that
paper, an aluminosilicate glass doped with bismuth had luminiscence in spectral region from
1100-1500 nm. In 2005, the first Bi-doped fibre fabricated using the MCVD-solution doping
technique was presented in paper [74]. This fibre was also based on aluminosilicate host
glass and had luminescence from 1000 to 1300 nm.
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Fig. 3.2 a) Luminescence and b) absorption spectra of aluminosilicate Bi-doped fibre.

The bismuth active centres (BACs) related to aluminium interact with radiation at 500
nm, 700 nm, 800 nm, and 1000 nm and significantly absorb it. Bi-doped fibres with
aluminosilicate host have the maximum of the emission around 1100 nm. The luminescence
spectra of aluminosilicate Bi-doped fibre is presented in Figure 3.2 [75],a. Absorption of
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the aluminosilicate Bi-dope is presented in Figure 3.2,b[76]. The composition of the host
material and pump power can significantly shift the spectra of luminescence and spectra of
gain of Bi-doped fibres.

Figure 3.3 shows the energy level diagram proposed in paper [77]. Based on the energy
diagram to achieve effective amplification of optical radiation in vicinity of 1100 nm, the
transition from the triplet state 1 (T1) to the ground singlet state S0 should be used. The
most efficient pump transition is S0 to S1 (ground singlet state to upper singlet state). The
transition between levels S1 and T1 is predominantly non-radiative. Thus, amplification of the
signal in aluminosilicate fibre can be described by 3-level system presented in Appendix A.

900 nm
pump

1100 nm
Emission

S3

S2

T2

S1

T1

S0

460 nm
pump

670 nm
pump

Fig. 3.3 Energy diagram of Al-BAC. Solid lines indicate transitions of absorption and
emission, and dotted lines indicate nonradiative transitions; the transition wavelengths are
given in nm.

After demonstration of the first aluminosilicate Bi-doped fibre, a great deal of attention
was paid to development of Bi-doped fibre lasers [60, 78]. Although efforts were made to
develop aluminosilicate Bi-doped fibre lasers in the past, there was much less progress in
developing amplifiers around 1100 nm in comparison to other Bi-doped fibre amplifiers.

3.2.2 Phosphosilicate fibres

After successful demonstration of the first aluminosilicate Bi-doped fibres, it was discovered
that by using different co-dopants of the glass instead of Al, spectral band of the amplification
can be substantially shifted. The first demonstration of the Bi-doped fibre with phosphorous
co-doping was made by authors in paper [79], who investigated P2O5-GeO2-SiO2-Bi2O3

A. Donodin, PhD Thesis, Aston University, 2022 27



3.2 Types of bismuth-doped fibres

core preforms and fibres and reported on the red-shifted broadband fluorescence with peak at
1300 nm observed in glass of such composition under 488 nm laser excitation. Luminescence
of the BAC-P is presented in Figure 3.4,a [80]. Absorption of the phosposilicate Bi-dope
is presented in Figure 3.4,b[76]. The phosposilicate fibre features a maximum of gain in
vicinity of 1350 nm, and the luminescence tail goes up to almost 1500 nm.
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Fig. 3.4 a) Luminescence and b) absorption spectra of phosphosilicate Bi-doped fibre.

Figure 3.5 shows the energy level diagram of the BAC related to phosphorus [81]. The
radiation at wavelengths of 220 nm, 350 nm, 390 nm, 780 nm and 1250-1300 can interact
with the BACs and be absorbed by them. As the transition between ground level S0 and S1

can be used as both pump and emission transitions enabled by Stark effect, the modelling of
the phosposilicate fibre can be described by the two level system described in Appendix B.

One of the first demonstrations of an amplifier based on Bi-doped phophosilicate fibre was
reported in 2009 [82]. Its operation bandwidth was 1300-1340 nm, the maximum gain was
25 dB, and the NF was 5 dB. The positive gain was observed in a wide range of 1283-1372
nm. The pump was located at 1230 nm and its power was limited by 500 mW. It was later
observed that the performance of Bi-doped phosphosilicate fibre was better when introducing
a small amount of Ge in the core [83]. The addition of Ge makes the luminescence window
broad, covering the entire 1300-1500 nm band. Now most of Bi-doped fibres presented in
the literature based on a phosphosilicate host also have a small concentration of germanium.
Recently, a number of works reporting successful stabilisation of two BACs related to both
phosphorus and silica has been reported [20, 84]. Both of these papers reported similar
results in terms of total achieved 3 dB bandwidth exceeding 115 nm in the spectral range
of 1300-1450 nm. However, the work by Wang et al. presented a fibre with still some
concentration of water in the core, leading to a substantial dip in the gain spectra around 1380
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Fig. 3.5 Energy diagram of P-BAC. Solid lines indicate transitions of absorption and emission;
the transition wavelengths are given in nm.

nm. The paper by Ososkov lacks this dip in the spectrum and the setup allows to achieve
a completely flattop gain spectrum with maximum gain of 30 db, and NF of 6 dB. Along
with the development of wideband BDFAs based on simultaneous stabilisation of BAC-P
and BAC-Si, an alternative approach has been utilised to develop high-gain amplifiers [66].
To achieve gain as high as 39 dB, a double-pass scheme was used based on two circulators.
The NF of the setup was around 5 dB.

There has been a number of works reporting data transmission enabled by BDFAs
operation in the O-band. The transmission of 4x53 GBaud PAM4 signals in the spectral
range of 1271-1331 nm through total of 10 km SMF enabled by BDFA is presented in
paper [85]. Prior to that, a transmission of 8×26.6 Gbaud/s PAM-4 channels through 55
km of G.652 fibre was reported in [68]. A similar performance has been achieved with 4×
50-Gb/s CWDM IM/DD channels transmitted through 100-km long SSMF and amplified by
two BDFAs [86]. Simultaneous transmission in O+C band through 50-km-long SMF was
reported in paper [87]. Moreover, a multiband E+C transmission through 1 km of hollow
core fibre was reported [88]. The modulation format of the signal was again PAM4. Despite
a numerous demonstration of IM/DD transmission in O-band, coherent transmission is yet to
be demonstrated.
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3.2.3 Low-germanosilicate fibres

The first E-band amplification using Bi-doped fibre was demonstrated in 2008 by Dvoyrin [89].
Even though the first paper stated the fibre to be aluminosilicate, it has later been proved that
the 1400-1500 nm amplification range is related to reaction of the Bi-doped active centres
with silica. The efficiency of this transition can be significantly improved by low concentra-
tion of germanium in the core of the fibre [90, 91]. The luminescence spectrum of Si-BAC is
presented in Figure 3.6,a [92]. Absorption of the Si-BAC is presented in Figure 3.6,b[76]. A
fibre with low concentration of germanium usually has a maximum of luminescence around
1430 nm. The whole luminescence range is from 1300-1500 nm, and it naturally overlaps
with phosphosilicate fibre.
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Fig. 3.6 a) Luminescence and b) absorption spectra of low-germanosilicate Bi-doped fibre.

The energy level diagram of the Si-BAC is considered in Figure 3.7 [76]. The transition
SE0 to SE1 is usually used for pumping with the maximum wavelength around 1360 nm. The
opposite transition SE1 to SE0 can support signal amplification in the spectral range from
1390-1510 nm enabled by Stark-split energy levels. The principle of work is similar to one
of phosposilicate fibre and can be modelled by just the two-level system described in details
in Appendix B.

The Bi-doped low-germanosilicate fibre amplifiers have shown significant progress re-
cently. The focus of work described in this thesis is on E-band Bi-doped low-germanosilicate
fibre amplifiers due to their excellent performance and as the E-band seems to be a natural
next step after utilisation of L-band EDFAs and S-band TDFAs. Moreover, Bi-doped low-
germanosilicate fibre amplifiers can provide substantial gain in the part of S-band along with
the main amplification covering half of the E-band. Prior to the beginning of the work on
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Fig. 3.7 Energy diagram of Si-BAC. Solid lines indicate transitions of absorption and
emission, and dotted lines indicate nonradiative transitions; the transition wavelengths are
given in nm.

this thesis, there has been a number of BDFAs reported in the literature [69, 93]. The first
paper featured simultaneous 4-channel amplification in E-band with a maximum gain of 28
dB and minimal NF of 7.2 dB. The second paper showed an E-band BDFA with 26 dB gain
and 7.5 dB NF. Moreover, it also showed the first ever demonstration of data transmission
enabled by BDFA. The 80-km long SMF link was supported by a single E-band BDFA to
allow 10.6 Gbit/s OOK NRZ channel transmission.

Since the beginning of this work, there has been a number of papers showing significant
progress in E-band BDFAs, published by Aston Insitute of Photonic Technologies and other
research groups. They include a 38-dB gain germanosilicate BDFA based on a double-pass
scheme [94], an E- and S-band amplifier development and characterisation with 31 dB gain
and 4.8 dB NF [63], E- and S-band BDFA with 38 dB gain, 4.5 dB NF and 30% PCE [95].
Moreover, several papers reported record transmission length in E-band enabled by a single
BDFA [96]. 4 channels of 10Gbit/s NRZ OOK were transmitted through a 160 km-long
transmission line supported by a single BDFA with 30 dB gain. Moreover, first demonstration
of coherent transmission in E-band enabled by BDFA was reported in paper [70]. 4 channels
of SP 50 GBaud QPSK in spectral region of 1410-1450 nm were transmitted through 60 km
long transmission line that was enabled by two E-band BDFAs. Later, a combined approach
was proposed for multi-band transmission in E-S-C-L bands enabled by an amplifier based on
combined bismuth-doped fibre and discrete Raman amplification. The developed amplifier
has the maximum gain of 18 dB, the lowest NF of 5.8 dB and covers 195 nm bandwidth.
The transmission through 70 km was performed with 143 channels spread across E-S-C-L
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bands of DP 30 Gbaud 16 QAM [97]. Finally, the transmission of 4xDP 30 GBaud 16QAM
channels through 160 km was performed using three BDFAs operating in E-band [98], which
is the record transmission of the coherent signal in E-band. Some of the work mentioned
here is described in detail in this thesis.

3.2.4 High-germanosilicate fibres
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Fig. 3.8 a) Luminescence and b) absorption spectra of germanosilicate Bi-doped fibre.

It has been observed that by increasing the Ge concentration above 50mol% in Bi-
doped germanosilicate fibres, the emission spectra of the fibre can be shifted toward longer
wavelength range (1600-1800 nm). The luminescence spectra of a Bi-doped germanosilicate
fibre with high germanium concentration is presented in Figure 3.8,a [76]. Absorption of the
germanosilicate Bi-doped fibre is presented in Figure 3.4,b[92]. The radiation starts roughly
at 1500 nm and expands toward longer wavelengths up to 1850 nm. The maximum of the
luminescence is in vicinity of 1675 nm. This spectra band is important for expending the
optical network capacity through transmission in U-band (1625-1675 nm) where silicate
fibres experience slightly higher attenuation to C-band, however, still not as critical in
comparison to the wavelengths higher than 1700 nm.

The energy level diagram of Ge-BAC is presented in Figure 3.9 [76]. The radiation with
the average wavelength of 463 nm, 925 nm, and 1650 nm can interact with the energy levels
presented in the Ge-BAC. To achieve generation at 1650 nm, the transition form upper level
S1 to ground level S0 can be used. To pump the active media, the radiation with wavelength
in vicinity of 1550 nm is commonly used [99]. As it is clear from the energy level diagram, a
Bi-doped high-germanosilicate fibre can be described by two-level system enabled by the
Stark energy level split. The equations for two-level systems are described in section B.
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Fig. 3.9 Energy diagram of Ge-BAC. Solid lines indicate transitions of absorption and
emission, and dotted lines indicate nonradiative transitions; the transition wavelengths are
given in nm.

A number of works have reported a successful development of U-band BDFAs based on
high-germanosilicate fibre. The 23 dB gain amplifier with the bandwidth of 40 nm in vicinity
of 1710 nm was reported in the paper [99, 100]. The amplifier is based on a short segment
of the fibre of just 60 m and pumped by two LDs at 1550 nm with 150 mW output power
each. The NF of the developed amplifier is 7 dB. Relatively low gain and high NF can be
explained by the shortness of the fibre (for BDFAs) and low pump powers. However, there
has been no demonstrations of successful signal transmission enabled by U-band BDFAs.

3.3 Parameters of Bi-doped fibres

In this section, the main parameters of the active Bi-doped fibre are considered. As only
E-band BDFAs are considered in this work, only 2-level energy level rate equations should
be solved that are presented in Appendix B. As the first step, all unknown model parameters
required for solving the rate equations should be defined. The Bi-doped optical fibre used in
the first developed amplifier (BDFA-1 described in section 4.2) has similar characteristics to
the SMF. Ss and Sp are effective mode areas. These parameters can be defined through the
mode field diameter:

S = πw2/4, (3.1)
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where w is the mode field diameter that can be defined from the following equation:

w = a(0.65+
1.619
V 3/2 +

2.879
V 6 ), (3.2)

where a is the fibre core radius, and V is a dimensionless parameter which is often used in
the context of step-index fibres. It determines the fraction of the optical power in a certain
mode which is confined to the fibre core. For single-mode fibres, that fraction is low for low
V values (e.g. below 1), and reaches ≈ 90% near the single-mode cut-off at V ≈ 2.405. V
number is defined using the following equation:

V =
2π

λ
aNA =

2π

λ

√
n2

core −n2
cladding, (3.3)

where λ is the wavelength, NA is the numerical aperture, ncore is the refractive index of fibre
core, and ncladding is the refractive index of fibre cladding.

There is a number of unknown parameters in equations required for two-level system
presented in Appendix B. Γs and Γp are the doped core and field mode overlap integrals for
both signal and pump wavelength. They are simply defined as core area divided by effective
mode areas of signal and pump, respectively. αs and αp are the signal and pump losses in the
fibre. nt is the dopant concentration in the fibre core which typically cannot be determined
experimentally in Bi-doped fibres due to its low concentration (the concentration of BACs
is below the detection level). However, the upper limit can be defined from the preform
Bi-doping concentration through the total weight of one mole of composite glass [44]:

W = x(SiO2)Z(SiO2)+ x(GeO2)Z(GeO2)+ x(Bi2O3)Z(Bi2O3)), (3.4)

where x(i) is the fractional molar concentration (in mol%) and Z is the corresponding
molecule mass. The concentration of Bismuth Oxide is negligible. Assuming that D is the
glass density and NA is the Avogadro number, the Bi2O3 concentration in molecules per cubic
centimetre is given by:

n(BAC) = x(BAC)
DNA

W
. (3.5)

As one of the fibres used in this project has a similar concentration as the fibre reported in
[92], we assume that the upper limit of the ion concentration N would be limited by mole
concentration of 0.001%. Thereby, there are five more parameters that are unknown: σsa is
the signal absorption cross-section, σse is the signal emission cross-section, σpa is the pump
absorption cross-section, σpe is the pump emission cross-section, and τ is the relaxation
lifetime. The lifetime can be measured experimentally using a high speed oscilloscope and
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receiver. However, the emission and absorption cross sections cannot be determined due to
their connection to the concentration of BACs in the fibre.

The number of unknown parameters can be further reduced by the McCumber [101]
relation between emission and absorption cross-sections. The theory of McCumber is
a versatile tool that allows one of the two cross-sections to be calculated if the other is
known from measurements. This theory is a generalisation of the original Einstein A and
B coefficients approach [102] and can be applied to the broadband transitions between the
Stark manifolds of a rare-earth ion. The relationship between the absorption and the emission
cross-sections for transitions between two manifolds is given by the McCumber relation:

σe(ν) = σa(ν)exp(
E −hν

kBT
), (3.6)

where σe is the emission cross-section, σa is the absorption cross-section, ν is the frequency of
radiation, E is an effective energy difference between two manifolds[103], kB is Boltzmann’s
constant, and T is the absolute temperature.
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Fig. 3.10 Experimentally measured absorption of the BDF used for the amplifier BDFA-1
described in section 4.2

Finally, optical absorption of the fibre should be determined. This is an important
parameter of the fibre that can be experimentally determined, however will not be used in the
modelling. For the measurement of optical absorption of BDF a fairly short piece of BDF
was used (3 m). The cut-back-method in combination with an infrared lamp coupled into a
single-mode fibre was used to determine the spectrum of the BDF absorption. As a first step
the radiation of the lamp was transmitted through a 3-m piece of BDF and the spectrum at the
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output of the BDF was recorded (Spectrum 1). After that, the piece of BDF was decreased by
0.5 m and the spectrum was measured again (Spectrum 2). Finally, another piece of 0.5 m of
BDF was cut out leaving only 2-m BDF piece (Spectrum 3). The consequent spectrum was
recorded again. To obtain the loss of the fibre the value of the Spectrum 2 should be deducted
from the Spectrum 3 and divided by the length of the fibre taken (0.5 m). The same approach
should be repeated for the pair of Spectrum 1 and Spectrum 2. The result of the average
absorption spectrum is presented in Figure 3.10. It should be noted that the discrepancy
between the first and second measurements were minimal indicating a correctly utilised
measurement. Fibre features the maximum absorption of 0.65 dB/m at the wavelength of
1385 nm.

3.4 Modelling of bismuth-doped fibres

3.4.1 Conventional modelling of E-band bismuth-doped fibre amplifier

The work in this subsection was performed in collaboration with Dr Egor Manuylovich
from AiPT who kindly agreed to assist with developing the numerical model for the fibre
parameters optimisation. By considering equations for two-level system (Appendix B) and
the described methodology for boundary value problems solving (Appendix D) we have some
known parameters such as fibre length L, Planck’s constant h, signal and pump frequencies νs

and νp, attenuation constants at signal and pump wavelengths αs and αp. Some parameters
can be calculated such as signal and pump mode areas As and Ap, signal-core and pump-core
overlap integrals Γs and Γp. Other parameters such as signal emission and absorption cross-
sections σsa and σse, pump emission and absorption cross-sections σpa and σpe, concentration
of Bismuth ions nBi and lifetime of upper level τ should be determined. It is worth noting
that the equation boundary-value problem for the two level system (described in Appendix B)
remains mathematically the same if we multiply ion concentration and lifetime by some
constant and divide emission and absorption cross-sections by the same constant. To prove
this concept, the reader can refer to the end of Appendix B.

All unknown constants (cross-sections, lifetime, and concentration) cannot be determined
during the optimisation, however, lifetime can be obtained from the measurement that is
planned to be conducted in the future. Thus, we choose to fix the lifetime to be equal to
τ = 1ms. When the real value of this constant is determined separately, the concentration
and cross sections values can be corrected.

Using the calculated solution, the signal gain Gcalc = Ps(z = L)/Ps(z = 0) can be deter-
mined for specific values of pump power and initial signal power. Then it can be compared
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a) b) c)
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Fig. 3.11 The result of numerical optimisation for -20 dBm, -10 dBm, and 0 dBm input signal
powers using experimental data obtained in section 4.2. Circles indicate experimental data,
and the solid line indicates the modelling results.

with experimental gain Gexp. Then, an optimisation problem on minimising the deference
between measured and calculated gain values is solved for various values of pump powers
and initial signal powers to determine signal emission and absorption cross sections σsa and
σse, pump emission and absorption cross sections σpa and σpe, and concentration of Bismuth
ions nBi.

{nBi,σse,σpe,σsa,σpa}= argmin(||Gcalc −Gexp||) (3.7)

The optimisation problem is solved using Nelder-Mead algorithm [104] for the experi-
mental data obtained in Section 4.2 shown in Figure 3.11. The mean square error (MSE) is
of 0.89 dB across all wavelengths, all pump powers and all initial signal powers. There is a
noticeable feature of the optimisation that can be concluded as following: for lower input
signal powers the simulated gain (after optimisation) is generally higher that the experimental
one. For higher input signal power the obtained results are opposite: the simulated gain is
lower than experimentally measured. This effect can be explained by the fact that the ASE
noise was only modelled in a narrow spectral bandwidth surrounding the signal. In reality,
ASE noise usually spans over the whole bandwidth of emission cross section. Moreover, in
the case of small signal amplification (i.e. -25 dBm) ASE noise power can be comparable
or higher than that of the signal. Thus, in the future work the ASE noise calculation in the
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whole bandwidth of operation should be included in optimisation. The optimisation for the
separate 0 dBm for each initial signal power is also performed separately and the results are
presented in Figure 3.12.

Fig. 3.12 The result of numerical optimisation using experimental data obtained in section 4.2.
Circles indicate experimental data, and the solid line - the modelling.

