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The project consists of an experimental and numerical modelling
study of the applications of ultra-long Raman fibre laser (URFL)
based amplification techniques for high-speed multi-wavelength opti-
cal communications systems. The research is focused in telecommuni-
cations C-band 40 Gb/s transmission data rates with direct and coher-
ent detection. The optical transmission performance of URFL based
systems in terms of optical noise, gain bandwidth and gain flatness
for different system configurations is evaluated. Systems with differ-
ent overall span lengths, transmission fibre types and data modulation
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figurations where URFL based amplification provide performance or
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Chapter 1

Introduction

Information is a sequence of symbols that can be decoded and interpreted as a
message which will change the current understanding of phenomena or lessen the
uncertainty. The theory of information was developed in 20th century by Claude
E Shannon. It defined the fundamental limits on signal processing operations and
the maximum rate at which information can be transmitted in classical linear
channel with an additive white Gaussian noise (AWGN) (I, 2). The informa-
tion capacity in optical fibre channels is limited by fibre nonlinearity rather than
Shannon’s limit which was adequate for electromagnetic propagation over wires
and cables (3). Recent studies have shown that nonlinear filters may increase
transmission throughput beyond seminal Shannon limit for AWGN channel (4)).
It demonstrates new range of possibilities and potential of fibre optic communica-
tion. Careful design of nonlinear channel can satisfy the demand of exponentially
growing data traffic as well as change the perception of nonlinearity itself.

In telecommunication information is transmitted by modulating data onto
electromagnetic wave which act as a carrier. Number of complex techniques has
been developed and implemented in radio frequencies, microwave as well as very
high and ultra high frequencies. The amount of information which can be trans-
mitted is directly related to the bandwidth. In theory the higher the carrier
frequency the greater the bandwidth as the frequency extent is larger. However,
in practice there are device and medium related limitations. In optical commu-

nication one of the leading factors which limits the transmission bandwidth is
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1.1 Thesis Organisation

wavelength dependent fibre loss and what follows need of an optical amplifica-
tion. Although current technology allows the production of low attenuation fibres,
amplification and regeneration of an optical signal in all available bandwidth of
frequencies is still an issue.

In long-haul and unrepeatered links, distributed Raman amplification offers
good noise performance and can be used to optimise the signal power evolution
within the transmission span. In particular, higher-order pumping can reduce
variations of the effective gain-loss coefficient along the span. A novel amplifica-
tion scheme that uses fibre Bragg grating (FBG) to form an ultra-long Raman
fibre laser (URFL) (5)) along the transmission fibre allows to achieve 2" order
pumping of the signal with a single pump wavelength only. Contrary to conven-
tional 2" order Raman amplification, in URFL the gain profile can be modified
by selecting appropriate FBGs (6). This can be used to realise a quasi-lossless
span, approximating the optimal case for transmission performance (7).

Poor pump efficiency and nonavailability of high-power pump lasers essential
for Raman amplification in late 1980s led to commercialisation of erbium doped
fibre amplifiers (EDFA) and as a result most of the current optical transmis-
sion networks are based on EDFAs (8). Low noise figure, extended bandwidth
and possibility of providing amplification practically at any wavelength resurged
interest in distributed Raman amplifiers which are becoming more common in

telecommunication systems (9)).

1.1 Thesis Organisation

This thesis consists of 6 chapters. Second and third chapters provides theoretical
introduction to fibre optic communication systems whereas the following chapters
are experimentally oriented where brief theoretical introduction and references
to the transmission methods used are given. Last chapter concludes the work
presented in the thesis.

In chapter 2 the linear and nonlinear physical phenomena present in optical
fibres are explained.

Chapter 3 is dedicated to optical amplification of light in fibres. Two most

common optical amplification techniques are explained. EDFA is briefly intro-
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1.1 Thesis Organisation

duced, however, number of references are provided for detailed explanation on
simulation and design proposals. Raman amplifier is described in detail. All
equations and related references to simulation as well as experimental verifica-
tion of novel amplification method is provided.

Chapter 4 experimentally and numerically characterise the ultra long Raman
fibre laser based technique for long haul unrepeatered transmissions. The type
of fibre and relevant components used in Raman amplification are tested with
different span lengths and pump configuration. Optimisation method for the best
performance in terms of on-off gain and optical signal to noise ratio is described.
Last section compares the benefits of second order Raman amplification with
lumped EDFA.

The procedure of characterisation and control of all components was auto-
mated with a software written in LabView. The software written in C and Mat-
Lab analysed the results.

Chapter 5 is dedicated to transmission experiments using amplitude and phase
shift keying modulation with direct and coherent detection scheme. Amplitude
and binary differential phase shift keying modulation is investigated in long unre-
peatered transmission using direct detection only. In advanced coherent detection
only quadrature phase shift keying modulation format is presented. Nyquist wave
division multiplexing is also investigated and compared with EDFA and Raman
amplification.

The bibliography is organised with full list of authors, title of the publication
in bold font, the name of the journal in italic followed by volume, number in
brackets, page numbers in the journal (if given), year of publication and finally

the number of the page in thesis where the reference was used.
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Chapter 2

Background

2.1 Optical Fibres

The medium used in optical communication is silica fibre. The first low loss op-
tical fibre was developed in 1970s by the scientists Robert Maurer, Peter Schultz,
and Donald Keck (I0). They were first researches who explored possibilities of
high-purity fused silica with attenuation low enough to enable data transmission
experiments.

Depending on the number of supported transverse propagation modes, opti-
cal fibres can be categorised into multimode and single-mode. The limitations
imposed on multimode fibres (MMF) due to intermodal dispersion which results
in intersymbol interference (ISI) restricts the achievable distance and the data
rates in telecommunication systems (I1]), however, the capacity limitations of a
single mode fibres (SMF) and constantly growing internet traffic, directs research
towards new technologies which would allow to exploit the potential of the MMF
(T, [12).