The comparison between the optimised parameters for two different optimisation data
sets are presented in Figure 3.13. Even though the discrepancy between the obtained
results is low, the testing of the obtained parameters was made with a different data set of
backward pumping. Unfortunately, the modelling of the amplifier with backward pump and
optimised values gave an unsatisfactory result of correspondence to the experimental data,
thus, alternative approaches should be sought (i.e neural-network (NN) approach).

More importantly, other combinations of fibre parameters were found to have a similar
alignment with experimental data as provided in Figure 3.11 which depended a lot on the
initial guesses of the optimised parameters. This can be explained by the complexity of
the solved equations and by the fact that too many parameters of the fibre are unknown,
giving too much degree of freedom for the sought parameters. Other methods of indirect
modelling can be applied for modelling of the gain and NF performance of BDFAs. For
example, a ML "black box" approach can be applied to studying BDFAs, when the amplifier
is considered only as a black box that translates multiple inputs to multiple outputs. The
next Subsection 3.4.2 is devoted to investigating this approach. Moreover, sparse regression

A. Donodin, PhD Thesis, Aston University, 2022 38



3.4 Modelling of bismuth-doped fibres

signal absorption cross section (case 1)
signal cross section (case 1)emission
signal absorption cross section (case )2
signal cross section (case )emission 2

(case 1)

(case 2)pump absorption cross section
pump emission cross section

Fig. 3.13 The optimised values of the absorption and emission cross sections obtained from
the dataset containing single signal power (Case 2) and three different ones: 0 dBm, -10
dBm, -20 dBm (Case 1).

can be used to find the underlying equations with the smallest possible complexity required
to accurately represent the measured data. The resulting nonlinear models can balance
complexity with the descriptive ability while avoiding overfitting.

3.4.2 Neural network modelling of a E-band bismuth-doped fibre am-
plifier

As it has been pointed out in the previous subsection, the conventional numerical modelling
(using well-known rate equations) of BDFAs remains highly challenging mostly due to
a relatively low concentration of the Bi-doped active centres, which cannot be precisely
determined. Thus, it is important to develop an accurate, fast, and simple tool for the
modelling of the signal amplification in the BDFA with only known initial pump and signal
conditions. As a possible solution, NN-based techniques have already been applied for Er-
doped fibre amplifiers [105, 106] and Raman fibre amplifiers [33, 107]. The machine learning
approach in aforementioned works proved its accuracy and efficiency for the prediction of
the channel amplification in complex systems like BDFAs. Moreover, such differentiable
amplifier models used in conjunction with also differentiable optical channel models allow a
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power profile optimisation using the gradient descent in reconfigurable optical networks, as
also demonstrated in [106].
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Fig. 3.14 Experimental setup for BDFA characterisation and data sets acquisition.

The work presented in this subsection was performed in tight collaboration with Technical
University of Denmark (DTU) and Politecnico di Torino (Polito). The NN developed in
this chapter was prepared by Dr Uiara Celine De Moura, Dr Ann Margareth Rosa Brusin,
Dr Francesco Da Ros, Prof Andrea Carena, and Prof Darko Zibar. The resulting work was
published in the paper [108]. We report the NN-based BDFA gain and NF model trained
purely on experimental measurements of the five channel amplification in the spectral band of
1410-1490 nm using the BDFA with the bi-directional pumping scheme. Two different data
sets are used for both training and testing: with just seven values, and uniformly distributed
values of the total input signal power. The proposed model is then used to predict spectral
dependencies of gain and NF for the specific total input signal powers and pump diode
currents.

The experimental setup for gain and NF measurements for data sets acquisition is shown
in Figure 3.14. The input signal is formed with the radiation of the tunable laser tuned to
1410 nm and coupled with the radiation of four signal diodes at 1430 nm, 1450 nm, 1470
nm, and 1490 nm combined in the multiplexer (MUX). After the 50:50 coupler the signal
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Fig. 3.15 a) Amplifier gain and noise figure as a function of wavelength achieved with 1000
mA pumps currents and -25 dBm signal power; b) Amplifier gain at 1430 nm as a function
of total input signal power.

passes a VOA that allows the input power adjustment in the range from -25 dBm to 5 dBm.
The radiation spectrum after the VOA is recorded by the optical spectrum analyser (OSA)
and the total input signal power is measured by the power meter (PM). Then the signal
enters the BDFA with a 320 m long Bi-doped germanosilicate fibre with 9 µm fibre core
consisting of 95 mol% SiO2, 5 mol% GeO2 and <0.01 mol% of bismuth. Here we use two
1320 nm pump diodes controlled by the laser diode and thermoelectric cooler controller for
the bi-directional pumping. The 1320 nm isolators are used for the pump diodes protection
from the contra-propagating radiation. The thin film filter wavelength division multiplexers
(TFF-WDMs) with very steep reflection and transmission bands allow an efficient coupling
of the broadband signal and pump radiation. The signal spectrum at the output is recorded
using the OSA.

The recorded spectra for input and output signals are then used for the gain and NF
determination in the 1410-1490 nm wavelength range using the source subtraction tech-
nique [109]. The procedure of gain and NF measurements are explained in the details in
Section 4.1. Gain and NF as functions of wavelength for 1000 mA pumps currents and the
-25 dBm total input signal power for five channels are shown in Figure 3.15,a. The maximum
achieved gain is 32.9 dB and the minimal NF is 5 dB at 1430 nm and 1450 nm, respectively.
Figure 3.15,c shows the dependency of gain at 1430 nm on the total input signal power
for different currents of both pump diodes. In the examined range, the gain dependency
shows linear (for approximate total input powers <-10 dBm) and saturation behaviour (for
approximate total input powers >-10 dBm) with the change of the total input power. Thus, it
is highly important that the NN model has a good performance in both linear and saturation
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Fig. 3.16 Neural network architecture for learning the mapping between inputs (signal powers
and pump currents) and outputs (gain and NF profiles).

regimes of the gain in terms of the total input signal power. The framework should also allow
predictions for different values of pump currents, as the increase of the pump currents shows
a nonlinear increment of gain.

The single layer NN architecture used to model the BDFA is shown in Figure 3.16.
The inputs of the model are the backward pump diode current Ib, the forward pump diode
current I f , and the total input signal power of the 5 channels Pin. The outputs of the
model are corresponding gains (G1410, ...,G1490), and NFs (NF1410, ...,NF1490) for all five
signal wavelengths. The model is trained using the random projection (RP) [110] to learn
the mapping between pump currents and the total input signal power to the gain and NF.
A k-fold cross validation with k = 10 is applied for the model selection and the hyper-
parameter optimisation. This process provides the optimised number of hidden nodes NHN ,
the activation function fact , the regularisation parameter λ , and the variance σ of the normal
distribution. The regularisation parameter λ , and the variance σ are then used to calculate the
output weights (Wout) and to assign the hidden layer weights (W1), respectively. To improve
the prediction capabilities of the NN, a model averaging twenty independently trained NNs is
employed [107]. Therefore, gain and NF predictions are the average of the 20 NNs outputs.
20 independent NNs are achieved by obtaining 20 data sets using method of sampling with
replacement.

The experimental data acquisition for the NN training consists of N different cur-
rent values for the backward (Ib) and forward (I f ) pumps in the range of [200 : 1000]
mA and different values of the total input signal power (Pin) in the range of [−25 : 5]
dBm. Each case described by (Ib, I f ,Pin) is applied to the experimental setup (Figure
3.14.a) and the corresponding output spectra are measured and processed to obtain gain
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Table 3.1 Parameter values for different NN modelling cases. Values in square brackets
separated by colon denote the boundary values of data set with the values randomly
distributed between these boundary values. In contrast, values in curly brackets denote
the only data set points existing in data set.

Parameter Case 1 Case 2 Case 3
Training data set

Ib or I f [mA] [200:1000] [200:1000] [200:1000]

Pin [dBm]
{−25,−20,−15, {−25,−20,−15,

[-25:5]−10,−5,0,5} −10,−5,0,5}
Testing data set

Ib or I f [mA] [200:1000] [200:1000] [200:1000]

Pin [dBm]
{−25,−20,−15,

[-25:5] [-25:5]−10,−5,0,5}

and NF information of the five signal channels. The final data set is in the form of
D = {(Ii

b, I
i
f ,P

i
in,G

i
1410, ...,G

i
1490,NF i

1410, ...,NF i
1490)|i = 1, ...,N} and is split into three parts:

63% for NN training, 7% for NN validation, and the remaining 30% for final tests. Data set
size N varies for the different cases and is presented in the description of each case.

Firstly, the developed NN framework is trained and tested using a data set with discrete
total input signal power levels. The parameter values for the different combinations of testing
and training data sets are presented in Table 3.1. For the first case (Case 1 in Table 3.1),
the data set is generated for each discrete Pin in the set {−25,−20,−15,−10,−5, 0, 5}
dBm. The data set for each discrete Pin consists of 3000 different Ib and I f values drawn
from uniform distributions in a log scale to provide an also uniform distribution for gain
and NF in dB. The currents are converted back to the linear scale before applying them
to the experimental setup. This process gives a total of N = 21000 points for all Pin cases.
The k-fold cross validation results in NHN = 1000, fact = sin(x), regularisation parameters
λ = 10−10, and σ = 10−2. The periodicity of sine in this particular case did not cause any
issues with convergence, because the only use the central region near zero is used, where it is
almost identical to tanh. To optimise the hyper-parameters we trained different NN models
for different combinations of hyper-parameters (number of hidden nodes NHN , activation
function fact fact , learning rate λ and variance σ for NN weights initialisation) and then we
selected the model for which the lowest error, in terms of EMAX , is achieved. The prediction
performance is evaluated in terms of the maximum absolute error EMAX between predicted
and target profiles (for gain and NF) for the applied channels. The definition of EMAX is
the maximum absolute error between the predicted and the measured profiles among the 5
wavelengths. We preferred to consider the EMAX as figure of merit instead of the EMEAN

because a low EMEAN does not directly imply that the prediction is good. In fact, some
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points can be below and other above the target profile, but they can compensate with their
average resulting to be low. On the other hand, the EMAX exactly identifies which is the
maximum prediction error for each profile. The probability density functions (PDFs) for
EMAX are shown in Figure 3.17,a. They are obtained over 6300 test points (900 each for all 7
input powers). The obtained mean EMAX for gain and NF are 0.16 and 0.15 db, respectively.
The standard deviation of EMAX for gain is ±0.09 dB, and that for NF is ±0.07 dB. These
values indicate a high accuracy of predictions using just a single NN model, particularly
considering the large input power dynamic range of the BDFA and its gain and NF nonlinear
behaviour for both pump and input signal powers variations. Figure 3.17,b presents the target
and predicted profiles for the worst gain and NF predictions. The overall prediction and
target profiles have an excellent match, demonstrating that even the worst cases show a good
correspondence with the actual performance.

The developed NN model trained with the discrete data set is also tested using the data
set with uniformly distributed input total signal power values (the Case 2 in Table 3.1). In
this case the training data set is identical to the data set in the Case 1, and, thus, parameters
obtained in the k-fold validation are the same as in the Case 1. The testing data set consists
of 2700 points and is based on Pin, Ib and I f values being uniformly distributed in the range
of [−25 : 5] dBm for Pin and [200 : 1000] mA for pump currents (in a log scale). The
probability density functions for gain and NF are shown in Figure 3.17,c. The obtained
EMAX for gain and NF is equal 0.76 dB and 0.69 dB and error deviations are ±0.39 dB and
±0.32 dB, respectively. The worst predictions of gain and NF are presented in Figure 3.17,d.
Even though the achieved results have a worse performance than the model predicting
the behaviour of signals with power levels presented in the training data set, it shows
an acceptable performance for the numerical obtainment of gain and NF profiles. This
performance degradation can be predominantly explained by the presence of the testing data
set data points which are located between the data points in the training data set (i.e. -22.32
dBm in testing data set when in training data set only -25 dBm and - 20 dBm point existed).

As the next step, the developed NN model is trained and tested using a data set with
uniformly distributed total input signal power values in the range of [−25 : 5] dBm (Case
3 in Table 3.1). The pump currents Ib and I f are uniformly distributed (also in a log scale)
as well in the range [200 : 1000] mA. This model considers a total of N = 9000 data points.
The k-fold cross validation results are NHN = 600, fact = sin(x), λ = 10−10, and σ = 10−2.5.
The probability density functions (PDFs) for EMAX are shown in Figure 3.18,e. The obtained
mean EMAX demonstrates a high accuracy of predictions with 0.19 dB for gain and 0.16
dB for NF. The standard deviations are 0.09 dB and 0.07 dB for gain and NF predictions,
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Fig. 3.17 Probability density functions (PDFs) for gain and NF predictions for a) Case 1; c)
Case 2; e) Case 3; the worst gain and NF predictions for b) Case 1; d) Case 2; f) Case 3.

respectively. Figure 3.17.e presents the target and predicted profiles for the worst predictions
for gain and NF.

Finally, the performance of the proposed framework in all three different cases is tested
with different training data set sizes. The dependency of EMAX for gain and NF on the
training data set size is presented in Figure 3.18. The discrete model for both testing data
sets (the curves 1 and 2 in Figure 3.18) behaves similarly with an almost minimally possible
performance around 6500 data set points. In contrast, the smallest data set (around 2000
points) is required to completely train the model with randomly distributed total input signal
power values (curve 3 in Figure 3.18). The worst performance of Case 3 achieved with 450
data points is comparable to that achieved in the Case 2 with maximum number of data
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points. The achieved results show that a data set size increase for all cases will not improve
the performance of the proposed framework gain and NF predictions. Using a data set with
randomly distributed total input signal power values for the training significantly increases
the accuracy of amplification predictions for any input signal powers in the range of the
training data set. It also allows to decrease the size of the data set size required for training.
The relatively small data set size of Case 3 required for training can not only decrease the
time of the data set acquisition but also allow using such a model in cases when an automatic
data acquisition is challenging or impossible.
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Fig. 3.18 Maximum absolute error EMAX of gain and NF predictions as a function of training
data set size for three different modelling cases indicated in brackets.

The demonstrated NN-based framework trained purely with the experimental measure-
ments showed high accuracy for the prediction of both BDFA gain and NF for five signal
channels in the 1410-1490 nm wavelength range. The proposed model was trained and
tested using two different experimentally acquired data sets based on the grid and randomly
distributed signal power values. The results indicate that using a data set with randomly
distributed signal power values is preferable for the prediction of the signal amplification
with any initial power values in the range of the training data set. Another advantage of such
data set is the relatively small number of data points required for the framework training.
The predicted BDFA performance shows a good agreement with experimental results of
the signal amplification in both linear and saturation regimes, confirming that the proposed
NN-based framework can be used for BDFA optimisation. The proposed NN-based model is
a versatile and reliable tool that can potentially be used for the BDFA control for both in-line
and booster applications and the signal power profile optimisation.
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Chapter 4

Development of Bi-doped fibre amplifiers

In this chapter, the methodology of BDFAs main parameters measurements are considered
including manual and automatised techniques for gain, NF, and PCE measurements. Three
amplifiers based on three different fibres are developed and characterised. The impact of
different pumping wavelengths is presented and discussed. The main ways for BDFA design
optimisation are discussed.

4.1 Main parameters of optical amplifiers and methods of
their measurement

To determine what the main parameters of the optical amplifier are, it is important to
determine what is an optical amplifier. An optical amplifier is a device that amplifies light
directly without converting it to electrical signal and back. Fibre loss has to be compensated in
the communication lines designed to operate over 100 km because optical loss is a cumulative
effect that leads to the signal eventually becoming too weak for it to be recovered by the
receiver [1]. As the main purpose of the optical amplifier is to recover the optical signal
power, the optical gain is one of the main merits of optical amplifiers. If we consider an
amplifier as a black box, then if the signal has an incident signal power of Pin

s , then the
signal power at the output from the optical amplifier is Pout

s . The optical gain then can be
determined as a relation between the output signal power and the input signal power :

g = 10log10(
Pout

s
Pin

s
). (4.1)

Most commonly, optical gain is represented in decibels, thus, the relation between the
output signal power and the input signal power should be under decimal logarithm and the
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result should be multiplied by ten. However, the optical gain is not the only merit for the
quality of the optical amplifier. Another important parameter is power conversion efficiency
(PCE). PCE most commonly describes the efficiency of the pump radiation to be converted
into the increase of the signal power. Thus, PCE is an analogue of the commonly known
coefficient of performance, or COP, but for optical system. Based on the definition, the
equation for PCE can be represented in the following form:

PCE =
Pout

s −Pin
s

Pt
p

, (4.2)

where Pt
p is the total pump power.

In addition to providing optical amplification, optical amplifiers also add undesired
optical power fluctuations to the signal. This intensity noise can lead to impossibility of
the signal reception by optical receivers. In optical amplifiers, it is common to use noise
figure (NF) to quantify the effects of noise. The noise introduced by optical amplifiers can be
characterised by the optical spectrum and using an appropriate model to evaluate the intensity
noise. The most common cause of optical noise (especially in doped-fibre amplifiers) is
amplified spontaneous emission (ASE), however, there are other noise sources that should
sometimes be considered [109]. In the case of BDFA, the key noise source is always ASE. In
the simplest formulation, NF can be determined as follows [111]:

NF = 10log10F = 10log10
inputSNR

out putSNR
, (4.3)

where F is the noise factor determined as the relation between input signal-to-noise
ratio (SNR) to the output SNR. NF represents how much additional noise is introduced
in the amplifier in comparison to the theoretical limit. There are several methods of NF
measurements, however, the most commonly used one is the optical method. This method
is also called source substraction technique [109]. In the context of the optical method, NF
can be represented as a relation of the minimal theoretical noise level and real noise spectral
power density:

NF(λ ) = 10log10(
ρnoise(λ )

G(λ )hν
+

1
G(λ )

− ρsse

hν
), (4.4)

where ρnoise and ρsse are the unpolarised noise spectral density on the output of the amplifier
and unpolarised noise spectral density of the input signal, h is the Planck constant, and ν

is the photon frequency at the signal wavelength. As the signal-to-noise ratio of the input
signal is usually higher than 50 dB, when the amplifier is characterised with just TL (all
measurements presented in this Chapter are performed using a TL with 80 dB SNR), the input
noise contribution is negligible. However, it is important to note that, while characterising

A. Donodin, PhD Thesis, Aston University, 2022 48



4.1 Main parameters of optical amplifiers and methods of their measurement

the performance of the amplifiers in the optical line, the SNR of the input signal is typically
higher than 50 dB, thus, the last term cannot be neglected. At last, usually the gain bandwidth
is also distinguished as a separate parameter of the optical amplifier. Most commonly, the
bandwidth of the optical gain is determined at the level of -3 dB from maximum value unless
stated otherwise. As the next step, the methods of all parameters measurement should be
described.

4.1.1 Manual amplifier characterisation technique
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Fig. 4.1 a) The spectra of signal before (blue line) and after (red line) amplifier; b) full spectra
of the output signal including unabsorbed pump and ASE

First, the manual characterisation of the optical amplifier is considered and it is the basis
for setup automation which is presented in the next subsection. To begin with, two methods
of gain measurement should be discussed. The spectra of signal before (blue line) and after
(red line) amplifier are presented in Figure 4.1,a. The easiest way to determine gain is the
difference between the peak values of the input signal and the amplified signal. These two
points are indicated in Figure 4.1,a as Pin

s and Pout
s and the two arrows of each indicator show

the peak value of the signal. However, in some cases a different approach can be applied to
determine gain by measuring the power concentrated in the peak of the signal. The area that
corresponds to the signal is indicated as red area for the output signal, and green area for
the input signal. However, there are two notes that should be made. Firstly, it can be seen
that all signal power on the input to the amplifier is predominantly concentrated in the main
peak at 1430 nm. However, for the signal at the output of the amplifier the other spectral
part should be considered and a fraction of the spectrum associated with the signal to the
full optical spectrum should be calculated for the correct evaluation of the output power
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of the signal. Importance of this can be seen in Figure 4.1,b. One can see that except the
main signal optical spectrum also contains unabsorbed pump power (around 1330 nm) and a
significant ASE noise in the spectral band of 1370-1550 nm.

As the next step, a way to determine the spectral density of the noise and spectral density
of the input signal should be discussed. Usually, they are determined from the optical
spectrum by interpolating the noise in vicinity of the signal to the wavelength of the signal:
blue and orange lines below the signal in Figure 4.1,a, respectively. However, determination
of this level is not enough for the correct measurement: it should also be derived by the correct
value of the measurement bandwidth (usually determined by the slit of the monochromator of
OSA). Moreover, the signal power should be corrected in regards to the total power measured
by the PM. More details on this correction is presented in the discussion of the measurement
techniques of NF and gain. To determine PCE it is enough to measure output power along
with input power if the I-W curve for the pump laser diodes has been recorded prior to the
measurement.

set Ps
in

PM input

Is equalPs
in

required
value?

No Yes

OSA input

set ! s

Set Pump
current

OSA output

PM output

Fig. 4.2 Block diagram of the amplifier performance measurement required for determination
of gain, PCE, and NF

Let us consider a simple manual measurement procedure of all the characteristics nec-
essary for determination of gain, NF, and PCE. The block diagram of the measurement is
presented in Figure 4.2. As the first step, the wavelength of the signal λs should be tuned
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by TL. Then, the power of the signal power Pin
s should be adjusted with a variable optical

attenuator VOA and measured with a PM. In case then that the Pin
s is not equal the required

value, the VOA should be further adjusted by the difference between the measured value and
the required one. If the Pin

s is equal the required value, the optical spectrum of the signal
should be recorded. After that, the input signal should be connected to the input of the
amplifier and the required pump current should be set with regards to the measured I-W
curve of the pump laser diode to obtain the desired pump power. After that, the signal at
the output of the amplifier should be recorded with OSA and PM to determine the optical
spectrum and power of the signal.

After all the data is recorded, it can be analysed to obtain the Gain, NF, and PCE. As the
first step, peak-to-peak gain can be easily determined as a difference between peak values of
the output and input signal and equation 4.1. PCE is usually also easily determined using
equation 4.2 as all necessary values are recorded. In terms of NF, if one refers to equation 4.3,
one can see that ρsse is negligible, and the only unknown parameter is ρnoise. To determine
it correctly, the power spectral density of the output signal recorded by OSA should be
calibrated in regards to the measured output power. For that the output spectrum recorded
in full with unabsorbed pump and all ASE should be integrated. The correction factor is
obtained as a relation between this integral and the total output power. The calculated ρnoise

should be multiplied by this correction to determine the real value of the noise spectral
density.

4.1.2 Automatic amplifier characterisation technique

In this subsection the setup of the automatic measurement of the main amplifier parameters
is considered. Figure 4.3 shows the schematic of the experimental setup of an automatic
amplifier characterisation. The experimental setup consists of all the components that can be
controlled by PC (MATLAB code). The details of the code is not shared in this thesis as it is
only compatible with very specific equipment and the setup developed at AiPT. However,
parts of the code can be shared upon reasonable request. The first element of the setup is
TL, that operates in the wavelength range from 1355-1485 nm. The power of the TL is
kept constant with the wavelength sweep, and an external VOA is used to control signal
power at the input to the the amplifier. To correctly set the signal power, a PM is used
after the 30/70 coupler that in combination with the characterised splitting spectra of the
coupler can measure the real value of the signal at the input to the amplifier. The splitting
spectra is required as the fused couplers are usually intended to work in quite narrow spectral
bandwidth (around 40 nm), and the coupler used in the experiment is intended to be used in
vicinity of 1550 nm.
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Fig. 4.3 Schematic of the automatic measurement setup for amplifier characterisation

After the input signal power is correctly calibrated, the signal radiation is directed into
the BDFA which is controlled by LD and TEC controller. The temperature of the diodes is
kept constant at 20°C, and the LD current can be specified in regards to the I-W curves of the
LD recorded prior to the experiment. After the signal is amplified, it is split by a 99/1 coupler
which ratio is also recorded prior to the experiment. After the signal is split, a 99% portion is
recorded by PM, and 1% is received by OSA. After all the necessary data is recorded, it can
be used to obtain main amplifier parameters: gain, NF, and PCE. The details of this analysis
is presented in the previous section.

Finally the measurement error of the proposed technique should be estimated. It can be
assumed that the error induced by the method has a normal distribution for gain in linear
scale, and NF in linear scale (more commonly known as noise factor). With that in mind,
a set of 100 consecutive measurements containing the data set of parameters required for
obtaining main amplifier parameters at six wavelengths, two pump power data points, and
three input signal powers was obtained. The data set was carefully observed to exclude
the data set with systematic errors (i.e. failure to set the correct input signal power). The
resulting number of correctly measured data sets was 88. As the next step standard deviation
σ has been obtained over 88 points for each value of wavelength, signal power and pump
power. After that the standard deviation for values in dB were obtained using the following
equations:

σ
dB
pos = 10log10(Smean +σ)−10log10(Smean), (4.5)

σ
dB
neg = 10log10(Smean)−10log10(Smean −σ), (4.6)

where Smean is the mean value of the linear variables (linear gain and noise factor), sigma
is the standard deviation of the variable, σdB

pos is the standard deviation in decibels for distri-
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bution above the mean value, and σdB
neg is the standard deviation in decibels the mean value.

It has been noticed that the standard deviation for all wavelengths are different, however,
they change negligibly with the variations of pump power and input signal power. Moreover,
the difference between the σdB

neg and σdB
pos is negligible, thus the mean standard deviation was

used. Figure 4.4 shows the dependence of the two standard deviations (corresponding to the
95% of the values) for gain and NF for all measured wavelengths.
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Fig. 4.4 Spectra of the two standard deviations for gain and NF measurements.

It should be noted, that two standard deviations for NF are generally worse than that for
Gain, due to a more complex nature of the NF calculation, including more varying parameters.
While talking about the maximum gain, the gain in vicinity of 1430-1440 nm is usually
assumed, where gain gas two standard deviations of 0.12 dB. Thus, it can be assumed that
the real value of the maximum gain can be obtained with an error of ±0.12 dB. The minima
of NF is typically lying in the vicinity of 1460-1470 nm where two standard deviations
are around 0.15 dB. Thus, the measurement of the minimal NF can be made with ±0.15
dB precision. The precision of gain and NF presented in this thesis can be verified using
Figure 4.4.

4.1.3 Amplifier components measurements

Active fibre is no doubt the most crucial part of doped-fibre amplifiers. However, passive
components also play a crucial role in the overal performance of the amplifier. Thus, in this
subsection the main passive components characteristics are be presented. All three amplifiers
were made using the set of similar components with almost equal characteristics. Thus, only

A. Donodin, PhD Thesis, Aston University, 2022 53



4.1 Main parameters of optical amplifiers and methods of their measurement

the parameters for the passive components of the BDFA-1 are presented in this subsection.
To begin with, the signal line consists of two TFF-WDMs and two signal isolators. The
measured insertion loss of isolators is presented in Figure 4.5.
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Fig. 4.5 Experimentally measured transmittance of the signal isolator.

The isolator features very low variations of the insertion loss almost in the whole operation
band. The average insertion loss are 0.7 dB. after about 1470 nm the insertion loss increase
rapidly up to 0.85 dB. At the next step the transmittance and reflectance of the TFF-WDM
are presented in Figure 4.6.
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Fig. 4.6 Experimentally measured transmittance and reflectance of the TFF-WDM.

The TFF-WDM features very flat transmission and reflection bands. The transmission
band is utilised by the signal and the reflection band is used for the pump radiation. The
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maximum loss of the pump is 0.38 dB in the utilised bandwidth and the maximum loss of the
signal in utilised band is 0.32 dB. In addition to the passive component measurements, the
splice loss between SMF and BDF was measured to be 0.1 dB. As the power of the pump
lasers was measured after the isolators, their characteristics are not presented here. Thus, the
pump radiation is only affected by a single TFF-WDM for both forward and backward pump
lasers.

4.2 BDFA based on 9µm core diameter fibre

As the first step, a BDFA based on low-germanosilicate fibre with 9 µm core diameter
and 125 µm cladding diameter was developed. The choice of 9 µm core diameter was
predominantly determined by the geometry of SMF. Similar geometry of active fibre and
fibre of passive components allows to minimise potential splice loss. The fibre was fabricated
in the Dianov Fiber Optics Research Center using the MCVD-solution[76]. The composition
of the fibre core is as follows: 95 mol% SiO2, 5 mol% GeO2 and <0.01 mol% of bismuth.
The NA of the fibre is 0.14, and the cutoff wavelength is around 1.2 µm. The spectral
properties of the fibre are similar to the one reported in [69, 76]

Pump diode
1320 nm

TFF-
WDM

Bi
Isolator

Pump diode
1320 nm

Isolator

Isolator

IsolatorTFF-
WDM

Input Output

Fig. 4.7 Scheme of the bismuth-doped fibre amplifier based on 9 µm core diameter. TFF-
WDM: thin film filter wavelength division multiplexer; Bi: Bi-doped fibre.

The developed Bi-doped fibre amplifier is based on a 320 m long piece of active fibre
and its experimental setup is presented in Figure 4.7. The signal passes the optical isolator
with minimum isolation of 32 dB and internal loss less than 3 dB operating in spectral
band of 1390-1490 nm. After the isolator, the signal is coupled into Bi-doped fibre through
TFF-WDM. The radiation of the forward pump laser diode operating at the wavelength
of 1320 nm passes 1320 nm optical isolators and is coupled into the active fibre through
TFF-WDMs. After a subsequent amplification in the Bi-doped fibre, signal radiation passes
another TFF-WDM and another 1390-1490 nm optical isolator. Another 1320 nm pump laser
diode used for backward pumping is coupled into the amplifier using the output TFF-WDM.
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The developed BDFA was previously presented in our paper published in Optics Materials
Express [63] and here we will present similar results achieved in this amplifier. All three
pumping schemes are presented below, however, as a first step, the forward pumping scheme
is described. The developed BDFA is also characterised with three different input signal
levels of -20 dBm, -10 dBm, and 0 dBm. The gain and NF for the forward pumping scheme
and three different signal levels are presented in Figure 4.8. The spectra are measured with
an increment of 5 nm.

The gain significantly rises with the pump power increase and saturates at high pump
powers (after 324 mW) for all signal power levels that can be seen in Figure 4.8 (a,c,e). The
maximum gain is 30.4 dB and achieved at the wavelength of 1430 nm, 470 mW pump power
and -20 dBm signal power. The gain spectrum significantly flattens with the increase of
signal power, leading to an almost double increase in 3dB gain bandwidth from 27.3 for -20
dBm input signal power to 52.1 nm for 0 dBm input signal power. Moreover, an increase
of the input signal power leads to consistent maximum gain reduction from 30.4 dB to 18.6
dB for -20 dBm and 0 dBm input signal power, respectively. This dynamic also causes a
significant increase of the minimal NF value from 4.8 dB to 5.6 dB.
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Fig. 4.8 Spectral dependencies of the measured gain (upper row) and the noise figure (bottom
row) for different pump powers in a forward pumping scheme: a,b) gain, NF for -20 dBm
input signal power; c,d) gain, NF for -10 dBm input signal power; e,f) gain, NF for 0 dBm
input signal power.
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The measured NF spectra for all three input signal powers and pump powers are shown
in Figure 4.8 (b,d,e). The NF decreases with the increase of the pump power and saturates
even more dramatically than the gain. The significant increase of NF closer to 1390 nm
corresponds to the amplification at the edge of the gain band and the water absorption peak
located around 1380 nm. This region also features increased loss of the optical isolators.
The amplification at the 1370 nm occurs due to stimulated emission from the pump level
and leads to improved NF and gain performance in comparison to the signal amplification
between 1370 and 1390 nm. The amplification beyond the presented spectral band was not
possible due to the limitations of the TFF-WDM reflection band starting from 1370 nm. The
minimal achieved NF is 4.8 dB for - 20 dBm signal at the 1435 nm wavelength and 470 mW
of the pump power. The comparison between the gain, the 3 dB gain bandwidth, and the NF
for all pumping schemes are presented in Table 4.1.
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Fig. 4.9 Spectral dependencies of the measured gain (upper row) and the noise figure (bottom
row) for different pump powers in a backward pumping scheme: a,b) gain, NF for -20 dBm
input signal power; c,d) gain, NF for -10 dBm input signal power; e,f) gain, NF for 0 dBm
input signal power.

As the next step, the backward pumping scheme is investigated with all three signal
powers and similar pump powers. It is important to note that the measurements presented
in this section feature different pump powers for different pumping schemes as the pump
laser diodes were initially controlled to have the same controller current, but not the same
output power. This problem will be addressed later in this section and in section 4.4. The
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gain and NF spectra behave similarly to the backward pumping scheme, with the overall
slightly higher gain and lower NF (Figure 4.9).

The maximum gain is equal 30.6 dB and located at 1430 nm at pump power of 454 mW
and -20 dBm input signal power. The maximum gain bandwidth for -20 dBm is wider than
that of the forward pumping scheme and features 29 nm. However, its value for 0 dBm
input signal power is also narrower than that of the backward pumping scheme and is equal
to 44.9 nm. The minimal NF is the highest of all pumping schemes and is 5.3 dB for -20
dBm input signal power at the wavelength of 1430 nm and the pump power of 454 mW. The
observed higher NF level in comparison to the forward pumping scheme is expected for the
non-uniformly pumped active fibre [112]. This happens due to predominant amplification
of the signal rather than spontaneous emission leading to the lower levels of ASE for the
forward pumping scheme.
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Fig. 4.10 Spectral dependencies of the measured gain (upper row) and the noise figure
(bottom row) for different pump powers in a bi-directional pumping scheme: a,b) gain, NF
for -20 dBm input signal power; c,d) gain, NF for -10 dBm input signal power; e,f) gain, NF
for 0 dBm input signal power.

As the last step, similar results are presented for the bi-directional pumping scheme i.e.,
spectral dependencies of the gain and NF for various signal and pump powers (Figure 4.10).
The total pump power of the diodes with equal power in both directions is indicated in Fig-
ure 4.10. As the maximum pump power of the bi-directional pumping scheme is significantly
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higher than those of other pumping schemes, the maximum value of gain and gain bandwidth,
and minimum value of NF are compared at similar power of 472 mW (dark blue line with
arrows in Figure 4.10).

The maximum gain for the -20 dBm signal power is equal 30.5 dB for the pump power
of 472 mW and the gain peak is again at 1430 nm. The maximum gain bandwidth of 29.1 for
-20 dBm is the widest compared to those of other pumping schemes. However, in the case of
0 dBm signal it is also narrower than that of the backward pumping scheme and is equal 42.9
nm. The minimal achieved NF is 5.3 dB for -20 dBm signal power at a total pump power of
472 mW, which is a slightly better value than that of the backward pumping scheme.

Table 4.1 Parameters of the amplifier with different pumping schemes and signal powers. For
forward pumping scheme the pump power is 470 mW, for backward pumping scheme - 454
mW , and for bi-directional pumping scheme - 472 mW.

Signal power Pumping scheme Gain, db Bandwidth, nm NF, db
forward 30.4 27.3 4.8

-20 dBm backward 30.6 29 5.3
bi-directional 30.5 29.1 5.3

forward 25.6 42.4 4.8
-10 dBm backward 26.9 38.2 5.5

bi-directional 26.6 37.1 5.5
forward 18.6 52.1 5.6

0 dBm backward 19.6 44.9 6.4
bi-directional 19.5 42.9 7

As mentioned previously, the performance of the developed amplifier is recorded for
different pumping schemes with slightly different pump powers. Thus, here it is important to
compare the power dependencies of gain and NF. As both optical gain and NF have also a
spectral dependence, we averaged the values of these parameters in the range of 1400-1480
nm for - 20 dB input signal power in order to compare an average performance of the
pumping schemes. Such dependencies for forward, backward and bi-directional pumping
scheme are presented in Figure 4.11.

The graphs show that, for almost all pump powers, the highest gain is achieved in
the backward pumping scheme. The bi-directional pumping scheme shows intermediate
gain (between forward and backward pumping schemes). The forward pumping scheme
demonstrates slightly lower optical gain as compared to other pumping schemes. However,
the forward pumping scheme allows to achieve the best NF in the whole operating region.
The NF curves for bi-directional and backward pumping schemes are almost the same with
slightly better performance of the bi-directional scheme for pump powers less than 200 mW.
Thus, the pumping uniformity plays a crucial role for the amplifier performance in terms of
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the NF. It is worth noting that the NF for the forward pumping shows a noticeable saturation
with the pump power as compared to the bi-directional and backward pumping schemes.
This indicates that even a slight increase of pump power ( 100mW) for the bi-directional and
backward pumping schemes will lead to comparable NF performance to that of the forward
pumping scheme. Similar performance but in terms of gain saturation is observed in the
backward pumping scheme. Therefore, it is preferable to use the forward pumping scheme
in order to achieve a moderate gain and an excellent NF with a relatively low pump power.
Obviously, NF and gain should be nearly the same for all pumping schemes when the gain
medium is well and uniformly pumped.

The measured PCEs for the three different pumping schemes are as follows: 15.3% for
the forward pumping scheme, 16.3% for the bi-directional pumping scheme, and 19.8%
for the backward pumping scheme. The PCE of around 20% is the typical value for L-
band EDFAs[113], and is lower than that of C-band EDFAs with more than 33% PCE.
The further increase of the PCE can be performed by using fibre Bragg gratings [114],
double pass configuration [115], or by shifting the pump wavelength closer to the absorption
maximum. The maximum output signal power exceeds 100 mW. Although the developed
amplifier characteristics are already sufficient for application in practice, further scalability
is anticipated, since >50% lasing efficiency with >10-W output power have already been
reported [116].
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Fig. 4.11 Dependencies of the gain (a) and NF (b) on the pump power for three different
pumping schemes averaged over the spectral band of 1400-1480 nm for - 20 dB input signal
power

The current results presented here show a certain overall increase in the performance
of BDFA, i.e. the increase of the maximum gain (or the minimum NF) in comparison to
the previous works published at Aston with 27.8 dB gain and 7.4 dB NF [93], and 27.9 dB
gain and 5 dB NF [117]. The key change that allowed to achieve better performance is the
use of TFF-WDM in comparison to the fused WDMs used in both works. Moreover, the
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NF measurement was optimised between the work [93] and the work [117] that allowed
to find a mistake in NF calculation in the work [93]. In this section, the left part of the
gain spectrum showed a continuous growth; however, a detailed study of this part will be
presented in section 4.4 where different bismuth doped-fibres will be tested in the same
passive components setup with wider TFF-WDM transmission bandwidth and different pump
wavelengths.

4.3 BDFA based on 6µm core diameter fibre

In this section, two different BDFAs based on geometrically similar fibres are considered.
Even though the passive components of the setup are almost identical, and the geometry of
the developed fibres is the same, the preforms in both cases are different. Thus, it is important
to consider both fibres and highlight the differences.

4.3.1 Fibre from preform 1

Let us consider the first amplifier. The schematic of the bismuth-doped fibre amplifier
is presented in Figure 4.12. The developed amplifier consists of TFF-WDMs used for
multiplexing and demultiplexing of radiation at pump (1250-1320 nm) and signal (1330-
1500 nm) wavelengths. The TFF-WDMs have very steep and flat transmission and reflection
bands that allow to achieve consistent loss over the whole operation bandwidth. Two isolators
centred at 1320 nm were used to avoid back reflection of radiation to the pump diodes, and
two 1440 nm isolators were used for unidirectional transmission of the signal. Two LD
and TEC controllers were used to control temperature and output power of the pump laser
diodes. The Bi-doped germanosicilcate fibre used in this work is fabricated in-house using
the conventional MCVD-solution doping technique and has the length of 173 m in FORC.
The fibre has a 6 µm core diameter and 125 µm cladding diameter. The refractive index
difference (∆n) between the core and cladding is around 0.004. The fibre core consists of 95
mol% SiO2, 5 mol% GeO2 and <0.01 mol% of bismuth. The cutoff wavelength (λc) of the
fibre is measured to be around 1000 nm.

As the first step, the performance of the developed BDFA for bi-directional pumping
scheme and seven different signal powers in the range from -25 to 5 dBm with a step of
5 dB is characterised. Figure 4.3.1 shows recorded spectra of the gain for all seven input
signal powers and 1 W total pump power equally split between forward and backward pump
lasers. The amplifier features maximum gain of 39.8 dB for -25 dBm input signal power.
The maximum gain substantially decreases to 20.8 dB with the increase of the input signal to
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Fig. 4.12 a) Schematic of BDFA based on 6 µm core diameter fibre fabricated from preform
1 and preform 2.