Optical fibre consists of a core made of pure silica glass doped by germanium
dioxide (GeO,) or phosphorus pentoxide (P,0;) to increase refractive index and
cladding which is doped with fluorine or boron trioxide (B,O,) in order to lower
the refractivity (13). Dopants used in the production of fibre may vary depending

on the application. The relative difference between core and cladding is described
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2.1 Optical Fibres

as

A="1"Te (2.1)

ny

where n; and n, is the refractive index of core and cladding layer respectively.
Manufacturing of optical fibres for long-haul transmission requires the ability
to modify and control parameters such as attenuation, nonlinearities, chromatic
dispersion (CD) and polarisation-mode dispersion (PMD). Optimisation of fibre
parameters and properties led to development of wide range of fibre types (14} 15|
16)). The choice of the fibre type in communication system design is application

dependent.

2.1.1 Fibre Losses

An important parameter in optical system design is fibre loss which ultimately
limits the distance of unrepeatered and long-haul transmission by attenuating the
signal to level where it cannot be distinguished from the noise nor recovered.

In standard single mode silica fibre, the total transmitted power Pr over

distance L is approximated by (17)

Pr = Pyexp(—al), (2.2)

where Fj is the launch power and « is the attenuation constant of the fibre. The
most significant loss mechanism which put fundamental limits on fibre attenuation

is Rayleigh scattering which can be estimated by (L3])

ar = Cr/\, (2.3)

with Cg in the range of 0.7 - 0.9 dB/(km-um?*) depending on the fibre core.
Wavelength dependent Rayleigh loss (dashed blue) and measured total loss (red)
for SMF-28 fibre is plotted in Fig. [2.1}

Density fluctuations and impurity in form of OH ion with an absorption peak

at ~2.73 pm and also near 1.4 pm is an important limiting factor of the fibre
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Figure 2.1: Wavelength dependent loss due to Rayleigh scattering (dashed blue)

and measured attenuation (red) in silica SMF-28 fibre.

attenuation. This however can be reduced and removed completely during man-
ufacturing process. The absorption peak at 1.4 ym in Fig. [2.1]is relevant to the

SMF-28 fibre used in the experiments in the proceeding chapters only.

2.1.2 Chromatic Dispersion

Chromatic dispersion is a phenomenon in which the propagation velocity of an
electromagnetic wave depends on the wavelength. Dispersion occurs because the
various components of the radiation at different frequencies propagate at different
speeds given by ¢/n(w), where ¢ is the speed of light and n(w) is the refractive
index at the frequency w. By expanding mode propagation constant /3 in a Taylor
series (13):

Blw) = n(w)% = Bo + fi(w —wo) + %&(w —we) +- -, (2.4)
where g
Bm = <dw_m>w:w0 (m =0,1,2,.. ) (2,5)
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we can derive useful parameters. The group velocity is related to parameter [,

and its derivative is

b=y =2 =2 (nrui) 26)

where n, is the group index and v, is the group velocity. The group velocity
mismatch of the closely spaced pulses propagating in the optical fibre may lead
to walk-off effect where two pulses interact with each other. It is related to (;
by the walk-off parameter d;s defined as (13])

diz = B1(A1) — Bi(A2) = U;1(>\1) - 71;1()\2)7 (2.7)

where \; and Ay are the wavelengths of the two pulses. The walk-off length Ly,
of the pulses of width T} is described as

Ly =Ty /]d12| (2.8)

The group velocity dispersion (GVD) parameter (35 is responsible for pulse broad-
ening. The wavelength dependent dispersion is quantified by the dispersion pa-
rameter D (I13)):

B d_ﬁl 2me A d%n

b="n="%="Cne

(2.9)

The measured dispersion slope for different fibre types is presented in Fig. in
Chapter 4.2.1.

In normal dispersion regime where fibre exhibits positive GVD (82 > 0) longer
wavelengths move faster than the shorter. Opposite situation occurs when GVD
is negative (3 < 0). The larger the GVD the grater impact on the pulse propa-
gation it will have therefore it is important to quantify dispersion values for high
speed communication links where optical pulses are short. The dispersion length

Lp and nonlinear length Ly parameters defined as (I18)):
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T2

LD:ZT?i (2.10)
1

NL = ) (2.11)

are great indicators of dispersive and nonlinear effects which become non negli-

gible as fibre length L is close or larger than Lp or Lyy. If the condition

Lp  PIg
Ly, | B

<1, (2.12)

is satisfied, the pulse will propagate in the linear dispersive regime. Although dif-
ferent types of fibres with shifted zero-dispersion wavelength have been developed
to optimise dispersion in the C-band telecommunication window, direct detection
links with data rates higher than 10 Gb/s require dispersion compensation mod-
ules (DCM) due to ultrashort optical pulses at high data rates. When the pulse
width Ty < 1 ps third-order dispersion (TOD) term (3 can no longer be ignored
and needs to be included as it will have an impact on GVD effect.

In the situation where

Lp  ~PRT§
Lyt | B2

> 1, (2.13)

nonlinear regime will be a dominating factor on pulse shaping (13)).

2.1.3 Polarisation-Mode Dispersion

Polarisation-mode dispersion in optical fibres arises due to birefringence where
propagation constant /5 changes with respect to two polarisation axes in x (fast)
and y (slow) directions during propagation. Time delay AT between two polarisa-

tion components due to random changes in group velocities broadens the optical
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pulse (I3)) and in case if AT is large enough so that stretched pulse overlaps with

the neighbouring time slot it will cause inter-symbol interference.

AT = |2 = 2 Lp, - Byl = LB, 2.14)

Uga 9y
where Ap; is related to group velocity mismatch and L is the fibre length. The
degree of modal birefringence is quantified by (19)

|5w — 5y|

Bm - - |nm - ny’, (215)
ko

where kg = 27/ is the core radius. The length of the full rotation of polarisation

state is called beat length Lp and can be expressed as (19)

2 A

L pr— pr—
b Bz — 5y‘ Bm

(2.16)

Refractive index asymmetry and birefringence varies along the span length there-

fore PMD should be estimated by averaged time delay:

o7 = ((AT)?) = 2(ABule)*[exp(—L/l;) + L/l — 1], (2.17)

where [. is the length over which two polarisations are correlated (correlation
length). With the assumption that correlation length is much smaller than the
span length, Eq. can be simplified to

or ~ ABy\/2l.L = D,VL (2.18)

where D, is the PMD parameter used in fibre characterisation. PMD effect
will have a relatively small impact on pulse broadening comparing with GVD.
However, in high data rate communication systems operating near zero-dispersion

wavelength PMD will degrade the transmission quality (20).
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2.2 Nonlinear Effects