5 dBm. On the other hand, the 3 dB bandwidth of the gain rises with the increase of the input
signal from 30.9 nm to 73.6 nm for -25 dBm and 5 dBm input signal powers, respectively.
The main recorded characteristics of the bi-directional scheme for different input signal
powers are presented in Table 4.2. Figure 4.3.1,b shows the spectra of NF for seven different
input power signals. The minimal NF of 4.6 dB is achieved with -25 dBm pump at 1468 nm.
The NF rises up to 5.3 dB with the increase of the input signal power to 5 dBm. The NF has
a predominantly linear trend with the wavelength, substantially decreasing from the left hand
side to the right hand side. However, the NF dependency flattens by reaching 1470 nm. This
effect can be observed in the previous work [63], especially for backward and bi-directional
pumping, and in previous section 4.2. The mismatch of the NF minima and the gain maxima
is commonly explained by the excess noise factor [43] that can be estimated from relative
emission and absorption cross-sections and has the theoretical minimum around 1460-1470
nm for germanosilicate bismuth-doped fibres.

The dependence of both gain and NF on the pump power are also recorded and shown in
Figure 4.3.1,c,d, respectively. These dependencies are measured for all seven input signal
powers and wavelengths, however, the dependencies at only 1430 nm are presented as they
all follow the same pattern. A predictable performance of the amplifier is observed: rise of
the gain and reduction of the NF with an increase of pump power. The gain curves follow a
well pronounced logarithmic trend, and NF ones, on the other hand, are inverse logarithmic.
The minimal pump power of 50 mW allowed to already achieve 5 dB gain for 5 dBm signal
and 20 dB gain for -25 dBm signal; NF in this case was substantially higher with 10 dB and
7.5 dB for for 5 dBm signal and -25 dBm signal, respectively.
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Fig. 4.13 Spectral dependencies of BDFA gain (a) and NF (b) for seven input signal powers
and pump power of 1 W; gain (c) and NF (d) dependencies on the pump power for seven
input signal powers at 1430 nm; e) colour map of the PCE for depending from both input
signal and pump powers; f) spectra of power efficiencies for seven input signal powers.

Another important characteristic of an optical amplifier is optical PCE. The measured
PCE dependence on both total pump power and input signal power at the 1430 nm is
represented as a colour map in Figure 4.3.1,e. The maximum PCE is 38% which is the record
value for Bi-doped fibre amplifiers. This value is observed at a maximum signal power of 5
dBm. The PCE saturates significantly with the increase of pump power after a pump power
of around 250 mW. The spectral dependence of PCE for different input power signals is
presented in Figure 4.3.1,f. The decrease of input signal power significantly worsens the PCE
up to just 3.6% for -25 dBm signal due to lower interactions between the radiation of the
signal with Bi-related active centres in the core of the fibre and predominant amplification
of spontaneous emission. However, it is important to note that generally amplifiers utilised
for DWDM systems work at high total input signal powers (0-10 dBm) due to high number
of channels, and thus, the amplifier should maintain high PCE even if individual channels
have low power. An additional experiment was performed with 6 channels in E-band (1410,
1430, 1440, 1450, 1470, and 1490 nm) with a total input power of 5 dBm. The PCE of the
amplifier was calculated and was the same 38%.

As the next step, the performance of different pumping schemes is investigated. As the
general performance of gain and NF with the variations of pump power and signal power
have similar behaviour as the bi-directional case, we present the measurements only for
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Table 4.2 Comparison of the main amplifier characteristics for 1 W bi-directional pumping
scheme and various signal powers

Pin, dBm Gain, dB Bandwidth, nm Minimal NF, dB PCE, %
-25 39.8 30.9 4.6 3.6
-20 38.3 34.5 4.7 7.6
-15 35.9 39.2 4.7 13.2
-10 32.9 45.2 4.8 19.6
-5 29.2 53.3 4.9 26.3
0 25.7 27.7 5 32.6
5 20.8 73.6 5.3 38

three input signal powers of -25 dBm, -10 dBm and 5 dBm. The pump power for all three
pumping schemes (bi-directional, forward and backward) are fixed to be 500 mW. In the
case of bi-directional pumping, the forward and backward laser diodes operate at the same
pump power of 250 mW. The comparison of different pumping schemes in terms of gain
and NF for 5 dBm input signal power is presented in Figure 4.14,a,b. The gain spectra for
all pumping schemes have almost the same shape, except bi-directional pumping which has
a more pronounced gain on the left-hand-side of the spectrum. Even though the provided
gain is quite similar for different pumping schemes, the main parameters are highlighted in
table 4.2. The backward pumping scheme features the highest gain of 17.8 dB. On the other
hand, the bi-directional pumping scheme shows the highest 3 dB gain bandwidth of 80.2 dB.

The NF spectral dependencies vary significantly with pumping scheme choice. Even
though the backward pumping scheme features global minimal NF of 5.21 dB at 1480 nm,
the main part of the spectra (1384-1460 nm) is higher than the same graphs area of other
pumping schemes. The 1460 nm is the wavelength where all three graphs meet and start
following significantly different trends. If the curves on the left hand side of the spectra are
positioned from forward, bi-directional to backward (from bottom to top), then on the right
hand side of the spectra the curves are in reverse order. Such a trend can be explained by the
limitations of the measurements and nonlinear effects occurring in the fibre. Predominantly
it can be assumed that the four-wave mixing occurs between the signal and the pump modes,
that transfers pump modes in vicinity of the signal. This effect is yet to be studied and will
be reported in details elsewhere.

In addition to the graphical comparison of the different pumping schemes in terms of
gain and NF, different parameters of all pumping schemes are compared in Table 4.3. For 5
dBm input signal power, the highest bandwidth is achieved with the bi-directional pumping
scheme due to its more pronounced left-hand side (also obvious from Figure 4.14,a). In
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Fig. 4.14 The spectral dependencies of gain and NF for three different pumping schemes and
for 5 dBm input signal power (a,b); for -10 dBm input signal power (c,d); for - 25 dBm input
signal power (e,f)

contrast, the highest PCE of 37.9% is achieved with the backward pumping scheme along
with the highest gain and lowest NF. It is important to note that the lowest NF in the 3
dB bandwidth is achieved in the forward pumping scheme along with the best mean NF
performance.

The spectra of gain and NF for -10 dBm input signal power for the three investigated
pumping schemes are presented in Figure 4.14,b,c, respectively. The maximum gain for all
pumping schemes is significantly increased (with the decrease of signal power) up to 30 dB
which is the maximum value among all three of them and is achieved with the backward and
forward pumping scheme. The gain, in general, keeps its tendency to be more pronounced
at lower wavelengths in the bi-directional pumping scheme, and this pumping scheme also
features the highest bandwidth of 49.3 nm. The minimal NF of 4.8 dB is achieved for the
backward pumping scheme. However, the difference to other pumping schemes is only
in hundredths of dB, which is lower than the accuracy of the measurement methodology.
Moreover, the NF spectral performance keeps its trend with lower NF for forward pumping
on the hand right side and middle of operation bandwidth. The right hand side of the
spectrum features almost equal values of NF for all three pumping schemes with slightly
better performance by the backward pumping scheme. The achieved PCE for -10 dBm
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Table 4.3 Comparison of the main BDFA-2 characteristics for different pumping schemes
and three levels of input signal powers.

Pin, dBm Pump Gain, dB Bandwidth, nm Minimal NF, dB PCE, %
forward 37.3 31.6 4.7 3.5

-25 backward 37.2 32.1 4.7 3.5 bi-directional 37.4 32.8 4.7 3.6
forward 30 46.6 4.9 20.1

-10 backward 30 48.5 4.8 20.2
bi-directional 29.9 49.3 4.9 19.4

forward 17.7 77.6 5.6 37.3
5 backward 17.8 79.7 5.2 37.9

bi-directional 17.5 80.2 5.5 36

input signal power are 20.1%, 20.2%, and 19.4% for forward, backward, and bi-directional
pumping schemes, respectively.

At last, the comparison of pumping schemes in terms of gain and NF for -25 dBm
input signal power is presented in Figure 4.14,e,f. The maximum gain is achieved with the
bi-directional pumping scheme and is equal 37.4 dB. However, other pumping schemes show
similar gain of 37.3 dB for forward and backward pumping schemes. For low signal, the
bi-directional pumping scheme enables the widest bandwidth of 32.8 nm and a similar shape
with 5 dBm and -10 dBm cases. The NF dependence on wavelength follows a similar trend
as in the case of -10 dBm input signal power with even lower differences between pumping
schemes. Moreover, the forward pumping scheme features the lowest NF almost in the whole
operation bandwidth. The lowest NF of 4.7 dB is achieved for all pumping schemes. Such a
small difference in minimal NF shows a significant advantage of forward pumping scheme
because the overall performance is the best out of all pumping schemes. The highest PCE
of 3.6% is featured by bi-directional pumping followed by 3.5% for forward pumping and
3.46% for the backward pumping scheme.

It is important to highlight, that for all input signal powers the most favourable pumping
scheme in terms of achieved NF would be the forward pumping scheme due to generally
better performance in operation bandwidth and in the region specifically close to the gain
maximum. Moreover, the achieved PCE of 38% which is the record value for Bi-doped
fibre amplifiers. Such a high PCE indicates that a significant improvement in the design and
fabrication of Bi-doped fibres has been recently made. Most importantly, this value is almost
twice as high as the PCE of L-band EDFAs which is typically around 20% [48]. It is also
higher than that of C-band EDFAs pumped at 978 nm with 33% PCE, however, it is less than
EDFAs pumped at 1480 nm with 50 % PCE [47]. Nevertheless, such a high PCE along with
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40 dB Gain and 4.6 dB NF shows a great potential for BDFAs to be used for extending the
current optical communication bandwidth while keeping relatively low power consumption
of the line, and, potentially, even better than power consumption that L-band amplifiers offer
which are currently being deployed.

4.3.2 Fibre from preform 2

The schematic of the amplifier with the fibre based on the preform 2 is described in the
previous subsection 4.3.1. The main difference of this amplifier is the fibre that is used. It
has the same geometric properties of 6 µm core diameter and 125 µm cladding diameter.
The refractive index difference (∆n) is around 0.004. The fibre core consists of 95 mol%
SiO2, 5 mol% GeO2 and <0.01 mol% of bismuth. The cutoff wavelength (λc) of the fibre is
measured to be around 1000 nm. However, as this fibre is fabricated from a different preform
, the fibre might have slightly different spectroscopic properties. Moreover, the length of the
fibre is 20 m less than the fibre used for the second BDFA and is equal 150 m.
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Fig. 4.15 Spectral dependencies of BDFA gain (a) and NF (b) for seven input signal powers
and pump power of 1 W; gain (c) and NF (d) dependencies on the pump power for seven
input signal powers at 1430 nm; e) colour map of the PCE for depending from both input
signal and pump powers; f) spectra of power efficiencies for seven input signal powers.

The structure of this subsection is similar to the previous subsection due to the similarity
of the discussed results. To begin with, the performance of the BDFA based on preform
2 (called BDFA-3) is investigated with bi-directional pumping scheme and seven different
signal powers in the range from -25 dBm to 5 dBm. The gain and NF for different signal
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4.3 BDFA based on 6µm core diameter fibre

powers and a maximum total pump power of 1 W (equally split between forward and
backward pumps) are shown in Figure 4.3.2. The recorded spectra of gain are shown in
Figure 4.3.2,a. The maximum gain of the amplifier is 35.9 dB achieved with -25 dBm signal
power. The maximum gain decreases to 18.8 dB with the increase of the signal power to 5
dBm. However, the 3 dB bandwidth increases with the increase of the signal power from
28 nm for -25 dBm signal power to 62.6 nm for 5 dBm signal power. The minimal NF is
5.1 dB for - 25 dBm signal and it rises to 6.5 dB with the increase of the signal power to 5
dBm. For this amplifier, the NF follows a similar trend with the wavelength as the BDFA-1.
It decreases significantly with the increase of the wavelength, however, it experiences a fast
growing trend after 1470 nm. This, could, perhaps, be explained by significantly saturating
gain at higher wavelengths. The main parameters of the amplifier for all recorded signal
powers are presented in Table 4.4. Figures 4.3.2,c,d show the dependencies of gain and NF
at 1430 nm on pump power for seven different signal powers. All curves follow a natural
trend with the pump power increase: the gain rises with the increase of pump power, and
NF goes down with the increase of pump power. The curves are presented only for 1430
nm as all wavelengths experienced similar behaviour and additional representation would be
redundant.

Table 4.4 Comparison of the main amplifier characteristics for 1 W bi-directional pumping
scheme and various signal powers

Pin, dBm Gain, dB Bandwidth, nm Minimal NF, dB PCE, %
-25 35.9 28 5.1 1.5
-20 34.7 30.5 5.3 3.5
-15 32.9 34.8 5.4 7
-10 30.2 39.7 5.5 11
-5 26.8 46.9 5.86 15
0 23 43.6 6.1 20
5 18.8 62.5 6.5 24.8

At last, the PCE of BDFA-3 is presented in Figure 4.3.2,e,f. The measured PCE depen-
dence on total pump power and input signal power at 1430 nm (maximum) is presented in
Figure 4.3.2,e. The maximum achieved PCE is 24.8% which is significantly less than for the
amplifier reported in subsection 4.3.1. This level of PCE is achieved at 5 dBm signal power,
and the further increase of signal power does not provide any improvements to the PCE. The
PCE saturates with the pump power after a pump power of around 250 mW. The spectra of
PCE for different input signal powers are presented in Figure 4.3.2,f. The increase of the
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input signal power significantly improves the PCE from 1.5% to 24.8% for -25 dBm and 5
dBm input signal powers, respectively.
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Fig. 4.16 The spectral dependencies of gain and NF for three different pumping schemes and
for 5 dBm input signal power (a,b); for -10 dBm input signal power (c,d); for - 25 dBm input
signal power (e,f)

As the next step, the influence of different pumping schemes on the amplifier performance
is investigated. As the performance of the amplifier does not change significantly between
the critical input powers of 5 dBm, -10 dBm, and -25 dBm, only the spectra for these signal
powers are presented in Figure 4.16. The pumping scheme in all cases is 500 mW, and the
bi-directional pumping scheme has 500 mW pump power equally split between forward and
backward pumping diodes. In general, the performance of the amplifier is quite similar to
BDFA-1 and BDFA-2. To begin with, the 5 dBm input signal power is considered. The gain
and NF spectra for different pumping power schemes and 5 dBm input signal power are
presented in Figure 4.16,a,b. All the gain curves have almost the same behaviour, with only
the backward pumping scheme having slightly higher gain in almost the whole operation
region. Forward pumping shows the worst performance in terms of gain and this trend is
repeated with BDFA-3 similarly to BDFA-2. The maximum achieved gain is 16 dB for
backward pumping, and the lowest gain is 15.5 dB for forward pumping. The NF spectra
trends have similarities with the same spectra for BDFA-2.

The NF also goes down significantly with the increase of wavelength and then starts to
grow. The forward pumping scheme performs almost the same as the bi-directional pumping
scheme. The backward pumping scheme features the highest NF on the left hand side of the
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Table 4.5 Comparison of the main BDFA-2 characteristics for different pumping schemes
and three levels of input signal powers

Pin, dBm Pump Gain, dB Bandwidth, nm Minimal NF, dB PCE, %
forward 33 28.9 5.5 1.3

-25 backward 33.4 28.8 5.6 2
bi-directional 33.7 28.7 5.7 1.5

forward 26.9 42.7 5.7 9.9
-10 backward 27.6 41.4 5.9 11

bi-directional 27.4 42.7 5.8 10.5
forward 15.5 66.8 7.6 22

5 backward 16 66.7 7.3 25
bi-directional 15.6 68.2 7.4 23

spectrum, but then becomes better than the forward one and has similar performance to the
bi-directional. This NF alteration is described in detail in subsection 4.3.1 where it is more
significantly pronounced. The lowest NF is achieved for the backward pumping scheme and
is equal 7.4 dB. The worst performance in terms of NF is for forward pumping with 7.6 dB
NF. However, it is important to note again, that the area with the highest gain has a better
performance in terms of NF for both bi-directional and forward pumping schemes. The 3
dB bandwidth in all schemes is similar, but the highest value of 68.2 nm is achieved for the
bi-directional pumping scheme. The comparison of the main parameters of the amplifiers
for different pumping schemes is presented in Table 4.5. At last, the PCE should also be
compared. The highest PCE is achieved for the backward pumping scheme and is equal 25%
which aligns well with the highest achieved gain.

Next, the performance of the pumping schemes in terms of gain and NF spectra are
compared for -10 dBm input signal power. This time, the bi-directional pumping scheme
visually has the widest bandwidth, however, gain spectra for all pumping schemes are
similar and are presented in Figure 4.16,c. The highest gain is achieved for the backward
pumping scheme and is equal 27.6 dB. The lowest gain of 26.9 is measured for the forward
pumping scheme. The forward and backward pumping schemes have the same 3 dB gain
bandwidth of 42.7 dB. The lowest bandwidth of 41.7 dB is achieved for the backward
pumping scheme. Figure 4.16,d shows the comparison of NF spectra for different pumping
schemes. Similar behaviour to the trend visible for 5 dBm signal can be seen: NF goes down
with the wavelength increase up to 1470 nm, when the NF starts to grow back. The forward
pumping scheme has the lowest NF of 5.7 dB and is lower than other curves until 1470 nm.
After that, the backward and bi-directional pumping schemes start to compete in terms of the
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best performance. The highest minimal NF is 5.9 NF achieved for the backward pumping
scheme. The PCE is yet again the highest for backward pumping with 11%. The lowest PCE
of 9.9 % is achieved for the forward pumping scheme.

At last, the -25 dBm signal amplification is compared with different pumping schemes.
The gain spectra comparison for three different pumping schemes is presented in Figure 4.16,e.
The highest gain of 33.7 dB is achieved for the bi-directional pumping scheme. The lowest
gain is achieved again for the forward pumping scheme. The highest gain bandwidth is
28.9 nm and is achieved with the forward pumping scheme. However, all gain bandwidths
differ insignificantly. The NF spectra comparison for the three pumping schemes is shown in
Figure 4.16,f. The lowest minimal NF is achieved with forward pumping and is 5.5 dB. The
highest one is for bi-directional pumping and is 5.7 dB. All NF curves overlap a lot with each
other, especially on the right hand side of the spectrum. However, overall performance of the
forward pumping scheme is considered to be the best. The highest PCE of 2% is achieved
with the backward pumping scheme. The lowest value of 1.3% is yet again achieved for the
forward pumping scheme.

To conclude, the behaviour of the BDFA-3 is quite close to BDFA-2, however, BDFA-3
suffers from slightly lower gain, PCE, and higher NF. All the conclusions drawn regarding
gain and NF performance of BDFA-2 can also be applied for BDFA-3. The PCE of the
developed amplifier is higher than that of BDFA-1, however, it cannot compete with the
outstanding performance of the BDFA-2. This behaviour can be explained by slightly
different composition of the fibre core, which will be examined in details in the future.

4.4 Pumping scheme comparison

With the capabilities provided by the automatic measurement setup, the pump optimisation
can be performed by direct measurement of the performance of the amplifiers with different
pumping combinations. Three different pumping lasers are available for optimisation: 1330
nm, 1310 nm, and 1260 nm. Two amplifiers are characterised in terms of gain, gain bandwidth,
NF, and PCE with all available combinations of the bi-directional pumping scheme: BDFA-1
and BDFA-2. The measurements with BDFA-3 are not made as its performance is close to
the BDFA-2. However, this characterisation is planned to be conducted in the future. Both
amplifiers are characterised with pumps running at 1600 A, which corresponds to different
pump values for different diodes. Even though the difference is small for pump diodes at 1330
and 1310 nm (less than 40 mW), the pump power of 1260 nm laser diodes is significantly
higher than those at longer wavelength and is higher than 100 mW. However, even though the
initial approach of making the measurements with constant current instead of pump power is
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not completely correct, there are some conclusions that can be made based on the received
data measurements. Both amplifiers are tested with moderately high and moderately low
signal powers of 0 dBm and -20 dBm and characterised in terms of maximum gain, 3 dB
bandwidth, and minimal NF. Additional measurements are planned to be conducted after
submission, focused on measurement of all pumping schemes with equal pumping power
and comparison in terms of PCE to be made as well.