Nonlinearities originating from nonlinear refraction and stimulated inelastic scat-
tering can have constructive and destructive impact on the transmission and play
an important role in optical fibres. Intensity dependance of the refractive index
puts the limit on the maximum optical power which can be used before destructive

nonlinear effects will take place in the fibre and is defined as (13))

fi(w, |E|?) = n(w) + no| B?, (2.19)

where |E|? is the optical intensity, n(w) is the linear part approximated by the

Sellmeier equation (21))
n*(w) =1+ Em B (2.20)
s w? — w? '

and n, is the nonlinear-index coefficient related to third-order susceptibility x*

defined as (22)

3
ne = = Re(x,.), (2.21)

High intensity optical power in the transmission fibres leads to nonlinear effects
known as self-phase modulation (SPM) and cross-phase modulation (XPM).
The stimulated inelastic scattering of a photon to a lower energy photon where
the energy difference is being absorbed by the nonlinear medium are the origin
of stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS).
The difference between both is that acoustic phonons participate in SBS and
can occur only in backward direction whereas optical phonons takes part in SRS
where the light can be scatter in both, forward and backward directions. Due to
broad gain spectrum of a Stokes shifted light in SRS the phenomena is used in

optical amplification.
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2.2 Nonlinear Effects

2.2.1 Self-Phase Modulation

The refractive index in nonlinear optical medium is dependent on the pulse in-
tensity (23). It leads to self-focusing and phase modulation which may cause
frequency broadening or, in some cases, optical pulse narrowing in the fibre (24]).
The spectral changes due to SPM are related to a time dependance of the non-

linear phase shift ¢y, and is referred as frequency chirping dw

_ 9dnp ([ Legs\ O 9
du(r) = =208 — - (794) L w0 TP, (222)

where U(0,7) is the field of the normalised amplitude U(z,7T) at z = 0.

For initially unchirped pulses new frequency components generated during
pulse propagation will broaden (25) or narrow (26}, 27) the spectrum. The chirp
variations are directly dependent on the initial chirp and pulse shape and will
change the received spectra with respect to distance considerably. Optical pulses
with positive initial frequency chirp (C' > 0) will exhibit longer frequency range
with less pronounced peaks whereas opposite effect takes place for negatively
chirped pulses (C' < 0) where spectral narrowing occurs resulting in higher peak
intensity at the output of the fibre (27).

The relation between dispersion length Lp and nonlinear length Lyp is de-

scribed by the parameter N as (28))

LD . ’)/PQT[?

N2 = —
LNL |62|

(2.23)

In the scenario where N < 1 pulse evolution along the fibre will be dominated
by GVD. In normal dispersion regime (2 > 0) with nonlinear SPM effects domi-
nating (N > 1) the pulse will be subject to optical wave breaking (29) where two
different frequencies interfere with each other due to different speed propagations
(30). This phenomenon can be also explained as four-wave mixing where two
frequency components w; and wy of the same pulse creates new frequencies.

In anomalous-dispersion regime (2 < 0) where the effects of GVD and SPM

cancel out each other (N = 1) chirp-free pulse might produce an optical soliton,
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2.2 Nonlinear Effects

a phenomena which has a practical use in fibre optic communications due to its
immunity to distortion over ultra-long distances (31}, [32], 33}, 34)).
Higher-order nonlinear effects such as self-steeping and intrapulse Raman scat-

tering should be included for ultrashort pulses where Ty < 1ps (28)).

2.2.2 Cross-Phase Modulation

The effective refractive index is also influenced by the interaction of two or more
optical fields copropagating in the fibre coupled together by cross-phase modu-
lation. Modulation of refractive index by total optical power in non-dispersive
medium will result in optical phase modulation only (22)). In dispersive medium,
phase modulation effect will directly translate into intensity fluctuations (35]).
XPM-induced modulation instability in anomalous GVD will have a negative

impact on WDM transmission systems (36, 37, [38]).

2.2.3 Stimulated Raman Scattering

Stimulated Raman scattering is a nonlinear process discovered by Sir Chan-
drasekhara Venkata Raman in 1928 (39). In Raman effect the power of an optical
field is transferred to another field downshifted in frequency. The frequency dif-
ference between two fields 2 = w, — w, as well as Raman-gain coefficient gz(€2)
is medium dependent. In optical fibres the Raman gain is broad and may extend
up to 40 THz. The initial growth of the shifted light is described by:

dP,
dz

= grbp L, (2.24)

where P, and P, refers to Stokes and pump intensity, respectively. This fea-
ture is used in optical amplification of light in silica fibres. The SRS process in
optical fibres with losses at the Stokes (o) and pump frequencies (a,) is well

approximated by the set of two coupled equations (40):

29



2.2 Nonlinear Effects

dP;

o= grPyPs — o P, (2.25)
dP
—Z= e LonFyPa— 0yFy, (2.26)

The threshold condition for SRS to take place, valid when fibre loss at the Stokes

o, and pump frequencies «, are similar is (40)
Pse({fexp(gRPOLeff/Aeff) =P, (2.27)

where Py is the input pump power, A.s; is the effective core area defined as (22))

y ff |F(z,y)|*dzdy)?
eff = ff |F(z,y)|*dzdy

(2.28)

and L.¢s is the effective length over which the optical power is assumed to be

constant:

Lesy = [1 — exp(—al)]/a (2.29)

The spectrum of Raman gain shift in standard single mode fibre SMF-28 is shown
in Fig.

Stimulated Raman scattering is used in several disciplines. In biomedicine
SRS can be used in coherent Raman microscopy which allows highly sensitive
optical imaging at video rate (41l). Recently, this technology was used to detect
the brain tumors which were previously undetectable under standard operative
conditions (42)). Photonics crystal fibres makes use of highly nonlinear holey
fibre to generate Raman amplification and ultrafast signal modulation (43). Sil-
icon waveguide technology uses SRS for on-chip amplification and coherent light

generation in silicon integrated optics (44, [45]).
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Figure 2.2: Raman gain spectrum in standard silica SMF-28 fibre.