The results of the measurements and a comparison between different pumping schemes
for BDFA-1 is presented in Table 4.6. The first number in the column "Pumping scheme"
indicates the wavelength of the forward pumping, and the second number shows the wave-
length of the backward pump laser diode. The best performance in terms of maximum gain
for 0 dBm signal can be obtained with the pumping scheme with both 1330 nm laser diodes.
This can be mostly explained by the fact, that 1330 nm pump is the closest to the maximum of
the absorption spectra. However, for the -20 dBm signal, both 1130-1310 nm and 1310-1330
nm pumping schemes have similar gain around 32.9 which is the highest among all pumping
schemes. On the other hand, the lowest gain is achieved with both 1260 nm pumps, especially
for 0 dBm signal power. In contrast, as the gain is generally lower for this pumping scheme,
the bandwidth is the highest with 54.9 nm and 33 nm for 0 dBm and -20 dBm input signal
power. In terms of NF, the best performance for 0 dBm input signal power is both 1260-1310
nm and 1260-1330 nm pumping scheme. These two pumping schemes also show the two
lowest NF for -20 dBm input signal power. This behaviour can be explained by lower ASE
generated with the lower pumping wavelengths due to their remoteness from the absorption
maximum, thus the pump radiation is absorbed more uniformly by the fibre and does not
produce as much ASE.

As the next step, the results of the measurement of BDFA-2 are presented in Table 4.7.
The maximum gain is yet again achieved with the 1330-1330 nm pumping scheme with
24.9 dB for 0 dBm input signal power, and 38.3 dB for -20 dBm. However, most of the
pumping schemes with just 1310 and 1330 nm pump lasers have a comparable level of
gain higher than 38 dB. The lowest gain is achieved with 1260-1260 nm. The transition
for 1260 is less effective than the one for 1330 nm for amplification at 1440 nm transition.
Similar performance of BDFA-2 to BDFA-1 can be observed in terms of gain bandwidth. The
highest one for both input signals is the 1260-1260 nm pumping scheme with 67.2 dB and
38.2 dB for 0 dBm and -20 dBm, respectively. Using lower wavelength pump laser diodes
for forward pumping and higher wavelength for backward pumping allows to achieve the
best performance in terms of achieved NF. The lowest general NF performance is best with
1310-1330 nm, and 1260-1330 nm pumping schemes, with the latter being slightly better
with 4.8 dB for 0 dBm input signal power, and 4.4 dB for -20 dBm input signal power.
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Table 4.6 Comparison of the main BDFA-1 characteristics for different pumping schemes
and two levels of input signal powers

Pumping Gain, dB Bandwidth,nm Minimal NF, dB
scheme, nm 0 dBm -20 dBm 0 dBm -20 dBm 0 dBm -20 dBm
1330-1330 22.7 32.8 48.5 29.6 6 5.3
1330-1310 22.2 32.9 49.2 30 6.3 5.3
1310-1330 22.2 32.9 48.6 29.8 6.1 5.3
1310-1310 22.1 32.6 49.8 30.2 6.2 5.3
1260-1310 21 32.7 52.2 31.2 5.9 5.1
1310-1260 21.2 32.5 51.9 31.2 6.3 5.5
1260-1330 21.4 32.5 50.5 30.3 5.9 5.1
1330-1260 21.3 32.2 49.9 30.8 6.2 5.3
1260-1260 18.9 31.2 54.9 33 6.5 5.7

To conclude, the lower wavelength forward pump laser diodes (1310 nm or 1260 nm)
allow to significantly improve the performance of the amplifier in terms of NF. However, if
the gain is the critical factor for a specific application, the pump lasers with higher wavelength
should be used for gain enhancement. One can see that this conclusion can be applied for
both amplifiers, and similar performance is expected from BDFA-3. Later in the text the
amplifier designs are presented with already optimised pump wavelengths to allow both good
NF and gain performance, specifically for better performance in transmission experiments
enabled by developed BDFAs.

4.5 Summary

In this chapter the procedure of main amplifier characteristics measurement was presented
and discussed. Three amplifiers were developed based on three different Bi-doped active
fibres. These amplifiers were thoroughly characterised in terms of gain, NF, and PCE with
different pumping schemes, pump powers, and input signal powers. The record characteristics
of 39.8 dB gain, 4.5 NF for -25 dBm input signal power and 38% PCE for 5 dBm input
signal power are achieved with the BDFA-2. These characteristics were compared to the
commercial EDFAs, and it was proven that such performance shows a great potential for
E-band BDFAs to be used for expanding the bandwidth of the current telecommunication
optical links. The BDFA-1 and BDFA-2 performance was also compared with the different
pumping wavelengths and their combinations. For both amplifiers, it has been evident that
use of a shorter wavelength pump for forward pumping and longer wavelength pump for
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Table 4.7 Comparison of the main BDFA-2 characteristics for different pumping schemes
and two levels of input signal powers

Pumping Gain, dB Bandwidth,nm Minimal NF, dB
scheme, nm 0 dBm -20 dBm 0 dBm -20 dBm 0 dBm -20 dBm
1330-1330 24.9 38.3 63.7 34.7 4.9 4.5
1330-1310 24.8 38.3 62.4 34.7 5 4.4
1310-1330 24.7 38.2 61.3 34.7 4.8 4.4
1310-1310 24.5 38 64 34.9 5 4.5
1260-1310 23.4 37.2 65.8 36.9 4.9 4.5
1310-1260 23.7 37.3 64.3 36.3 5 4.6
1260-1330 23.5 37.2 66.1 35.8 4.8 4.4
1330-1260 24.2 37.7 62 34.5 4.9 4.6
1260-1260 21.5 35.5 67.2 38.2 5.1 4.7

backward allows to improve the NF performance. However, if the gain is the critical factor
for a specific application, the pump lasers with higher wavelength should be used for gain
enhancement.
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Chapter 5

Data transmission experiments enabled
by BDFA

This chapter is devoted to the experimental research of capabilities of developed E-band
BDFAs for data transmission. Different modulation formats are considered, including IM/DD
and coherent signals.

5.1 Main metrics of signal quality for IM/DD and coherent
transmission signals

In digital communication systems, the bit-to-error rate (BER) is considered as one of the most
popular and straightforward performance indicators [118]. The BER shows a simple ratio
between received error bits and the total amount of received bits. Figure 5.1 schematically
shows an EYE diagram of a fluctuating binary of on-off keying non-return-to-zero (OOK
NRZ) signal received by the optical receiver. The EYE diagram is a representation of the
signal by the oscilloscope by repetitive sampling of the digital signal from a receiver, while
the data rate is used to trigger the horizontal sweep. The td shows the period of sampling.
The sampled values fluctuate from bit to bit around an average value of µ1 for 1 and µ0 for
0. The sampled values are then compared with decision value µd and if µ > µd then the
decision is made towards bit 1. Bit 0 is achieved when µ < µd . However, an error occurs
when the decision is made incorrectly due to the noise. The error probability as BER can
then be represented as:

BER = ρ(1)P(0|1)+ρ(0)P(1|0), (5.1)
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where ρ1 and ρ0 are the probabilities of receiving a 1 and a 0, respectively; P(0|1) is
the probability of deciding a 0 when in fact receiving a 1, and P(1|0) is the probability of
deciding 1 when receiving a 0. In the case when probabilities of a 1 and a 0 to occur are the
same, the equation 5.1 can be simplified to:

BER =
1
2
(P(0|1)+P(1|0)). (5.2)

P(1/0)

P(0/1)
I0

I1

σ2

μ2

σ1 μ1

Id

td

Fig. 5.1 EYE diagram of an NRZ OOK signal.

Figure 5.1 also shows the probability density functions of bit 1 and 0 distributions on
the receiver and the width of the curves represents the noise in the signal. σ1 and σ0 are the
standard deviations for a 1 and a 0 level, as the noise on the receiver side follows a Gaussian
distribution. The lower the noise, the narrower the distribution curve and therefore the smaller
the overlap. In fact, the overlap area between the distribution curves for a 1 and a 0 is what
determines the BER, as that is where the receiver has a greater chance of interpreting a 1 as a
0 and vice versa, producing a bit error. The equation 5.2 can be represented through mean
intensity levels and standard deviations in the following way:

BER =
1
4
(er f c(

µ1 −µd

σ1
√

2
)+ er f c(

µd −µ0

σ0
√

2
)), (5.3)

where er f c is the complimentary error function. The details of the transition from
Equation 5.2 to equation 5.3 can be found in [1]. To connect the BER to other important
signal quality metrics, the Q factor should be introduced. The Q factor is the parameter
showing the difference between the mean values of the signal levels for a 1 and a 0 that
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Fig. 5.2 Theoretical relation between Q factor, BER, and SNR.

are determined by µ1 and µ0, respectively (Figure 5.1) divided by the sum of the standard
deviations for a 1 and a 0 [119]:

Q =
µ1 +µ0

σ1 +σ0
. (5.4)

For a binary system, the definition of Q factor is well defined, and the one-to-one
equivalence between Q, SNR, and BER is well known. The Q factors are often calculated
from EYE diagrams recorded on digital sampling oscilloscopes or from BER version decision
threshold characteristics [120]. However, the relation between a parameter derived from
the statistical Q-function, the SNR and BER changes for each modulation format for non-
binary systems [121]. This relation can be found starting with examining the hard-decision
performance predictions for a rectangular constellation with N constellation points:

BER =
2

log2(N)
(1− 1√

M
er f c(

√
3 ·SNR · log2(N)

2(N −1)
). (5.5)

To further understand the relation between BER and Q factor, the relation between SNR
and Q factor should be introduced (details are presented in the book by Agrawal [1]):

SNR =
2Q√

N
. (5.6)

In order to avoid the use of a double-log axis, the results are typically represented by
a Q factor. To obtain Q factor from a BER (for any constellation), the binary version
of Equation 5.1 should be solved with regards to the relation between SNR and Q factor
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(Equation 5.6):

BER =
1
2

er f c(
Q√

2
). (5.7)

Using the equation 5.1 and equation 5.7, one can obtain the relation between Q factor,
SNR and BER for the four most commonly used modulation formats: QPSK, 16 QAM,
64 QAM, and 256 QAM (Figure 5.2[14]). There are two main patterns of the curves that
should be noted. The first is that the performance of the Q2 factor requires the same value of
SNR for QPSK, which significantly simplifies the analysis of the signal quality for QPSK.
However, the same level of performance requires a significant increase of SNR for QAM
modulation signals with incremental increase with the constellation complexity.

5.2 IM/DD experiments

In this section the setup of IM/DD system is presented and characterised. At the beginning of
this experiment there was only one demonstration of the data transmission in E-band enabled
by BDFA [69]. The work featured 80 km long transmission of a single channel of NRZ OOK.
The goal of the work presented here was to repeat the experiment presented by Melkumov
and exceed the length of the NRZ OOK data transmission, number of channels transmitted,
and operation spectral band in E-band enabled solely by BDFA.

5.2.1 IM/DD setup description and performance characterisation

Due to the lack of experimental investigations of BDFAs, performance in terms of signal
transmission in E- and S- optical bands of the previously designed transmission setup was
improved and tested to allow characterisation of the signal transmission in any preferred
band. For this experiment, the wavelength range was fixed to 1410-1490 nm as this spectral
range is predicted to have sufficient gain enabled by the BDFA. The setup allows to transmit
and receive an NRZ OOK coding with up to 20 GBaud rate and is presented in Figure 5.3.

The scheme consists of a tunable laser which emits radiation in the spectral range from
1410 to 1490 nm. Using a standard SMF, the radiation from the tunable laser is transmitted
through a LiNbO3 electro-optical modulator where the electrical modulation is transferred
into optical modulation via electro-optical effect [122]. The modulator receives the electrical
signal from an RF signal driver. The RF signal driver gets the PRBS sequence of the
NRZ OOK signal from the pulse pattern generator and amplifies it in regards with the bias
voltage controlled by the bias board. The bias board is used to setup up the bias voltage
of the modulator as the modulator performance varies significantly depending on radiation
wavelength and bias voltage. The typical transfer function of an electro-optical modulator is
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Fig. 5.3 Schematic of NRZ OOK transmission measurement.

presented in Figure 5.4. The dependency of the transmittance of the electro-optical modulator
can be described by quadratic sine: sin2( πV

2Vpi
). However, a typical electro-optical modulator

also has a quasi linear region of the voltage to the transmittance conversion allowing an
accurate transition from electrical modulation to the modulation of transmittance. The
modulation of transmittance is then converted into optical modulation when the optical
radiation is transmitted though a modulator. Thus, the bias voltage should be carefully
chosen to enable this accurate transition and usually equals Vπ/2, where Vπ is the voltage
which enables maximum transmittance of the modulator.

After the modulation is applied to the optical signal, the radiation of the data carrier is
split into two parts by a 90/10 coupler. The smaller part of the radiation then goes to the
receiver where it is converted to the electrical signal that is transmitted to the oscilloscope
for EYE diagram control. It allows to control the quality of the modulated signal before it
comes into the measurement line. The EYE diagram is used to tune the performance of the
bias voltage to enable the best quality of the modulation. The second part of the radiation
is again split into two parts: one part goes to the bias board, and another one goes to the
receiver. In the back-to-back case the signal carrier is directed to the receiver part of the
setup. It consists of VOA for signal power adjustment and another 90/10 coupler that allows
simultaneous detection of the signal by the XFP module and optical power measurement by
the PM. It is worth noting that the XFP module has an internal laser source and modulator
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Fig. 5.4 The typical transfer function of an electro-optical modulator.

that is designed for C-band operation, thus it is impossible to use an internal XFP source for
measurements beyond C-band. The PC is used for controlling of both bias and receiving
analysed data by the XFP module. The commercial interface of the XFP module is presented
in Figure 5.5 and developed by SocioNext. The interface shows the counted bits, errors, and
calculated BER by XFP. The XFP module also measures received optical power, however,
the accuracy of the measurement is 1 dB, thus, an additional external PM is used for accurate
optical power measurements. The interface allows to choose the patterns and the baud rate of
the transmitted signal. Moreover, it controls the internal laser of the module and allows its
tunability.

Fig. 5.5 The interface of the XFP module.
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Fig. 5.6 Bit-to-error rate (BER) characteristic vs Receiver power (RX power) for different
wavelengths for back-to-back case, and transmission line length of 90 km of SMF.

When the transmission is performed, additional 90 km of SMF is installed before VOA.
The measurements are generally performed in the following order. First, the back-to-back
performance is measured by changing the power on the receiver by VOA starting from
the lowest detected power and increasing the receive power step by step. After that, the
experiment is repeated but with additional 90 km of SMF introduced before VOA. The results
of the experimental measurements of BER for 10 GBaud NRZ signal vs received signal
power for different wavelengths and fibre lengths are presented in Figure 5.6.

The difference of the performance for different wavelengths for B2B case can be explained
by the responsivity of the photodiode and different performance of the optical modulator
at different wavelengths. The responsivity of the typical InGaAs photodiode is presented
in Figure 5.7 [123]. It is clearly seen that the responsivity of the photodiode decreases
significantly in E and S-bands in comparison to the C-band. The BER performance has a
well pronounced trend: the penalty is minimising with the decrease of the wavelength. This
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Fig. 5.7 Responsivity of typical InGaAs photodiode.

can be explained by a significant decrease of the dispersion towards shorter wavelengths with
zero dispersion wavelength for SMF being typically around 1330 nm. Moreover, generally
penalties of the transmission are quite minor (except 1490) and the performance shows a
good potential for the fibre increase, especially if the amplifier is introduced. However,
better performance towards shorter wavelengths should be taken into the account when the
performance of a transmission for longer lengths enabled by BDFA are analysed.

5.2.2 NRZ OOK 160 km transmission in E-band enabled by single
BDFA

As the next step, the BDFA described in Section 4.2 is used for IM/DD transmission of 10
GBaud NRZ OOK. As the results from the previous subsection 5.2.1 indicated, there is a
potential to increase the length of the transmission line by introducing an optical amplifier.
The experimental setup of the transmission experiment enabled by the E-band BDFA is
presented in Figure 5.8. The output radiation of the TL operating in the spectral range of
1410-1490 nm is modulated by a transmitter setup covered in the previous Subsection 5.2.1,
and its power is controlled with a VOA. The radiation of three CW laser diodes operating at
the wavelengths of 1430, 1450, and 1470 nm was combined in a multiplexer (MUX). These
three channels are used only as dummy channels to fill up the signal spectrum and do not
carry any data. One of the 50:50 coupler outputs is used for the input signal monitoring of
input signal power and optical spectrum with a PM and an OSA, respectively. The total input
signal power is 5 dBm and equally split between four channels. A typical input spectrum
of the signal with TL adjusted to 1410 nm is shown in Figure 5.9a (spectral lines for the
input and outputs are digitally shifted by ±2 nm during data processing to avoid overlap).
In the case of back-to-back measurements, the input signal from the other coupler end
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Fig. 5.8 The scheme of the BER measurement of 4 NRZ 10 Gbaud channel transmission
through SMF-28 fibre using a BDFA.

goes directly into the receive line. The receive line includes an OBPF for modulated signal
filtering, a VOA for received power control, and a coupler for the simultaneous detection
of the received power and BER measurement with PM and XFP module, respectively. The
characteristics of the XFP module are covered in previous subsection 5.2.1. There are three
different experimental conditions under which the transmission is performed: back-to-back
case; transmission through 100 km and amplification with BDFA; transmission through 100
km, amplification with BDFA and a further transmission through 60 km.

As a first step, the back-to-back experiment is performed. After that, the input signal is
transmitted over the 100-km span of SMF-28 and amplified by the developed BDFA. Here,
the amplifier designed and presented in section 4.2 is used with bi-directional pumping at
1320 nm. The forward and backward pump powers are 470 mW and 330 mW, respectively,
which is higher than that reported before. The spectra of gain and NF in operating bandwidth
are shown in Figure 5.9,b. The maximum gain is equal to 32 dB, and the NF varies from 5
dB at 1450 nm to 6.5 dB at 1410 nm. The typical spectrum of the signal at the output of the
BDFA is depicted in Figure 5.9,a with the red line. In the case of 160-km transmission line,
an additional 60-km spool of SMF fibre is added after the BDFA. The typical spectrum of
the signal after the additional 60-km span is shown in Figure 5.9,a with the blue line.

To compare the performance across the band, three fixed dummy channels at wavelengths
of 1430, 1450, 1470 nm are coupled with a data carrier signal (TL). That allows BER
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Fig. 5.9 BDFA and transmission line performance. a) signal spectra at the transmission line
input (black line), after BDFA (red line), and at the transmission line output (blue line), the
black and the blue lines are artificially shifted by ±2 nm to aid visibility by avoiding spectra
overlap; b) spectra of gain (black line) and NF (red line) of the BDFA in operation band.

monitoring in the spectral range of 1410-1460 nm (BER measurements for wavelengths
longer than 1460 nm were not possible because of insufficient amplifier gain). The measured
BER dependencies on the received power at 1425 nm for back-to-back, 100-km long, and
160-km long schemes are presented in Figure 5.10. The power penalty has been examined
at the hard-decision forward error correction threshold for NRZ OOK signals of 10−3 as
a difference between the back-to-back case and the respective transmission line length. A
comparison between these power penalties obtained at different wavelengths for 100- and
160-km-long transmission lines is presented in Table 5.1.

Table 5.1 Received power penalties at the hard-decision forward error correction threshold
for NRZ OOK of 10−3 BER for 100 km long and 160 km long transmission lines

Wavelength, nm 1410 1415 1420 1425 1435 1440 1445 1455 1460
100 km Penalty, dB 0.8 0.71 0.62 0.42 0.1 0.07 0.36 1.39 1.62
160 km Penalty, dB 1.15 1.02 0.89 0.62 0.63 0.67 0.98 3.02 3.7

There are two main physical effects contributing to the BER penalties for the IM/DD
signal: chromatic dispersion and optical amplifier noise. Even though nonlinearity can
potentially impact such signal, the signal power should be significantly higher for the
impact. The dispersion slope of the SMF is responsible for the higher penalties at the longer
wavelengths of 1455 and 1460 nm. At the same time, penalties increase due to the higher
level of amplifier noise in the "blue" part of the spectrum. Table 5.1 shows that the increase
of the transmission span length to 160 km changes the penalty in the spectral range of 1410-
1445 nm insignificantly. The additional penalties due to fibre dispersion and amplifier ASE
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Fig. 5.10 Measured BER dependency on the received power at 1425 nm in back-to-back
(black line) case, at 100 km and BDFA output (red line), and after 160 km transmission (blue
line); hard decision forward-error correction threshold for NRZ OOK (green dashed line).

are evidently low enough (<0.5 dB) for the 100-km-long line to allow almost penalty-free
transmission in the spectral range of 1425-1445 nm.

The lowest power penalty has been observed at the wavelength of 1440 nm (0.07 dB,
100-km transmission line), and 1425 nm (0.62 dB, 160-km transmission line). The penalty is
higher for the longer transmission line, as expected. The point of the minimum penalty shifts
to a shorter wavelength with increase of the span length due to lower impact of dispersion.
The impact of the dispersion on the overall transmission performance predictably grows with
the increase of the fibre span length. Therefore, the transmission results might be further
improved by using a lower dispersion fibre or compensating fibre dispersion in this spectral
range, however, a more perspective approach is to use coherent modulation formats to allow
a significant increase of the data rate.

The additional visual representation of the results in Table 5.1 is shown in Figure 5.11.
Both power penalties curves show good correspondence with the dispersion curve. It is
clearly seen that the difference between the curves for 160 km transmission and 100 km
transmission grows with the increase of the wavelength and, thus, the dispersion parameter.
To conclude, the setup of NRZ OOK transmission was presented and discussed. The
transmission experiments of 10 GBaud NRZ OOK through various lengths of SMF were
presented including a 4 channel 10 GBit/s E-band transmission through 160 km enabled
by a single BDFA. The results were discussed and are in good agreement with the main
physical effects affecting IM/DD systems: loss, dispersion, and amplifier noise. As the next
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Fig. 5.11 The visual representation of the table 5.1 along with dispersion parameter of SMF.

step, a coherent detection system and experimental investigation of transmission of various
modulation formats are considered.

5.3 Coherent transmission

This section is organised in a similar manner to the previous section 5.2. First, the setup of
coherent transmission is presented and characterised. Then, experimental investigation of
three different setups are considered. At the beginning of this investigation there had been no
examples of coherent transmission in E-band enabled by BDFA.

5.3.1 Coherent optical communication system description and setup

As the first step, the coherent optical communication system should be described and impor-
tant concepts of setting up the equipment for coherent transmission should be considered.
The typical transmission setup for coherent detection consists of two parts: transmitter and
receiver. The schematic of the used optical communication system is shown in Figure 5.12. It
is clearly seen that it consists of two lines: transmitter and receiver. As it has been mentioned
before, the role of the optical transmitter is to convert electrical signal into optical. In the
proposed structure, the optical part of the transceiver line consists of a tuneable laser, a dual
polarisation IQ modulator and an amplifier. The optical amplifier in coherent transceiver
line is the crucial component due to high internal loss (≥ 10 dB) of the DP IQ modulator. It
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is commonly called a booster amplifier. The electrical part of the transceiver line consists
of an arbitrary wave generator that generates necessary patterns for different modulation
formats and a set of four digital-to-analog converters (DACs) for each polarisation and IQ
components. The DACs do not only convert the digital pattern generated by AWG but also
allow to correctly set the bias for each of the paths of the modulator.

DAC DAC DAC DAC

AWG

TL DP IQ Mod

Amplifier OBPF

Transceiver line

Receiver

ADCADCADCADC

DSP

Ix
Qx Iy Qy

Ix
QxIyQy

VOA

Receiver line

Amplifier

Fig. 5.12 A generic coherent optical communication system.

To understand how the DP IQ modulator works, a typical schematic of such a modulator
is presented in Figure 5.13. When the optical radiation enters the optical DP IQ modulator
it is split into two different polarisations with a polarisation beam splitter (PBS). As the
splitting ratio of a PBS significantly varies with the polarisation of the incident radiation, it
is important to keep polarisation of the incident radiation aligned to the DP IQ modulator
manual. Most commonly the required input polarisation is linear as it is provided by most
commercially available systems. Use of polarisation maintaining fibre connecting TL and
DP IQ modulator is a key way to minimise unnecessary polarisation impairments. After
polarisation splitting radiation in each of the lines passes through an equal path. First, the
radiation is split again in a 50/50 coupler. Then radiation after splitting pass a Mach-Zender
Modulator (MZM) for each of the polarisation I/Q components. MZMs are controlled by an
individual DAC that has been mentioned earlier in the text. As the next step, the radiation in
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Q path of each polarisation is rotated by 90◦. After that, both I and Q paths are combined in
another 50/50 coupler. As a final step, the radiation passes another PBS where it is combined.
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50/50

Optical Input
X-Pol
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Qx

Iy
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Fig. 5.13 A generic optical DP IQ modulator.

After the radiation leaves the optical DP IQ modulator it is amplified in a booster amplifier
which compensates the loss of the modulator. In the back-to-back experiment the radiation is
directed into the receiver line. When the transmission experiment is performed additional
SMF and amplifiers are introduced between transceiver and receiver lines. The receiver line
starts with the optical bandpass filter (OBPF) that filters out the data carrier channel. In the
case of just one signal (without WDM grid or "dummy channels") OBPF can be extracted
from the transmission line. After OBPF another amplifier is used for compensation of OBPF
loss. After that, the radiation is passed through a variable optical attenuator (VOA) that is
used to control the maximum power directed into the optical receiver. Generally, the input
power to the receiver should not exceed 8 dBm. The schematic of a generic optical coherent
receiver is presented in Figure 5.14.

The coherent optical receiver generally starts with a polarisation hybrid which consists of
two inputs. One input is used for the data carrier signal, and the other one is used for the
local oscillator that is used to form a beating signal with the carrier signal. The optical carrier
signal passes PBS that splits the radiation into two polarisations. Each of the polarisations
is directed into a 90◦ optical hybrid. A 90◦ optical hybrid is used to split radiation of the
LO and the signal in such a way that the four optical outputs of the optical hybrid have the
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following field distributions at the output:

E1 =
1√
2
(Es +ELO),

E2 =
1√
2
(Es −ELO),

E3 =
1√
2
(Es − jELO),

E4 =
1√
2
(Es + jELO),

(5.8)

where E1, E2, E3, E4 are the field distributions of the output 1-4, respectively; Es is the
field of the signal, and ELO is the field of the local oscillator. The radiation of four optical
outputs are then directed onto two balanced photo detectors (PDs): E1, E2 are directed to the
first balanced PD, and E3, E4 are combined at the second balanced PD. The balanced PD is
also sometimes called differential photo detector and is used to detect small differences in
optical power between two optical input signals while decreasing any unnecessary fluctuations
of the inputs. The same procedure is made for the second polarisation with the help of the
second 90◦ optical hybrid and a set of two balanced PDs. After the electrical signal is received
at the output of the balanced PD, this electrical signal is sent to a set of four analogue-to-
digital-converters (ADCs) for digitising of the signals of each component (see Figure 5.12).
After the traces of the signal are recorded they are processed with an offline digital signal
processing script described in detail in the paper by Skvortcov [124]. For further information
on general DSP algorithms refer to the following papers [125, 126]. In short the DSP chain
used in this work consists of the following: electrical gaussian filtering, resampling, skew
estimation and compensation, signal conditioning, static chromatic dispersion estimation
and compensation, coarse time synchronisation, clock recovery, polarisation derotation,
preconvergance, matched filtering, fine time synchronisation, MIMO equalisation, frame
parsing, frequency offset estimation, constant modulus algorithm, carrier phase estimation.

As the next step, some important notes regarding setting up of the transceiver and receiver
should be made. There are several steps that one needs to follow to set up a coherent optical
transmission line. The following description is fully based on the setup developed at AiPT
by Dr Ian Phillips and Dr Marc Stephens. As the first step after turning on an optical receiver
and transmitter and all the components of the line, one needs to correctly set the bias voltage
of each of the MZMs of the optical transceiver. For this purpose, usually one of the I/Q paths
of any of two polarisation states is modulated by a sine. The output of the optical transceiver
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Fig. 5.14 A generic optical coherent receiver.

is then connected to the optical spectrum analyser (OSA). The optical spectrum of the data
carrier modulated with a single 10 GHz sine wave is presented in Figure 5.15.

Figure 5.15 shows print screens from the OSA. The red line shows the carrier frequency.
In Figure 5.15,a the spectra of the data carrier modulated with a 10 GHz sine for a modulator
with incorrectly set bias is presented. One can see that the third harmonic component exists
in the spectrum, indicating the wrong disposition of the bias point for a linear operation
regime. The transfer function of an EOM has been shown in Figure 5.4 and the details of
the operation of the EOM is presented in subsection 5.2.1. An MZM has a similar operation
principle, thus it is not covered here. The spectra can help to quickly and reliably set up
the bias voltage of the MZM by minimising the 3rd order harmonics that represent parasitic
spectral components generated due to incorrect biasing, and, thus, such a trace represents a
spectrum of an incorrect signal in time domain. After gradually setting up the bias voltage
of the MZM, the spectrum of a signal should be improved to have the 3rd order harmonic
minimised like shown in Figure 5.15,b. Red circles indicate the position of the 3rd order
harmonics and one can notice that they are significantly suppressed. Next, the same process
should be repeated for all other I/Q channels for both polarisation states.

After setting the bias correctly, another common problem that requires attention in both
receiver and transceiver lines is optical and electrical deskew. Commonly, the electrical
deskew of the receiver is solved using a manual for optical oscilloscope which is the key
component of the receiver containing ADCs. However, to minimise optical deskew of the
receiver obtained by different optical paths between 90◦ optical hybrids and balanced PD and
path difference in 90◦ optical hybrid itself. Additional electrical deskew is usually produced
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a)

b)

Fig. 5.15 Spectra of the data carrier modulated with a 10 GHz sine for modulator with
incorrectly set bias (a); for modulator with correctly set bias (b).

in the optical transceiver due to three main factors: difference of electrical paths between
AWG and DACs; difference of electrical paths between DACs and DP IQ modulator; and,
finally, the delay between different boards of AWG. In the case presented here two different
boards of AWG control different polarisation, thus they need to be synchronised, and the
deskew between electrical signals of board 1 and board 2 should be minimised. For this
purpose, the signal for all I/Q and polarisation should be replaced with single bit with a 1
and thousand or more bits of a 0. This way it is easy to find the deskew as the majority of the
signal is just a constant value. After the modulation is converted into an electrical signal the
output of the transceiver should be connected to the optical receiver.
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Figure 5.16,a shows four traces of Ix, Qx, Iy, and Qy (from top to bottom) for a system
with high value of deskew. It is visible that pulses of one polarisation are clearly misaligned
with the pulses of the second polarisation and there are minor discrepancies between I and Q
components of both polarisations. To fix this problem two approaches can be used. The first
one is less precise and can only fix polarisation deskew. It is based on introducing a digital
delay to one of the boards. The second approach is to use digital delay on the receiver side to
make small, precise changes. Figure 5.16,b shows a signal with minor deskew that was fixed
using the first approach. Additional delay values are introduced to all the channels except
channel 1 which was used as a reference. After the correct delay is set and the deskew is
minimised, one can move to the final step of the setting up of an optical communication link.

As the final step, a simple QPSK modulation format at 30 GBaud rate and a fast DSP
algorithm can be used for final optimisation of the bias. Figure 5.17,a shows constellations for
X and Y polarisation states for a QPSK signal that has high quadrature error of Y polarisation
and some I and Q bias errors of X polarisation. The bias voltage should be changed to
minimise the size of the constellation points of the constellation for X polarisation. The Y
polarisation signal suffers from high quadrature error (tilt of the constellation). When both of
the problems are fixed by changing the bias voltage and quadrature bias voltage, the clear
constellations are achieved for 30 GBaud QPSK signal (Figure 5.17),b.

Generally, the deskew minimisation step can be performed once after hard reset of the
setup, later only small changes to the bias voltage should be made to keep the constellation
in the right form. Next, three different transmission experiments of coherent signal enabled
by BDFAs in E-band are considered and discussed: 4 channel 50 GBaud SP QPSK signal
transmission through 60 km; 5 channel 30 GBAud DP 16 QAM signal transmission through
160 km; 143 channel transmission of 30 GBaud DP 16 QAM in ESCL- bands, with E-band
fully supported by BDFAs.

5.3.2 SP 50 Gbaud QPSK transmission through 60 km long SMF en-
abled by two BDFAs

The first out of three experiments of coherent transmission enabled by BDFA is single
polarisation 50 GBaud QPSK transmission through 60 km long SMF enabled by two BDFAs.
In this experiment, the amplifier from subsection 4.2 is used as a receive amplifier, and
the amplifier from section 4.3.1 is used as a booster amplifier. The experimental setup is
presented in Figure 5.18. The output optical signal from the TL operating in the spectral range
from 1340-1480 nm is modulated with a 50 Gbaud SP-QPSK signal by the I-Q modulator.
This signal will be referred to as data carrier channel later in the text. The booster BDFA is
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a)

b)

Fig. 5.16 Oscilloscope traces of Ix, Qx, Iy, and Qy (from top to bottom) for a system with
high value of deskew (a) and for a system with low level of deskew (b). Red arrow shows the
direction where the signal of Y polarisation should be moved to minimise deskew.

used to amplify the data carrier channel due to the high internal loss of the I-Q modulator
(14 dB). The specifics of the I-Q modulator is discussed in subsection 5.3.1. It is important
to note that in this section on single polarisation transmission is presented due to temporal
problems related to the transmitter and receiver polarisation skew. The methodology for how
to cope with this problem is also described in subsection 5.3.1. The booster amplifier is based
on the BDFA from subsection 4.3.1 that operates with only the forward LD with 300 mW
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a)

b)

Fig. 5.17 a) Constellations for X and Y polarisation states for QPSK signal that has high
quadrature error of Y polarisation and some I and Q bias errors of X polarisation; b)
constellations for X and Y polarisation states for QPSK signal that has low quadrature error,
and I and Q bias errors.

power to allow low NF discussed in subsection 4.3.1 and paper [63]. The detailed description
of this amplifier is not presented here as it has already been covered in subsection 4.3.1.
A VOA is used to adjust the power of the data carrier to that of the "dummy" channels.
Next, the data carrier signal is combined with an optical signal of the continuous wave laser
diodes in a 3 dB optical fibre coupler. The optical signal of four laser diodes operating at the
wavelengths of 1410, 1430, 1450, and 1470 nm is combined in a multiplexer (MUX) and
forms "dummy" channel signals. The total input signal power before the SMF is 8 dBm. The
transmission line is comprised of a 60 km long span of SMF, followed by another BDFA.
The receive BDFA has a bi-directional pumping scheme with total 700 mW pump power of
two pump laser diodes at 1320 nm to enable high gain and low NF operation. It is also the
amplifier extensively covered in subsection 4.2 and paper [63]. Figure 5.18 also shows the
input spectrum before the SMF and the output spectrum after the receive BDFA. Both spectra
are recorded from -20 dB coupler output. An OBPF at the receive side is used for filtering out
the signal. Due to sufficient gain of the amplifier (see Figure 5.19,a) no additional amplifier
is required in the receive line and another VOA is used to limit the signal to less than 6 dBm.
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Fig. 5.18 Setup of coherent transmission of SP 50 GBaud QPSK signal through 60 km of
SMF and BDFA. Input and output spectra from -20 dB coupler output are presented at the
top. BDFA-1: Booster BDFA; BDFA-2: receive BDFA.

After VOA, the signal passes to the coherent receiver where the signal is received with an 80
GSa/s, 36GHz bandwidth oscilloscope and processed by an offline digital signal processing,
as described in further detail in paper [124].

The gain and NF of the developed amplifier are measured by the methodology described
in Subsection 4.1.2 and are presented in Figure 5.19,a. However, during the gain and NF
measurement "dummy channels" are kept in the transmission to keep the conditions of
operation as close to the transmission experiment as possible. The amplifier features a
maximum gain of 29.8 dB with a 3 dB bandwidth of 35 nm for -15 dBm signal power. The
NF is as low as 5 dB and does not exceed 6.25 dB.

The transmission performance of the 50 Gbaud SP-QPSK signal is measured every 5
nm from 1415 nm to 1450 nm, except 1445 nm. Due to unavailability of an additional TL
that could be used for the local oscillator at 1445 nm, the measurement at this wavelength
is skipped. Even though tunable sources are available outside the 1415-1450 nm range,
measurements beyond the specified spectral region are not possible due to insufficient gain of
the receive BDFA. First, the back-to-back Q2 factor of the transreceiver setup is measured at
the desired wavelengths and is shown in Figure 5.19,b with black squares. This measurement
is performed without the 60 km SSMF span and the receive BDFA. The average Q2 factor in
the operating range is around 18 dB and has a very flat performance in the spectral range from
1415 to 1440 nm. The decreased performance at 1450 nm can be explained by a limitation of
the power of the LO that was only 3 dBm in comparison to 10 dBm for all other wavelengths.
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In the following subsections this dip no longer exists due to an improved setup that allows a
consistent power of LO at all wavelengths (see subsection 5.3.3 and subsection 5.3.4).
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Fig. 5.19 a) Spectra of the gain and NF of the receive BDFA; b) Spectra of Q2 factors for
B2B and single span measurements for SP-QPSK signal; c) Spectrum of the Q2 penalties for
SP-QPSK signal; d) SP-32-QAM constellations for B2B measurement (top) and single span
transmission measurement (bottom).

The spectrum of the Q2 factor after a single span of SSMF and BDFA amplification is
presented in Figure 5.19,b with red circles and is well above the HD-FEC limit of 8.5 dB for
QPSK. However, it shows a more significant spectral dependence than the B2B performance
which should be addressed. The Q2 factor penalties are presented in Figure 5.19,c showing
< 2 dB penalty in the spectral range 1420-1440 nm. The penalty increase at the edges of
the measurement corresponds to increased NF in these spectral regions. It is important
to highlight that the experiment is conducted using a trans-receiver system designed for
operation in C- and L-bands. The measurements are conducted without the use of any
extra recently reported techniques, such as nonlinear transmitter pre-distortion, that can
substantially improve the transmission performance in the E-band with the use of conventional
C+L equipment [127, 128]. In general, the penalty in the E-band is mainly attributed to
the low OSNR of the transmitted SP-QPSK signal due to imperfections of the transreceiver
system, and I-Q imbalance that are explained in aforementioned works. Nevertheless, the
output signal quality allows to achieve error-free transmission in the 1415-1450 nm spectral
band. The achieved results show a potential for BDFAs to be used for transmission of higher
order modulation format, transmission on longer distances (by using more BDFAs with more
pump power) and its use in multi-band transmission networks. In the next step, a longer
distance transmission with higher modulation formats case is considered.
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5.3.3 DP 30 GBaud 16 QAM transmission through 160 km long SMF
enabled by 3 BDFAs

In this next step the 5 channel transmission of DP 30 GBaud 16 QAM through 160 km
long SMF enabled by 3 BDFAs is considered. The results here are the record transmission
length for the coherent detection signal achieved in the E-band and one of the first coherent
transmission demonstrations enabled by a fully BDFA supported system [70, 85]. The
experimental setup of DP 30 Gbaud 16 QAM 5 channel transmission through 160 km of
SMF is presented in Figure 5.20,a. The coarse wavelength division multiplexing (CWDM)
grid consists of four "dummy" channels at 1411 nm, 1431 nm, 1451 nm, and 1470 nm.
The number of channels is limited by component availability rather than the fundamental
BFDA design as has been mentioned before. The data carrier signal is generated using a TL
operating from 1410 to 1460 nm in this experiment. The radiation of the TL is modulated by
a dual-polarisation IQ modulator (DP IQ Mod) driven by a DAC to achieve DP 30 GBaud 16
QAM modulation. The details of the transceiver are presented in subsection 5.3.1. The signal
after the modulator is amplified by the booster amplifier which is based on the setup described
in subsection 4.3.2. For the power equalisation of the data channel with the CWDM grid, a
VOA is used ahead of a 90/10 coupler. In the case of back-to-back (B2B) transmission the
signal after the coupler is directed to an OBPF, where the data carrier signal is filtered from
"dummy" channels. When the 160 km transmission is performed, the signal is directed into
another VOA that is used for total input power control (before the transmission line). After
the VOA, the signal is transmitted through a 80 km-long SMF, amplified by the in-line BDFA
(based on the amplifier described in subsection 4.3.1) and transmitted through another 80 km
long SMF. In both cases, after the data carrier filtering, the signal is amplified by the receive
amplifier (the amplifier described in subsection 4.2). The input power to the coherent receiver
is controlled by another VOA, and an external tunable laser operating from 1410-1460 nm is
used as a local oscillator for the coherent detection system. Channel reception is completed
by a standard set of 80 GSa/s, 36 GHz ADCs. The transceiver setup used for the coherent
detection in this work is described in detail in subsection 5.3.1. The DSP chain used for
analysis of the received signal has been previously described in detail in [124] and mentioned
in subsection 5.3.1.