Other application are optical sensing where backscattered light may be used
to measure temperature (46]), fibre-based Raman lasers (47) and Raman am-
plifiers (48, 49, [50L 5T)) which gained the main interest in high capacity optical

communication systems where low noise amplification is crucial.

2.2.4 Four-Wave Mixing

Four-Wave Mixing (FWM) is a third-order nonlinear effect originating from de-
pendance of refractive index on the intensity of the optical power. The efficiency
of FWM is determined by frequency phase mismatch. Phase-matching condition
differs FWM from SRS and SBS in the way that specific fibre parameters and
input wavelengths are required for FWM to be effective. Three photons at the
frequencies wy, wy and w3 may transfer their energy to a new single photon at wy
(52)) such that

W4 = W1 + Wy + W3 (230)

In another case where w;, and wy are annihilated, two new frequency components
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are simultaneously created such that (52)

Wy + wy = W3 + Wy (231)

FWM can also be initiated with a single wavelength component where w; = ws =
wp. In this case two equally spaced sidebands ws and w, will be created where
one is downshifted and second upshifted with the reference to wy. (52l)

The interaction between wavelengths have a negative impact on long-haul
dense wavelength-division multiplexed (DWDM) optical communication systems
and is known as an inter-channel crosstalk. Phase-matching condition decreases
with higher chromatic dispersion (53] [54). This property can be used to reduce
FWM effect. Increased and uneven channel spacing will further decrease the

phenomena (54)).
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Chapter 3

Optical Amplification

The first work on optical amplification was done in the beginning of 1960s by Elias
Snitzer and colleagues who demonstrated first optical fibre laser (55, 56l 57) and
few years later developed world’s first optical fibre amplifier (58)). A decade later
experiments on fibre-optic communications began. The innovation of the first
low loss fibre (L0} [59) enabled data transmission and triggered the research on
optical amplifiers.

The basic characteristic of an optical amplifier is the operating gain which
quantifies the signals amplification. This, however, is relevant to the optical
input power, which will change considerably with the bandwidth of supported
WDM channels. An important parameter for long-haul WDM transmission with
the chain of inline amplifiers is the response to the dynamic changes in input
powers due to channel add/drop which can affect the gain flatness. Finally the
amplifier is characterised by its noise performance defined as a noise figure. All
those factors led to development of different types of optical amplifiers.

The main optical amplifier technologies are doped fibre amplifiers, Raman
amplifiers, semiconductor amplifiers (SOA), parametric amplifiers (FOPA) and
Brillouin-fibre (SBS) amplifiers.

In doped-fibre amplifiers the stimulated emission in the gain medium amplifies
the incoming light. They make use of rare-earth elements doped into fibre core
which determine the operational wavelength and tuning range of the amplifier.
The commonly used dopants, their pump and operating wavelengths and the op-
erating ranges are listed in Table (60}, 611, [62]).
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Table 3.1: Rare-earth elements used in doped-fibre amplifiers

Element Symbol Pump Operating  Tuning
Wavelength  Wavelength ~ Range

Neodymium Nd3* 823 nm 1.09 pm 92 nm
Erbium Er3t 650 nm 1.55 pum 35 nm
980 nm 1.55 pm 35 nm

1480 nm 1.55 pm 35 nm

Praseodymium  Pr3* 590 nm 1.06 pm 61 nm
Ytterbium YB3t 910 nm 975 nm 3 nm

910 nm ~1.05 pm 150 nm
975 nm ~1.05 pm 150 nm
1047 nm ~1.1 pm 100 nm

Semiconductor amplifiers (SOA) are based on the semiconductor gain medium
(63) and pumped electronically via applied current. This allows for a potentially
low cost production. However, high noise figure, low output power and low gain,
cross-gain modulation that leads to crosstalk penalty for dense WDM input sig-
nals (64) makes SOA unsuitable for current communication networks.

Brillouin-fibre amplifiers are based on a nonlinear Stimulated Brillouin scat-
tering (SBS) process which can generate a backward propagating Stokes wave
shifted by an amount of the Brillouin shift which is about 11 GHz for the optical
fibres. Due to limited bandwidth to about 100 MHz Brillouin amplifiers are not
suitable for the WDM communication systems, however, they might be used for
the selective amplification and narrowband optical filters (65)).

The fibre-optic parametric amplification (FOPA) is based on nonlinear four-
wave mixing (FWM) process (66). In the basic setup, few hundred of low-loss
highly nonlinear fibre is used as a gain medium to design discrete amplifier. It
may operate at any wavelength (67) and provide wide and flat gain bandwidth,
which is an advantage over conventional EDFA. Due to phase-matching condi-

tion needed for effective FWM process, FOPA can be used in phase-sensitive
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parametric amplification realising an ideal noise figure of 0 dB (68)). This, how-
ever, requires the phase control of interacting light waves, which in turn may be
realised with the use of a nonlinear Mach-Zehnder interferometer (69). Phase-
insensitive FOPA, where two photons with random phases will amplify the signal
and create the forth photon, so called idler, in the way that the phase difference
between all will meet the phase-matching condition, offers high differential gain
with relatively simple implementation and is investigated in high-speed optical
communication systems (70).

Raman based amplifiers (49, 50, [51)) relay on nonlinear Stimulated Raman
Scattering (SRS) where light is downshifted in frequency. The first Raman am-
plifiers were demonstrated in 70s (48). They are classified as: discrete (lumped)
where short length of high Raman gain fibre is used and distributed (DRA) where
the transmission fibre itself serves as a gain medium. This feature, contrary to
lumped amplifiers, prevents signal decay and allows for quasi-lossless gain dis-
tribution across the transmission span. Even though Raman amplification is
technically very attractive as it offers improved noise figure (71)) and broadband
gain bandwidth (72), it did not succeed back in 1980s due to lack of high-power
pump sources (73) as well as technical necessity due to the fact that EDFA offered
noise figure low enough for binary modulation formats used at that time.