The spectra of the signal channels at the different critical points of the transmission line
are presented in Figures 5.20,b-e. Figure 5.20,b shows the spectrum of the channels at the
input to the transmission line. The signal at 1440 nm is a data carrier. It has a lower power
level at the spectra due to higher bandwidth of the signal in comparison to the bandwidth
of the "dummy" channels, thus the average power per channel is kept the same for all the
channels. Figure 5.20,c shows the signal after transmission through the 80 km-long SMF.
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Fig. 5.20 a) The experimental setup of E-band 5 channel DP 30 Gbaud 16 QAM transmission
through 160 km SMF; The spectrum of the signal at the input to the transmission line (b),
after 80 km-long SMF (c), after the in-line amplifier (d), at the output of the transmission
line (e).

The intrinsic loss of the SMF is slightly higher at lower wavelengths, thus it leads to the
development of a tilt in the spectrum. The signal after the in-line BDFA is presented in
Figure 5.20,d. Amplification with the BDFA further distorts the spectrum due to bell-like
shape of the BDFA. After the amplification in the in-line BDFA the signal is transmitted
through another 80 km-long SMF and the signal spectrum at the output of the transmission
line is presented in Figure 5.20,e. Another span of SMF introduces extra attenuation of the
signal and further distorts the signal spectrum.

The schematic depiction of the used amplifiers is presented in Figure 5.21. All of the
amplifiers are optimised in terms of best performance of gain and NF using different pump
diode wavelengths based on the procedure described in subsection 4.4 . Each of the amplifiers
consists of active BDF, two isolators for unidirectional propagation of the signal, and two
TFF-WDMs for signal and pump radiation multiplexing. A set of pump diodes is used for
each amplifier to allow the best performance in terms of gain and NF. As only a limited
amount of pump laser diodes is available for BDFAs optimisation, the choosing of the pumps
is performed to achieve overall best performance with the following priority: in-line amplifier,
booster amplifier, receive amplifier. The booster BDFA is presented in Figure 5.21,a. It is
based on the 153 m-long piece of germanosilicate BDF described in subsection 4.3.2. The
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1260 nm (forward) and 1330 nm pump (backward) allow to achieve the lowest NF of 4.8
dB and the highest gain of 27.3 dB in the setup.The maximum total pump power is 900
mW in this experiment. The spectra of gain and NF of the booster BDFA are presented in
Figure 5.21,b. The BDFA also has a 46 nm 3 dB bandwidth.
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Fig. 5.21 The schematic of booster BDFA (a), in-line BDFA (c), receive BDFA (e); Spectra
of gain and NF of three amplifiers: booster BDFA (b), in-line BDFA (d), receive BDFA (f).

The in-line amplifier has the same schematic as the booster amplifier, however, it is based
on the fibre described in subsection 4.3.1. The pump laser diodes used for this setup are 1310
nm (forward) and 1330 nm (backward) pump diodes with total 900 mW pump power. These
diodes are used for bi-directional pumping of the fibre. The Bi-doped fibre is manufactured
to have the same geometric characteristics as the fibre of the booster, however, it is made of a
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different preform and has a length of 173 m. This amplifier has a maximum gain of 33.8 dB
and the achieved NF is the lowest and is equal 4.7 dB in comparison to the booster BDFA.
The spectra of gain and NF of the in-line BDFA are presented in Figure 5.21,d. Moreover,
the 3 dB bandwidth is also the highest of all three amplifiers and is equal 50 nm.

At last, the schematic of the receive amplifier is presented in Figure 5.21,e. It is based
on the 300 m long fibre which is presented in [63] and in subsection 4.2. The fibre has the
following characteristics: the core is 9 µm. The numerical aperture (NA) is 0.14, and the
cutoff wavelength is around 1.2 µm. The 1260 nm pump diode is used for forward pumping
and the 1310 nm pump diode is used for backward pumping. The amplifier has the maximum
gain of 28.3 dB, minimal NF of 5.3 dB, and 42 nm 3 dB bandwidth. The spectra of both gain
and NF are presented in Figure 5.21,f.

As all amplifiers have different performance, the choice of the amplifier for each of the
position in the setup was made based on the following criteria. To begin with, the in-line
amplifier was assigned: the amplifier with the highest gain and the lowest NF. Parameters
of this amplifier are especially important in multi-span or transmission loop measurements.
Next, the booster amplifier was chosen to have low NF and high enough gain to have sufficient
signal power at the input to the line. It is important to have low noise amplifier at the input of
the line, as SNR degrades quicker the higher the input noise is. Finally, the last amplifier was
assigned as a receive BDFA.
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Fig. 5.22 The spectra of the Q2 factor for back-to-back case (blue line with circles) and
transmitted signal (orange line with squares).

To perform the measurements across the desired spectral band the operation wavelength
of the input TL and the external LO TL are tuned accordingly. In this work, the six wave-
lengths are experimentally characterised: 1410, 1420, 1430, 1440, 1450, and 1460 nm. After
the wavelength is tuned, the first step is to perform the back-to-back measurement. The
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dependence of the Q2 factor on wavelength for the back-to-back case is presented in Fig-
ure 5.22 (blue line with circles). After the measurements of the back-to-back performance the
transmission line is assembled. The power at the input to the transmission line is controlled
with a VOA to allow studying the performance at different input powers per channel. The
dependence of the Q2 factor on the input power per channel for all six wavelengths under
test are shown in Figure 5.23.
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Fig. 5.23 The dependencies of the Q2 factor of the transmitted signal on the input power per
channel at 1410 nm (a), 1420 nm (b), 1430 nm (c), 1440 nm (d), 1450 nm (e), 1460 nm (f).

Generally, the change of the Q2 factor with the input power per channel has the following
pattern: the Q2 factor grows with an increase of input power per channel until an optimal
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level is achieved (the input power per channel with the highest Q2 factor achieved for
this wavelength); after the optimal level, the Q2 factor decreases with the increase of the
input power per channel due to the nonlinear effects that lead to increased nonlinear signal
distortion. The Q2 factor dependence on the input power per channel at 1410 nm is only
recorded within linear regime before an optimal point due to the power limitations (not
high enough gain of all amplifiers and increased intrinsic loss of the SMF fibre in the lower
wavelength region due to water peak absorption). All measurements (except the one at
1410 nm) are performed to determine the optimal input power per channel for this particular
transmission setup. The input power per channel is calculated from the recorded spectra
and power meter measurements at the input to the transmission line. The spectra are used
to calculate a portion of the input power dedicated to the data carrier channel. The optimal
input power per channel is around -4 dBm for 1420 nm, then it decreases up to -6 dBm for
1430 nm, then it goes up to -5 dBm, -4 dBm, and 0 dBm for 1440 nm, 1450 nm, and 1460
nm, respectively. Such a substantial variation of the optimal input power per channel for
all the wavelengths can be explained by several factors: non flat gain and different additive
noise of the amplifiers, increased loss and decreased nonlinearity of SMF on the left hand
side of the spectrum.
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Fig. 5.24 a) Spectra of Q2 factor penalty between back-to-back and transmission over 160
km of DP 30 GBaud 16 QAM channel; b) spectra of the polarisation Q2 factor penalty.

As the next step, the back-to-back performance of the setup is compared to the trans-
mission results. The dependence of the Q2 factor at the optimal input power per channel on
the wavelength is presented in Figure 5.22 as the orange line with squares. Both B2B and
160 km transmission performance follow a similar trend: a significant degradation of the
performance towards lower wavelengths. The difference between the back-to-back and trans-
mission performance (Q2 factor penalty) is presented in Figure 5.24,a. Both back-to-back
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and transmission performance are improved with the increase of the wavelength of the signal
(Figure 5.22). This can be mostly explained by the fact that a C-L optical transceiver and
receiver have been used in this work and worse NF performance of the amplifiers at the lower
wavelengths. The problem of performance degradation of C+L equipment in S-band and
beyond has been addressed in the following papers by Emmerich [129] and di Rosa [130].
Mostly, such degradation can be explained by an I/Q imbalance of the optical transceiver at
lower wavelengths and both I/Q and polarisation imbalances of the optical hybrid used in the
experiment.

The polarisation imbalance (difference between average X and Y Q2 factor values at
each wavelength) is recorded in terms of Q2 factor penalty between X and Y components
and is presented in Figure 5.24,b. There is a significant increase of the impairment at the
1410 nm signal wavelength. This can be explained by limitations of the used optical hybrid
optimised for operation in C+L bands. As an improvement to the setup for future experiments
it is possible to use tunable optical hybrids whose performance can be adjusted for better
performance in different optical bands. To achieve almost error-free transmission a specific
level of the BER should be achieved in the setup pre-FEC, and, generally, measurement
of the pre-FEC BER is enough to predict post-FEC BER. The 2.7 ∗ 10−2 pre-FEC BER
corresponding to the 5.7 dB Q2 factor is achieved for all powers and wavelengths in the
experiment. This pre-FEC BER has been shown to be corrected to 10−15 and below using
soft-decision FEC with 20% overhead [131].

Finally, it is important to discuss the results of the Q2 factor penalty achieved in the
E-band. The maximum penalty is 4.5 dB at 1460 nm and the lowest penalty is 3.2 dB at
1420 nm. There is no clear tendency of the Q2 factor penalty dependence on wavelength
in E-band due to the complexity of the system and a big number of factors that impact the
performance of the setup in their own way. However, it is insightful to address the impacts of
various factors at different wavelengths. First of all, the shorter wavelength region suffers
from high optical loss, relatively low gain, high NF and the increased polarisation or I/Q
imbalance. it should be noted, that the OSNR of the signal at the output of the amplifier is
determined not only by the NF but also by input signal (lower input signal leads to lower
OSNR). Thus, if we have higher loss and smaller signal at the input to the amplifier, the
output OSNR will be lower. Longer wavelengths feature both increased dispersion and low
gain. However, the impact of the dispersion in relative short coherent detection systems are
negligible. On the other hand, transmission in this region benefits from lower loss, NF, and
transceiver-receiver induced penalties. The dominating factor for an increased penalty in the
region of 1430-1440 nm is, perhaps, nonlinearity due to increased gain and Kerr nonlinearity
in this region. The use of a gain-flattening filters might potentially improve the performance
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of the transmission line by significantly decreasing the nonlinearity in the 1430-1440 nm
range. However, the BDFAs should potentially be improved more in terms of NF at the lower
wavelengths (< 1430 nm). Another potential factor contributing to the performance of the
system at shorter wavelengths is the responsivity of the photodiodes. The responsivity of
the photodiodes used in this work were not measured, however, they are made of InGaAs,
and the typical values of responsivity of the InGaAs photodiodes can be used [123]. Such
photodiodes’ responsivity typically falls down from the C-band toward lower wavelengths.
The typical responsivity of the InGaAs is presented in Figure 5.7. Next, let us consider a case
of wideband transmission using both BDFA and Raman amplifiers as in-line amplifiers and
compare the performance of the optical transmission line in the E-, S-, C-, and L-bands.

5.3.4 Wideband DP 30 GBaud 16 QAM transmission through 70 km
long SMF enabled by hybrid Raman and BDFA

The schematic of the ESCL-band amplifier is presented in Figure 5.25. It comprises two
separate optical paths, with a BDFA operating in the E-band and a dual-stage DRA operating
in the SCL-bands. These bands are separated by a filter WDM (FWDM), with transmission
and reflection bands of 1410-1457 nm and 1470-1620 nm. After band-splitting, the E-band
signal follows the upper path in Figure 5.25 passing via an isolator to a 300 m long Bi-doped
fibre that is bi-directionally pumped via a pair of WDM couplers by two pump diodes at
1260 nm (forward) and 1310 nm (backward). Additionally, two isolators are used to ensure
unidirectional propagation of the signal. The Bi-doped fibre used in this paper is the one
reported in [63]. The SCL-band signal follows the lower path in Figure 5.25 where the first
stage of the amplifier targets S-band amplification, and consists of an isolator, a 7.5 km-long
inverse dispersion fibre (IDF), a WDM, a pump combiner and three pump diodes at 1365 nm,
1385 nm, and 1405 nm. The second stage amplifies the C- and L-bands and consists of the
same set of components with the exception of the pump combiner and pump laser diodes at
1425 nm, 1445 nm, 1464 nm, 1485 nm, and 1508 nm [31]. Finally, both amplified signals
are combined with 1410-1457nm/1470-1620nm FWDM. The Raman amplifier presented
here is a result of the work of my fellow PGR student and colleague Mr Pratim Hazarika,
thus, this amplifier is discussed in details in his thesis work.

The measured gain and noise figure (NF) of the amplifier are presented in Figure 5.26,
showing a maximum gain of 18 dB and a minimum NF of 5.9 dB. The E-band BDFA was
pumped at only 200 mW to enable matching gain with the DRA. The reduced gain at 1460
nm is explained by the lower efficiency of the BDFA in this region at this relatively low
pump power level. The minimum of the NF is at 1450 nm which corresponds well with the
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Fig. 5.25 Experimental setup E-,S-,C-,L-band amplifier enabled by active Bi-doped fiber and
discrete Raman amplification.
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Fig. 5.26 Gain and NF spectra of the developed hybrid E-,S-,C-,L-band amplifier enabled by
active Bi-doped fiber and discrete Raman amplification.

behaviour reported previously [63]. The DRA has increased gain in the S-band except gain
in vicinity of 1470 nm and 1520 nm due to high attenuation values, inter-stimulated Raman
scattering (ISRS) power transfer to the C and L band signals, and limitations of the pump.
The NF was found to be lowest in the C-band with a minimum value of 5.9 dB NF. The DRA
has a flat gain (with variations less than 3dB) from 1520 nm to 1605 nm with an average gain
of 13 dB covering the entire C and L bands.

The setup of the data transmission experiment is presented in Figure 5.27. The E-, S-,
C-, L-band WDM grid consists of 143x100 GHz ASE-emulated channels in the S-, C-, and
L-bands, plus three E-band laser diodes at wavelengths of 1411 nm, 1432 nm, and 1451
nm (see Figure 5.28,a,b,c). The S-band channels (1470-1520 nm) are generated using a
supercontinuum source and a commercial wavelength selective switch (WSS) for channel
spacing and flattening followed by a thulium doped fibre amplifier (TDFA). There are also
two guard bands of 4 nm and 6 nm around each of the longest wavelength pumps at 1485
nm and 1508 nm, respectively. The S-band channels are combined together with a flat
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Fig. 5.27 Experimental setup of a B2B and transmission experiment.

channelised C and L-band ASE noise extending out to 1608 nm, generated using C and
L-band EDFAs and two WSSs for equalisation and flattening.

The data carrier signal is generated using different tunable lasers operating from 1410 to
1605 nm, which are modulated by a dual-polarisation IQ modulator (DP IQ Mod) driven by
a digital-to-analog converter (DAC) to achieve a 30 GBaud 16 QAM signal. The signal after
the modulator is amplified by a booster amplifier (in-house BDFA for E-band, commercial
TDFA for S-band, and commercial EDFAs for C- and L-bands). For power equalisation of
the data channel with WDM grid, a variable optical attenuator (VOA) is used ahead of a
90/10 coupler.

As the WDM grid is dense in S-,C-,L- bands, the WDM channel corresponding to the
data carrier signal is turned off by WSS to avoid channel overlap. In the case of back-to-back
(B2B) transmission the signal then is directed to an optical bandpass filter (OBPF), where
the data carrier is filtered. When the transmission is performed, the signal is directed into
a 70 km-long SMF-28 fibre and then amplified by the developed hybrid MB amplifier. In
both cases, after the data carrier is filtered by OBPF it is amplified by an appropriate receive
amplifier, similarly to the booster. The input power to the coherent receiver is controlled by
another VOA, and a set of external tunable lasers operating from 1410-1605 nm is used as
a local oscillator for the coherent detection system. Channel reception is completed by a
standard set of 80 GSa/s analog-to-digital converters (ADCs). The digital signal processing
(DSP) chain used for analysis of the received signal has been described previously [124].

The recorded results of the transmission experiment are presented in Figure 5.29. The
wavelength dependence of the Q2 factor of a DP 30 GBaud 16 QAM signal is recorded
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Fig. 5.28 Spectra of the WDM grid and E-band data carrier signal at 1457 nm at (a) input to
the span, (b) end of the span, (c) after the amplifier.

by tuning the wavelength of the tunable lasers (signal and local oscillator) across 195-nm
bandwidth from 1410 to 1605 nm. The wavelength dependencies of the Q2 factor (average
between X and Y) for B2B and 70 km-long transmission are presented in Fig. 5.29,a.
The Q2 factor was calculated from the signal-to-noise ratio obtained from the recovered
constellations [120].

The transmission performance of the DRA in the L-band features a Q2 factor penalty
no higher than 2.2 dB and the lowest Q2 factor penalty for the whole DRA of just 1 dB
(see Figure ??,b). The C-band shows the best B2B performance achieved in the experiment
enabled by commercial EDFAs. The DRA has the maximum Q2 factor penalty of 1.7 dB in
this region. The B2B performance in the S-band shows similar performance to the L-band.
However, a noticeable decrease of the S-band B2B performance at around 1470 nm is due
to the relatively high NF of the TDFA in this region. The performance of the DRA in the
S-band has a maximum penalty of 3.3 dB and the minimum of 2 dB. The substantial increase
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of the Q2 factor penalty at 1470 nm can be explained by the high NF of the DRA at this
wavelength of operation.
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Fig. 5.29 a) Wavelength dependency of the Q2 factor for B2B case and 70-km long transmis-
sion; b) wavelength dependency of Q2 factor penalty between B2B case and transmission
(blue line with circles) and X and Y polarisation Q2 factor imbalance (orange line with stars).

The E-band B2B measurement was enabled by two in-house-made BDFAs that are the
BDFA-2 and BDFA-3 from Section 4.3. The general B2B performance level is similar to the
L-band case. However, there is a significant decrease of the performance at 1410 nm. This can
be explained by substantial limitations of the optical hybrid, in terms of polarisation balance
starting at 1420 nm. The X and Y polarisation imbalance penalty is presented in Figure 5.29,b.
The polarisation imbalance was measured as a difference between the average performance
of the system in terms of Q2 factor for X and Y polarisation. There is a significant increase
of the X and Y impairment below 1430 nm. The commercial optical hybrid, transceiver and
optical photodiodes used in this experiment were optimised for operation in the C- and L-
optical bands. Despite the limited operation bandwidth, the X-Y impairment is lower than 2.5
dB in the whole region from 1430 to 1605 nm. The E-band transmission features the lowest
Q2 factor penalty of just 0.5 dB. Otherwise, the general performance of the in-line BDFA is
similar to C- and L- band DRA. The increase of penalty towards 1410 nm is explained by
both rising NF and decreasing gain of the amplifier. Based on the discussed results, here we
report one of the record transmission bandwidths for coherent transmission lines with 195
nm and total of 34.2 Tbits/s (2 x 4 bits x 30GBaud x 143 channels) [132–134].
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5.4 Summary

5.4 Summary

In this chapter the description of the main quality metrics for both IM/DD and coherent
signals were presented. The setup descriptions of both IM/DD and coherent systems were
provided along with the procedure for their control and set up. The developed BDFAs were
used to demonstrate 4 channel IM/DD transmission through 160 km of 10 Gbit/s OOK
NRZ signal which was the record transmission distance for IM/DD system in E-band. An
in-depth study of the coherent transmission systems enabled by developed BDFAs was
performed. It included two separate experimental works. A 60 km long transmission of 50
GBaud SP QPSK supported by 2 BDFAs was performed first. Then a 4 channel E-band
30 GBaud 16 QAM transmission over 160 km supported by 3 BDFAs was demonstrated.
The transmission quality was characterised and the performance degradation factors were
appropriately discussed. The main factors are: sensitivity of the photodiodes, limitation
of the optical hybrid and the optical modulator. The record bandwidth transmission of the
coherent signal in E-S,C-L bands was demonstrated. The transmission was supported by
developed BDFAs and DRA discussed in details in the PhD thesis of Dr Pratim Hazarika.
The signal consisted of DP 143 30 Gbaud 16 QAM channels and is transmitted through 70
km of SMF. The main conclusion of this thesis is that the BDFA is a reliable lump amplifier
that can effectively be used as an in-line, booster, or receive amplifier.
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Chapter 6

Discussion, future work and conclusion

In this thesis, it has been shown that BDFAs are a robust and flexible solution for expanding
the capacity of optical communication networks. In particular, a lot of attention has been paid
to the development and utilisation of E-S-band BDFAs based on low-germanosilicate fibre.
The expansion towards E-band and lower S-band allows to not only widen the bandwidth
of the already deployed network with minimal impact on the already deployed C and L-
bands due to minimal SRS from E-band towards C-band, but also to develop ulta-wideband
communication networks (with bandwidths more than 200 nm) enabled by the combination
of BDFAs with other amplifiers.