Each type of amplifier results from different phenomena and offers different
qualities which may be desirable for specific application. In WDM communi-
cation systems Raman based amplifiers are attractive because of the flexibility
in terms of the operating wavelength and the gain bandwidth which can be ex-
tended by coupling pumps at different wavelengths. In a single-wavelength pump
regime EDFA, FOPA and Raman amplifiers can offer comparable gain bandwidth
performance in a C-band telecommunication window, however, they differ with
regards to noise figure (NF), gain and pump efficiency, excitation life time and
an implementation ease. Phase-sensitive FOPA can go beyond the quantum lim-
ited NF of 3 dB and in principle provide ideal noiseless amplification (68]) which
would eliminate the nonlinear impairments and necessity of distributed Raman
amplification. The practical difficulty imposed on phase control of light makes
phase-sensitive FOPA a challenging task. The NF of EDFA, phase-insensitive
FOPA and Raman amplifier offers high gain and can (in the ideal conditions)
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reach the value close to the 3 dB quantum limit (74, [75], [76). Distributed am-
plification reduces NF of the span and allows for extension of the span length,
which is what makes DRA an attractive candidate as an amplifier. This may
also be achieved with FOPA, however, speciality dispersion-flattened fibre with
fixed zero-dispersion slope is necessary whereas distributed Raman may operate
with most of the current fibre types. One of the drawbacks of DRA is low pump
efficiency, while EDFA and FOPA can offer excellent performance. Ultrafast ex-
citation time of Raman and FOPA in a saturation mode may affect modulated
signal as binary 0 will attract more amplification. It doesnt affect EDFA.
Currently majority of optical networks are based on EDFA, accounting for
more than 90 % of all commercially deployed amplifiers (§)), however, exponen-
tially growing demand for higher data throughput over the internet forced the
implementation of less noise resistant high level modulation formats and as a
result by the early 2000s Raman amplification became main interest in optical
communication (77), thanks to technological advancements which made it pos-
sible to achieve semiconductor lasers with satisfying pump power levels (78]).
Based on current statistics, EDFAs deployment will fall below 80 % by 2017
with Raman and hybrid-Raman-EDFAs sale increase (9). Low noise distributed
amplifiers are great candidates to upgrade current optical networks and enable
implementation of advanced multilevel modulation formats with densely spaced

constellation points.

3.1 Noise in Optical Amplifiers

In optical amplification spontaneous emission emits undesirable photons with ar-
bitrary frequencies and polarisation state which are amplified together with the
signal (79, 80). This amplified spontaneous emission is considered as noise. The
ASE’s noise power spectral density (taking into account two orthogonal polarisa-
tion states) can be defined as (81)):

pN) = 2055 (GO 1), .)
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where G()\) is the optical gain of the amplifier at the wavelength A, ¢ is the speed
of light, h is Plank’s constant and n), is the spontaneous emission factor of the

quality of the population inversion of the optical amplifier

UeN2
UCNQ - UaNl’

Ngp

(3.2)

where o, and o, indicates the emission and absorption cross-section of the fibre
and N; and N, are carrier densities at the lower and upper energy levels. The

noise power within the bandwidth By can be approximated by integrating the

Eq. B3

PASE ~ 2nsphf[G(f) — 1]B0, (33)

The fundamental definition of an amplifier’s noise figure (NF) is defined as a ratio

of the input signal to noise ration (SNRy,,) and the output SNR,;:

SNR;,
NF = 3.4
SNRout ( )
SNR;,, and SNR,; is derived in (81)) and simplifies to:
G-1 1
NF =2n,——— + — .
Nsp G + o (3.5)

where G is an optical gain of the amplifier. We can notice that for a large optical
gain the leading factor quantifying amplifiers noise is ny,. The minimum value
of ng, is 1, which defines the 3 dB minimum NF of a phase-insensitive optical

amplifier.
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3.2 Erbium-Doped Fibre Amplifiers

Erbium-doped fibre amplifiers are attractive in optical communication systems
because of the operational wavelength window which covers lowest attenuation
region of single mode silica fibres. High pumping efficiency of 3.7 dB/mW (61)
and 11 dB/mW reported in 1990s (82) is a big advantage over Raman amplifiers.
The gain distribution in EDFA depends on several parameters. The amplifiers
length, type of fibre, erbium concentration and pump configuration makes the
design optimisation rather uneasy. Absorption spectrum of Er3* doped fibre
(Fig. 2 in Ref. (83)) offers great flexibility in pump source deployment.

Lumped EDFA consists of a source pump coupled with the Er3* doped fibre
in co-, counter- or bi-directional configuration. Forward pumping in an EDFA
offers great noise performance at the output of the Er3* doped fibre, however,
the optical power of the signal is also low. Backward pumping provides higher
gain with the expense of increased forward ASE. The wavelength of the pump and
the length of the fibre is design related. In a simple single stage C-band EDFA,
pump at 980 nm is typically coupled with less than 100 m of doped fibre. An
L-band amplifier usually requires several times longer fibre lengths than C-band
in order to keep population inversion level low. The schematic design of single
stage bidirectional EDFA is in Fig. 3.1}

Er3t

Input @ Output
P P

A A

Figure 3.1: Schematic diagram of single stage bidirectional EDFA

In multichannel WDM applications the uniform gain across the band is impor-
tant. Even a small gain variation becomes problematic in long-haul transmission
with several in-line amplifiers where the gain difference between individual chan-
nels grows exponentially. Cascaded multi stage EDFAs design with two or more

source pumps used in unidirectional or bidirectional configuration can optimise
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3.2 Erbium-Doped Fibre Amplifiers

more than one performance parameter, provide better gain flatness across the
band and help to reduce noise level (84, 85, [R6). Extended flat bandwidth can
also be achieved by doping a tellurite fibre with Er®" ions (87). The schematic
design of multi-wavelength EDFA is in Fig. [3.2]

Erdt

Input @ Output
P P P P

Al A2 Al A2

Figure 3.2: Schematic diagram of multi-pump EDFA

An example of schematic design of two stage EDFA where the first stage serves

as a pre-amplifier and second stage, separated by the optical isolator, acts as a
booster is in Fig. [3.3

Er3t Er3t

O, ©

Py Pxa| [Pa Px2| 1Pxs

Figure 3.3: Schematic diagram of two stage multi-wavelength EDFA

Optical networks are affected by noise which ultimately limits the system
performance. The level of ASE accumulated over the chain of EDFAs degrades
optical SNR and may saturate the amplifiers. The excess noise figure due to
spontaneous emission in EDFA depends on amplifier length and the pump power.
Careful optimisation can realise NF close to the quantum limit of 3 dB even in
high gain amplifiers (74, [88)). Reduction of backward propagating ASE which
depletes the pump power by implementing an optical isolator can enhance the

gain while keeping NF low ([75]).
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The models which enable performance study of noise and gain characteristics
in EDFA using propagation and rate equation has been proposed in Ref. (89) and
n (90). An analytic description of the gain and noise behaviour is presented in

Ref. (91)).

3.3 Raman Amplifiers

Amplification based on nonlinear stimulated Raman scattering process is an at-
tractive alternative to commonly used EDFAs. In Raman amplifiers the energy
from the pump source is transferred through inelastic scattering to the signal
downshifted in frequency. Contrary to EDFA, amplification using SRS can be
provided practically at any frequency by carefully choosing appropriate pump
wavelength. In particular]l ultra-wideband systems can benefit from Raman am-
plification as the gain bandwidth can be extended by coupling different pump
wavelengths (92, 03). Flat-gain 100 nm bandwidth has been achieved with 12
wavelength-channel WDM laser diodes (94)).

The superior noise performance in distributed Raman amplification (DRA)
(95) where the transmission fibre is used as a gain medium, leads to higher optical
signal to noise ratio (OSNR) and allows higher reach between the repeaters (96,
97) as well as long distances in unrepeatered transmissions (98))

In discrete amplifiers relatively short lengths of speciality highly nonlinear
fibre with a high Raman gain coefficient can be used. These can be included as
components at the end of transmission spans. An advantage of discrete Raman
amplifiers is that the pump power requirement can be reduced whilst maintaining

a high overall gain value and bandwidth (99)).

3.3.1 Noise in Raman Amplifiers

The noise in Raman amplifiers predominantly originates from spontaneous Ra-
man scattering, nonlinear Kerr effects caused by high pump power intensities and

relative intensity noise (RIN) transfer.

40



3.3 Raman Amplifiers

3.3.1.1 Spontaneous Raman Scattering

The origin of amplified spontaneous emission (ASE) in Raman amplification is
spontaneous Raman scattering which is an unavoidable process assisting SRS
(00, [TOT)). Shot noise, signal-spontaneous (signal-ASE) and spontaneous-spontaneous
(ASE-ASE) beat noise are major components of ASE affecting the quality of the
transmission. The ASE-ASE beat is relatively small and can be further reduced
with the implementation of a narrowband optical filter therefore ignored while
defining signal to noise ratio (SNR) in the electrical domain (102)). The leading
factor contributing to noise is the copolarised signal-ASE beat noise propagating
with the same direction as signal producing the intensity fluctuations after photo-

detection and the shot noise. Based on these two parameters the NF equation

(Eq. can be approximated by (71):

2PH(L) 1

NF ~ —A4 3.6

hUBref Gnet Gnet ’ ( )
P,(0 1

NF (0) (3.7)

- hUBrefOSNRout * Gnet7

where Pi(L) is the ASE power, hv is the photon energy, B,.; is a reference
bandwidth, G, is a net gain and P,(0) is the input power.

The mathematical derivation of ASE components is found in Ref. (103). The
analytical model that enables the measurement of amplified spontaneous Raman

scattering and gain in a fibre Raman amplifier is proposed in Ref. (104]).

3.3.1.2 Double Rayleigh Backscattering

Rayleigh backscattering related loss is a phenomena which ultimately limits the
performance of DRA and is inherent to all silica fibres. Double Rayleigh backscat-
tering (DRB) originates from the phenomena that the light is being reflected
twice. The limitations imposed by DRB will degrade the SNR by amplifying
double scattered spontaneous emission. It may also cause multiple-path interfer-

ence (MPI) where the signal will experience more than one optical path (L105]).
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3.3 Raman Amplifiers

The effect of DRB depends on the polarisation state (106) therefore MPT induced
noise will be dominant when the light is copolaraised with the signal. Single
and double Rayleigh backscattering are enhanced in long spans with high Raman
pump powers (105) and put ultimate limit on unrepeatered transmission distance
that can be achieved. DRB induced MPI can be described by the set of ordinary
differential equations (ODE) (107):

dP, g
= —a,P,+ —=—P,P, 3.8
dz “ i Aeff P ( )
dPsprp g
_ — —a,P 9P Pspp + kP, 3.9
= Qsl°srB + A7 SRB T+ (3.9)
dP,
dz Aery

where the Psgrp and Ppgp is the single- and double backscattered power, k is the
coupling coefficient related Rayleigh scattering loss at the fibre composition. The
boundary conditions in the Eqs. - are:

Psrp(L) = Ps(L) (3.11)
Pprp(0) = Psgp(0) (3.12)

The total noise figure in Eq. can be updated to include the contribution from
the DRB (71):

2P (L) 1 (3)Ppra

T 2.4 g2 !
B2+B
hv < D) 2 Gnet

NF =~

~ 3.13
hvBref Gnet Gnet ( )

where B, and B, is the signal bandwidth and electrical filter bandwidth respec-
tively.

Optimum design of bidirectionally pumped DRA can minimise the beat noise
between signal and DRB (108). Higher order DRA can further decrease the noise

and improve overall system performance (109).
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3.3 Raman Amplifiers

3.3.1.3 Relative Intensity Noise Transfer

Relative intensity noise (RIN) refers to semiconductor pump laser fluctuations of
intensity, phase and frequency predominantly due to spontaneous emission (110).
It is defined as noise power spectral density divided by the square of the average

signal power in the electrical domain (81)):

P (3.14)

opt,ave

v {8 P

where Py q0e is the average optical power and F' indicates Fourier transformation.
The Eq. can be further simplified and expressed as the ratio of the electrical

noise power spectral density S,(w) and the signal electrical power R*P2, .