Three BDFAs based on low-germanosilicate Bi-doped fibre for operation in E- and S-
bands were developed. The record characteristics for single-stage BDFA have been achieved
with a 173 m-long BDF-based BDFA. The developed amplifier features a maximum gain of
40 dB, the lowest NF of 4.7 dB, and the maximum PCE of 38%. One of the most important
amplifier parameters is PCE due to high requirements from optical network providers.
However, the achieved PCE shows a great potential for E-band BDFAs to be next in line
for the upgrade of optical communication networks, as it is twice as high as L-band BDFA
and almost as big as the PCE of C-band BDFAs with 50%. In future work, multi-stage and
multi-band BDFAs are planned to be studied. Such BDFAs can achieve even higher PCE and
better gain flatness. Moreover, a BDFA can be combined with a C-band EDFA to achieve a
wideband E-S-C-band amplifier [135].

In terms of data transmission, a number of experiments have been performed to proved
E-S-band BDFA applicability for both IM/DD and coherent data transmission. As the first
step, the record transmission in E-band was performed with four 10 Gbit/s NRZ OOK
channels in E-bands supported by two developed BDFAs to allow to expand the distance
from the previous record of 80 km to 160 km. As E-S-band BDFA seems to be a solution for
network capacity increase for long-haul and metro networks, it was important to demonstrate
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a coherent transmission enabled by BDFA. A coherent transmission of 5 SP 50 GBaud QPSK
channels was transmitted through 60 km of SSMF. This work was the first-ever demonstration
of coherent transmission enabled by a BDFA. Later, a transmission of five DP 30 GBaud
16 QAM channels over 160 km enabled by three developed BDFAs was performed. This
experiment showed a record coherent data transmission for E-band. Finally, a multi-band
(E-S-C-L-bands) experiment of a DP 143x30 Gbaud 16 QAM signal transmission over 70 km
was demonstrated. The amplifier used for this experiment was developed to combine BDFA
in E-band and DRA in S-C-L-bands. The quality of the transmission was appropriately
analysed in terms of the BER for the IM/DD experiment the and Q factor for the coherent
transmissions.

The first approaches in modelling of BDFAs have been made based on conventional
rate equation modelling and neural-network-based approaches for modelling of BDFA as
a "black box". As the concentration of the Bi-related centres is too small to be detected by
conventional measurement methods, it is still a matter of correct retrieval of the concentration
using, for instance, convergence methods. The proposed method showed allowed to achieve
the unknown parameters like absorption and emission cross sections of the signal and
pump, lifetime and BACs concentration. The model was used to predict a single channel
amplification in the spectral range 1384-1480 nm and for three different input signal powers.
However, the retrieved parameters depended highly on the initial guesses indicating that
an alternative approach should be proposed for retrieval of the parameters or modelling
of BDFAs as black boxes. The NN-based approach has been proposed to map the input
BDFA parameters (signal power, signal wavelength, and pump powers) with output BDFA
parameters (wavelength dependent gain and NF). The model was studied with different
types of data sets and their sizes for a case of four channel amplification (1430 nm, 1450
nm, 1470nm, and 1490 nm). Even though a randomly distributed data set showed a good
performance in the boundaries of the measurement with the maximum absolute error EMAX

less than 1 dB, the model was not used to predict BDFA performance beyond the data
set range. Performing the modelling to predict the performance of BDFAs beyond the
measurement range seems to be a natural next step to prove that the NN approach can be
used for modelling of BDF-based systems.

The results presented in this thesis show an excellent performance of BDFAs and their
high compatibility with already deployed optical components. Moreover, BDFA performance
seems better than other natural competitors like SOAs, NDFAs, and DRAs, however, BDFAs
are not yet well studied to allow a robust and reliable method of modelling of BDF-based
systems which is the crucial part of optimisation of any optical amplifier. Alternative
approaches should be proposed and studied to enable maximisation of BDFAs’ performance.
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Unfortunately, WSS or optical cantilevers are not commercially available yet, thus, a full
WDM transmission experiment in E-band was not performed. This experiment is a crucial
part of proving that E-band transmission enabled by BDFAs will minimally effect already
deployed C-L systems. At last, the final challenge associated with BDFA is fibre length.
Even though the progress of the fibre quality is visibly being made (5 years ago, 30 dB gain
was achieved with 300 m fibre; today, 40 dB gain can be achieved with 173 m fibre), this
fibre length still seems to be too long for a full ITU-T item size compatibility. To conclude,
BDFAs have shown a great progress in recent years, and they seem to be a perfect candidate
for expanding optical communication networks. However, BDFAs still require some crucial
steps to become mature enough to be implemented in commercial communication networks.
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Appendix A

Rate equations for three level system

Let us first consider the three-level system and derive atomic rate equation for such a system
to analyse the main physical effects underlying behind the process of amplification in such a
medium. The energy level diagram is presented in Fig. A.1. The level 1 in such a system is
always a ground level and has the lowest energy of all three level shown in the figure. The
second level is metastable level that is characterised by the level lifetime τ which should
be significantly higher than that of the level 3 which is called a pump level. The emission
transition takes places in between level 2 and level 1.
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Fig. A.1 Energy level diagram of a basic three-level system, where the laser transition occurs
between ground level 1 and metastable level 2. The symbols R, W, and A correspond to
pumping rates, stimulated emission rates, and spontaneous decay rates between related levels;
superscript R and NR referrer to radiative and nonradiative emission, respectively.

Let us now consider that the pump radiation satisfies the condition hν = E3 −E1 (where
h is the Planck’s constant, E3 is the energy of the pump level, and E1 is the energy of the
ground level) and propagates in the three-level medium with all electrons being on the
ground level. The probability of pump radiation to be absorbed in the media or to cause
stimulated emission of the other photon are described by the pumping rate R13 and stimulated
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emission rate R31. Now when the pump radiation is absorbed, some of the electrons are
on the pump level and there are two main possibilities to decay, i.e. radiative with rate
AR

3 = AR
32 +AR

31 and nonradiative with rate ANR
32 . The spontaneous decay from the level 3 is

assumed to be predominantly nonradiative. After the electrons descend to the metastable
level due to nonradiative transition they can further transfer to the ground level through the
nonradiative (rate ANR

21 ) and radiative (rate AR
21) decay and stimulated emission of the excited

state (rate W21). On the other hand, electrons from the ground level might be transferred to
the metastable level with absorption rate W12. For the metastable level the spontaneous decay
is essentially radiative. If we now introduce a variables N = N1 +N2 +N3, which describe
the total and population densities in the matter, we can write the atomic rate equations
corresponding to these population:

δN1

δ t
=−R13N1 +R31N3 −W12N1 +W21N2 +A21N2, (A.1)

δN2

δ t
=W12N1 −W21N2 −A21N2 +A32N3, (A.2)

δN3

δ t
= R13N1 −R31N3 −A32N3. (A.3)

If we then consider a steady state regime where all the population levels are time inde-
pendent, i.e. dNi/dt = 0 (for i=1,2,3), and we include a = R31 +A32 and b =W21 +A21, we
then obtain following equations from the equations (2)-(3):

0 =W12N1 −bN2 +A32N3, (A.4)

0 = R13N1 −aN3. (A.5)

If we now replace N3 = N −N1 −N2 in the above expressions and solve for N1 and N2:

N1 = N
ab

b(a+R13)+aW12 +R13A32
, (A.6)

N2 = N
R13A32 +aW12

b(a+R13)+aW12 +R13A32
, (A.7)

If we then replace the definitions of a and b, factorise term A21A32, and assume that the
nonradioative decay rate A32 dominates over the pumping rates R13,R31, eqs. (A.6)-A(A.7)
yield:

N1 = N
1+W21τ

1+Rτ +W12τ +W21τ
, (A.8)
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N2 = N
Rτ +W12τ

1+Rτ +W12τ +W21τ
, (A.9)

where R =R13. Above results show that N3 = N −N1 −N2 = 0, thus the pump level
population is negligibly small due to predominance of nonradiative decay A32. The equations
(8) and (9) are the central equations for calculations of the fibre gain coefficients in three-level
system. Let us now write remaining equations that describe the propagation of the signal,
pump,and noise beams through the fibre:

dPs

dz
= PsΓs(σseN2 −σsaN1)−αsPs, (A.10)

dPp f

dz
=−Pp f Γp(σpeN3 −σpaN1)−αpPp f , (A.11)

dPpb

dz
= PpbΓp(σpeN3 −σpaN1)+αpPpb, (A.12)

dPn f

dz
= Pn f Γs(σseN2 −σsaN1)+2σseN2Γshνs∆ν −αssn f , (A.13)

dPnb

dz
=−PnbΓs(σseN2 −σsaN1)−2σseN2Γshνs∆ν +αssn f , (A.14)

where αs and αp are loss coefficients for signal and pump wavelength, respectively, and ∆ν

is spectral bandwidth of the noise. Here 2hνs∆ν is the contribution of spontaneous emission
from the metastable level.
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Appendix B

Rate equations for two level system

In many cases the lack of ions excited to the 3 energy level of 3-level system allows one to
simplify three level system to two level system. Some of the doped ions are behaving as
two-level systems or close to two level systems. As a first step let us consider a classical
two-level system depicted in Figure B.1. The transitions R12 and W12 represent the absorption
of the pump and signal, respectively. on the other hand both stimulated and spontaneous
transition from the upper level can occur and are described by rates R21, W21 and A21.
Typically spontaneous decay at the pump wavelength is negligibly low or it will be effectively
reabsorbed by the neighbouring ions.
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Fig. B.1 Energy level diagram of a basic three-level system, where the laser transition
occurs between ground level 1 and pump level 2. The symbols R, W, and A correspond
to pumping rates, stimulated emission rates, and spontaneous decay rates between related
levels; superscript R and NR referrer to radiative and nonradiative emission, respectively.

As the next step the rate equations for two-level system can be written as following:

δN1

δ t
= R21N2 +W21N2 −W12N1 −R12N1 +A21N2, (B.1)

N2 = N −N1. (B.2)
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If we then consider a steady state regime where all the population levels are time inde-
pendent we can achieve the following set of equations:

a =
σpaΓp

hνpSp
(Pp f +Ppb)+

σsaΓs

hνsSs
(Ps +Pn f +Pnb), (B.3)

b =
σpeΓp

hνpSp
(Pp f +Ppb)+

σseΓs

hνsSs
(Ps +Pn f +Pnb)+A21, (B.4)

N1 =
bN

a+b
, (B.5)

N2 = N −N1. (B.6)

where σsa, σse, σpa correspond to signal absorption cross section, signal emission cross
section, and pump absorption cross section, respectively; Γs and Γp are the overlap integral
between the erbium ions and the optical mode of signal and pump, respectively; νp and νs

are frequency of pump and signal, respectively; Sp and Ss are the effective mode areas of
the pump and the signal, respectively; Pp f is the power of the pump propagating forward
in Watts, Ppb is the power of the pump propagating backward in Watts, Ps is power of the
signal in Watts, Pnb is the power of the noise propagating backward in Watts, Pn f is the power
of the noise propagating backward in Watts. The same set of equations should be used for
calculation of the radiation propagation. as for three level system with the correct transition
levels:

dPs

dz
= PsΓs(σseN2 −σsaN1)−αsPs, (B.7)

dPp f

dz
=−Pp f Γp(σpeN2 −σpaN1)−αpPp f , (B.8)

dPpb

dz
= PpbΓp(σpeN2σpaN1)+αpPpb, (B.9)

dPn f

dz
= Pn f Γs(σseN2 −σsaN1)+2σseN2Γshνs∆ν −αssn f , (B.10)

dPnb

dz
=−PnbΓs(σseN2 −σsaN1)−2σseN2Γshνs∆ν +αssn f , (B.11)

where αs and αp are loss coefficients for signal and pump wavelength, respectively, and ∆ν

is spectral bandwidth of the noise. Here 2hνs∆ν is the contribution of spontaneous emission
from the metastable level.

It is worth noting that the equation boundary-value problem for the two level system
remains mathematically the same if we multiply ion concentration and lifetime by some
constant and divide emission and absorption cross-sections by the same constant. To prove
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this concept, first equation B.3 and equation B.4 can be represented as:

anew =
σpaΓp

khνpSp
(Pp f +Ppb)+

σsaΓs

khνsSs
(Ps +Pn f +Pnb) =

a
k
, (B.12)

bnew =
σpeΓp

khνpSp
(Pp f +Ppb)+

σseΓs

khνsSs
(Ps +Pn f +Pnb)+

A21

k
=

b
k
, (B.13)

where k is the constant that cross sections are divided by and lifetime and concentration are
multiplied by. It should be reminded that A21 = 1/τ21. As the next step the values of anew
and bnew should be used for calculation of N1 and N2:

N1new =
kNb/k

a/k+b/k
= kN1, (B.14)

N2new = kN − kN1 = kN2. (B.15)

Finally obtained values can be used to show that the equations B.7-B.11 has the same
solution. The equation B.7 is show as an example, however, all other equations have the
similar behaviour:

dPs

dz
= PsΓs(kN2σse/k− kN1σsa/k)−αsPs = PsΓs(N2σse −N1σsa)−αsPs. (B.16)
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Appendix C

Rate equations for four level system

Let us now consider a four-level system which energy-level diagram is presented in Figure C.1.
The energy system consists of ground level 1 with the lowest energy, pump level 4 has the
highest energy and it usually features short level lifetime provided by fast nonradiative decay
from level 4 to level 3. Level 3 in four-level system is a metastable level with long level
lifetime. Laser transitions can occur between metastable level and both lower levels 2 and
1. However, in most cases the transition between levels 3 and 1 are undesirable i.e. for
Nd-doped fibre (see Subsection 2.4.3). Level two is a typical lower level to achieve efficient
laser transition due to small lifetime of such a level provided by a short lifetime and a fast
nonradiative decay to the ground level.
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Fig. C.1 Energy level diagram of a basic four-level system, where the laser transition occurs
between level 2 and metastable level 3. The symbols R, W, and A correspond to pumping rates,
stimulated emission rates, and spontaneous decay rates between related levels; superscript R
and NR referrer to radiative and nonradiative emission, respectively.

As the next step the general rate equations for population densities of a four-level system
can be written as following:
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δN1

δ t
=−R14N1 +R41N4 +W31N3 −W13N1 +A31N3 +ANR

21 N2, (C.1)

δN2

δ t
=W32N3 −W23N2 −ANR

21 N2 +AR
32N3, (C.2)

δN3

δ t
=W13N1 −W31N3 −AR

31N3 −AR
32N3 −W32N3 +W23N2 +A43N4. (C.3)

δN4

δ t
= R14N1 −R41N4 −AR

41N4 −A43N4. (C.4)

Here the symbols R, W, and A correspond to pumping rates, stimulated emission rates,
and spontaneous decay rates between related levels; superscript R and NR referrer to radiative
and nonradiative emission, respectively. The equations (C.1-C.4) can be simplified similarly
to two-level or three-level system, however, the necessary terms highly depend on the active
media and host material that is used for propagation. Thus, these simplifications are not
presented here. The equations for signal, pump and noise propagation in case of suppressed
transitions between levels 31 yield:

dPs

dz
= PsΓs(σseN3 −σsaN2)−αsPs, (C.5)

dPp f

dz
=−Pp f Γp(σpeN4 −σpaN1)−αpPp f , (C.6)

dPpb

dz
= PpbΓp(σpeN4σpaN1)+αpPpb, (C.7)

dPn f

dz
= Pn f Γs(σseN3 −σsaN2)+2σseN3Γshνs∆ν −αssn f , (C.8)

dPnb

dz
=−PnbΓs(σseN3 −σsaN2)−2σseN3Γshνs∆ν +αssn f , (C.9)

These equations can be solved in the same manners as equations for two-level and three-
level systems along with the equations for population densities. This procedure is described
in the next Appendix D.
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Appendix D

Numerical methods for solving Boundary
value problems

In this section numerical methods that are used to solve boundary value problems of radiation
propagation in active fibre is considered. These equations are ODEs, and the most convenient
and accurate method to solve ODE is 4th order Rhunge-Kutta method. As a first step, the
segment of the fibre with length L should be spatially divided into n segments, yielding
longitudinal step h = L/n. Then the boundary conditions should be appropriately chosen as
presented in the Table D.1.

Table D.1 Initial and Boundary Conditions

Initial and Boundary Condition Explanation
Ps(0) = Ps Initial condition for signal power [W]
Pp f (0) = Pp f Initial condition for forward pump power [W]
Ppb(L) = Ppb Boundary condition for backward pump [W]
Pn f (0) = Pn f Initial condition for forward ASE noise [W]
Pnb(L) = Pnb Boundary condition for backward ASE noise [W]

The algorithm that advances Pi(z) to Pi(z+h) in a spatial step h, where Pi is any of the
signal, pump or noise powers (with i corresponding to the abbreviations "s" for signal, "nf"
for noise forward, "nb" for noise backward, "pf" for pump forward, "pb" for pump backward)
can be presented as following:

k1i(z+h) = hPi(Ps(z),Pp f (z),Ppb(z),Pn f (z),Pnb(z)), (D.1)

k2i(z+h) = hPi(Ps(z)+
k1s

2
,Pp f (z)+

k1p f

2
,Ppb(z)+

k1pb

2
,Pn f (z)+

k1n f

2
,Pnb(z)+

k1nb

2
),

(D.2)
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k3i(z+h) = hPi(Ps(z)+
k2s

2
,Pp f (z)+

k2p f

2
,Ppb(z)+

k2pb

2
,Pn f (z)+

k2n f

2
,Pnb(z)+

k2nb

2
),

(D.3)
k4(z+h) = hP(Ps(z)+k3s,Pp f (z)+k3p f ,Ppb(z)+k3pb,Pn f (z)+k3n f ,Pnb(z)+k3nb), (D.4)

Pi(z+h) = Pi(z)+
k1i

6
+

k2i

3
+

k3i

3
+

k4i

6
. (D.5)

Following equations should be consistently solved for each of signal, pumps and noise
propagating in both forward and backward and fibre step along with equations for appropriate
level populations (depending on the number of energy levels of the active centres) which
also should be solved for every segment of the fibre. However, as the equations should be
solved to agree not only with initial but boundary conditions, another numerical technique
should used. There are two main methods to solve boundary-value problem: the shooting
method and relaxation method. The relaxation method is a trial and error approach, where
the unknown boundary is first guessed. At first the interval for the initial guess is determined,
and the guess is corrected in each iteration until the desired convergence is obtained. Using
the initial guess, the final power based on the guess at z = L is obtained by numerical solution,
with Pnum and the desired power from boundary conditions with Pgoal . The iteration should
be continued until the desired convergence is obtained. In the shooting method, the initial
guess is given a certain value, which is based on two or three random guesses. On the other
hand, the relaxation method makes iterative adjustment to the solution. In this method, an
initial set of boundary value is chosen for the first integration. Then, the system is integrated
again, for instance in the reverse direction, using correct boundary values. The relaxation
method offers many possibilities for solving the rate equations.

Here the relaxation method was chosen because of versatility and high accuracy. As a
first step, the set of equations is simplified to be solve only for the function with determined
initial conditions: signal power, forward pump power, and forward noise power. After
these equations are consistently solved for each fibre segment, and the solution at the end
of the fibre are known,the equations for bi-directional signal, pump and noise propagation
can be solved in reverse direction using calculated values of the signal power, the forward
pump power, the forward ASE power at the end of the fibre, and boundary conditions of
the backward pump power and the backward ASE noise as initial conditions for reverse
equations. To write down the reverse equations the right-hand side of each equation should be
multiplied by minus one. By doing such a calculation the initial conditions for the backward
pump power, the backward ASE noise can be found and, thus, the forward calculation of all
5 equations can be processed.

In order to improve the accuracy, the set of equations is then solved back and forth (i.e
from z = 0 to z = L, and then from z = L to z = 0) using the quasi-solution for unknown
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initial or boundary conditions. With this algorithm, convergence towards the actual solutions
can be achieved, due to a particular property of the rate equations involved. Using this
quasi-solutions as a boundary condition for the next iteration from z = 0 to z = L yields a
more accurate solution for all functions. Each roundtrip refines the mutual saturation effect
and increases the accuracy of the solutions. The iterations of this back and forth routine is
halted when the difference between the successive solutions is less than 10−7.
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