Sp(w)

RIN = ———"—
‘SRQPOth,ave

(3.15)

In Raman amplifiers RIN of the pump can lead to time-dependent gain variation
affecting the signal. The noise transfer from pump to the signal (RIN transfer)

can be defined as the frequency-dependent transfer function:

_ RIN(w)

H@) = 7iv )

(3.16)

where subscripts s and p refers to signal and pump respectively. RIN transfer in
distributed Raman amplifiers depends on pumping configuration and properties
of the medium.

In DRA with the spans longer than 40 km fibre length parameter can be
neglected and predominant factor defining the 3 dB corner frequency f. in coun-
terpumping configuration at which RIN transfer decreases by 20 dB per decade
can be approximated by (111)):

fe= (3.17)
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Corner Frequency (kHz)
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Figure 3.4: Simulation results: RIN corner frequency as a function of fibre atten-

uation in counterpumped distributed Raman amplifier

where Vj is the signal velocity and «, is the fibre attenuation at the pump wave-
length. The corner frequency as a function of fibre attenuation in counterpumped
configuration is in Fig [3.4]

In copumping configuration the corner frequency is also dependent on relative
dispersion between signal (A;) and pump (\,) wavelengths as well as dispersion

slope () and zero dispersion wavelength (Ag) (111)):

Qp

fo= 217 (s — Ay)

3.18

The corner frequency is greatest when the zero dispersion wavelength is between
pump and signal wavelength. The corner frequency dependance in the system
with the fibre where Ay = 1500 nm for the pump and signal wavelengths as in
Table is plotted in Fig. [3.5

Detailed analytical model for pump to signal RIN transfer in copumped and
counterpumped first order DRA is derived in Ref. (I11]).

The RIN transfer from pump to signal can be reduced by careful design of Ra-
man amplifier. Fibre type have to be chosen with respect to the pumping config-

urations. The attenuation at the pump frequency and zero dispersion wavelength
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Figure 3.5: Simulation results: RIN corner frequency as a function of zero dis-
persion wavelength in copumped distributed Raman amplifier with source pump
at 1450 nm.

will have great impact on system performance. Higher and dual order pump-
ing can suppress the RIN by reducing the first order pump powers (112, 113),
especially in forward direction where RIN transfer is most pronounced. In 27¢
order bidirectional ultra-long Raman fibre laser (URFL) based amplification the
corner frequency can be reduced by using high reflectivity FBGs and increased

span length. Appropriate pump power ratio will also benefit the system (114)).

Table 3.2: Simulation Parameters: Corner Frequency in Copumped DRA Con-

figuration
Parameter Value Unit
ap 0.26 dB/km
v 0.092 ps/(nm? - km)
As 1550 nm
Ap 1450 nm
Ao 1500 nm
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3.3 Raman Amplifiers

3.3.2 Distributed Raman Amplifiers

Distributed amplification counterbalance fibre attenuation and prevents signal
drop which reduces ASE accumulation. To illustrate the benefits of DRA we
may use the total noise figure of the amplifier chain (IT5]):

NF,—1 NF—1
NF,piju = NF; 3.19
total 1+ G, + e + ( )

where subscripts indicate the n'* amplifier. In discrete post amplification the
N Fioar consist of the loss of the passive span (N Fj(spen)) and the noise figure of
the discrete amplifier (N Fy). The passive span attenuates the signal and worsen
the output OSNR, increasing the total noise figure. Distributed amplification
effectively combats fibre attenuation creating transparent span. Forward pumping
can further reduce NF because the power of the signal and the amplifiers ASE
noise on the beginning of the span will experience the attenuation over the fibre
length. This explains the reason why in multistage discrete amplifiers the pre-
amplifier is copumped. However, increased power on the front of the span will
result in Kerr nonlinearities enhancement which will counterbalance the benefits
of lower NF.

The first order DRA consists of a Raman pump at the wavelength that is
Stokes shifted with reference to the signal frequency. The wave-division multi-
plexed (WDM) signal is amplified in forward (copumping) or backward (coun-
terpumping) direction. In bidirectional configuration both pumps counter propa-
gate against each other simultaneously resulting in more evenly distributed signal
power along the transmission span. The schematic design of first order DRA is
in Fig. [3.6, The pump and signal power distribution with ASE and Rayleigh
backscattering noise in first order DRA configuration can be described by the set
of coupled ODEs (116):
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Input Output

P)\:1455nm P)\:1455nm

Figure 3.6: Schematic diagram of first order DRA

dP* v, ¢ 1
L e P40 +ng 4+ dhvAvg( 1+~ | | P2
dZ :FOép D :F Vs Aeff ( + ns + ns + v v + eh(Uz;Us) . 1 p
(3.20)
dPs g +
— —a,P, PEP, 3.21
dz “ * Aeff P ( )
dn* 1
;; = —ayn] + Ag Py (nj + 2hv, A, <1 + W)) +eng  (3.22)
eff e~ —1
dng = —a.n, — g Ppi (n; + 2hv Avg (1 + ﬁ)) - 6(”: + Ps)
dz Acpy e~k — 1

(3.23)

where (4) and (-) superscripts represent co- and counter propagation respectively,
(p) and (s) subscripts refers to Pump and Signal, P is the optical power, « is
the attenuation, n} and n; are forward and backward-propagating noise at the
signal frequency v,, Awvy is the signal bandwidth, v, is the pump frequency, g is
the Raman gain coefficient, h is Plank’s constant, K is Boltzmann’s constant, T’
is the absolute temperature and e is the Rayleigh backscattering coefficient. The
constant values, coefficients and variables used in numerical modelling simulations
in this thesis are listed in Table [3.4] at the end of the chapter.

To solve ODEs describing first order bi-directional distributed Raman ampli-
fication (Egs. - numerical simulations using the shooting method with
5" order Runge-Kutta (117) formulas were used. The step size used in the simu-
lations was 100 m and the offset accuracy of all components was set to 1e-8. The
results for quasi-lossless 100 km span with a 0 dBm launch signal at 1555 nm and

source pump at 1455 nm are in Fig.
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Figure 3.7: 1% Order DRA: Simulation results for 100 km quasi-lossless link.

FW: forward; BW: backward.
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Figure 3.8: 1% Order DRA: Simulation results of signal power distribution in

100 km quasi-lossless link.

The quasi-lossless signal power distribution was achieved with symmetric bidi-
rectional pumping with 370 mW of an optical power per pump. Total signal power
variation was 6.5 dB as shown in Fig. The received OSNR as a function of
gain in bidirectional symmetrically pumped 1% order DRA is in Fig. [3.9]

The gain spectrum in Raman amplification can be adjusted by combining
multiple pump wavelengths (94 118 [119)) as well as applying dual order config-
uration where first- and higher order pumps are combined (92} 120} 121)). Both
configurations can provide broadband gain bandwidth extending 100 nm. In the
scenario where higher order pumps are deployed the system will benefit from

improved noise figure.
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Figure 3.9: 1 Order DRA: Simulation results of received OSNR as a function

of gain.

The schematic diagram of multi wavelength, dual order or dual order multi
wavelength Raman amplifier is in Fig. [3.10, The difference between both con-

figurations is pumps wavelength spacing. In multi wavelength setup pumps are

usually spaced by few nm whereas dual order configuration requires secondary
pump wavelength to be at least one Stokes shifted from the primary one. Both

configurations can be implemented in a single design.

Input

Pyl |Pax2f |Pas

Output

P

Figure 3.10: Schematic diagram of multi wavelength / dual order DRA.
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3.3.3 Higher Order Distributed Raman Amplification

In higher order distributed Raman amplifiers the Raman pump is downshifted in
wavelength by two (2°¢ order), three (3'4 order) or more Stoke’s shifts. The usual
configuration consists of cascaded 15 and 2"¢ order pumps (dual order) where the
gain from the second order pump assists the first one. The idea behind such de-
sign is to push the gain further into the span and reduce the intensity of the first
order pump. Both pumps may be cascaded and launched from the same end of the
fibre co- or counter propagating with the signal (unidirectional) or alternatively
pumps may be installed to counter propagate against each other (bidirectional
configuration). The number of possible configurations is large. The 4" order
pumping (122) and 6 order cascaded pumping with FBGs has been reported
(123). The overall benefit of higher order pumping is reduced Rayleigh backscat-
tering (122)), most notable in high on-off Raman gain, extended gain bandwidth
(124)), improved noise figure (95, 1211, 122} 125]) and receivers sensitivity (124]).
The novel ultra-long Raman fibre laser based amplifier is an alternative method
of distributed Raman amplification. This configuration takes advantage of a sin-
gle wavelength pump downshifted by two Stokes from the signal. In 2" order
URFL amplifier (5) the virtual primary pump is created by feeding back the
Stokes shifted light using high reflectivity FBGs which act as mirrors. The cavity
can be optimised by changing the wavelength and the bandwidth of FBGs ().

Input /.—“I |H—o\ Output

PA:1366nm P)\:1366nm

Figure 3.11: Schematic diagram of 2"? order distributed URFL based amplifier
with high reflectivity FBGs

Quasi lossless transmission over standard single mode fibre was a long term
goal in telecommunication systems. The URFL based amplification can turn

transmission fibre into virtually lossless optical medium (5, [126], 127, 128, [129)
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3.3 Raman Amplifiers

by providing almost ideal signal power distribution. The schematic diagram of
274 order URFL based amplifier is in Fig. [3.11]
The initial pump intensity at 1366 nm is shifted by approximately 13 THz

towards the cavity created by the pair of FBGs. The lasing acts as a virtual

primary pump at the wavelength determined by the FBGs and amplifies signal

in desired C-band telecommunication region. The signal power evolution along

the transmission fibre in this truly distributed amplification method is described
by the set of ODEs ([5):

dPp,
dz

dPp,
dz

dP,
dz

dnt
dz

dn?
dz

1
:FC“P l:FAg Plétl(P 2+PE2+4hU2AU2(1+W> +
eff U2 e KT _
e PZ, (3.24)
1
:FOéQP 2:FA (P 2+2hU2A02<1+W>)(P l—f-P];l):F
eff e KpT _1
1

g2 'UQPIZDEQ <P —I—TL —|—7L —|—4h’USAUS (1 + W))ﬂ:
Aeff Vs e KQBT -1
e,P3, (3.25)
— a,Ps+ 2P+ (P + Pry) (3.26)

eff

92 A ! P, + P;
—ozsn + — A n +2hvs Vg W ( P2+ p2)+

eff e BT _
€s +ny, (3.27)

-2 (- 4 ohuAn (1 ! Pt o+ P
sy — A Nng =+ Vs AVs +h(va ( P2+ P2>_
eff e KT —1]
+ (P, +nf) (3.28)

where subscripts 1, 2 and s refers to 1% order pump, 2"! order pump and signal
respectively. The boundary conditions in the Egs. - are:
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3.29
3.30
3.31
3.32
3.33
3.34

o~ o~ o~ o~ o~~~
~— ~— ~— v ~—v ~~—

where R; and R, is the strength of the fibre Bragg gratings and L is the total

length of the span.

The simulation results for the 2°¢ order bi-directional URFL based amplifier in
100 km link is in Fig.[3.12] The parameters used are in Table[3.4] The reflectivity
of the FBGs with a bandwidth of 200 GHz was 98%. The step size was set to

100 m.
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Figure 3.12: URFL: Simulation results for 100 km quasi-lossless link

Total peak to peak signal power variation in 100 km was 3.1 dB. That’s

over a 50% improvement in power distribution comparing with 1% order DRA

as shown in Fig. [3.14

The disadvantage of the URFL configuration is that of

higher pump powers required to achieve quasi-lossless transmission. Total pump

power in URFL amplifier was 1.94 W whereas only 0.74 W was needed for the
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Figure 3.13: URFL: Simulation of signal power distribution in 100 km quasi-

lossless link

15" order DRA. The comparison of pump efficiencies in 100 km SMF-28 link for
1%t order DRA and URFL based amplifier is in Fig. [3.15] In both configurations

symmetric pump power ratio was applied.

Intensity (dBm)

_4 1 1
0 20 40 60 80 100
Distance (km)

Figure 3.14: Simulation results of signal power distribution: comparison of 2"
order URFL (red) and 15* order DRA (blue) in 100 km quasi-lossless link

Power variation of the signal increases with distance. Fig. |3.16| and Fig. [3.17]

shows simulated signal distribution across quasi-lossless 60 km, 80 km, 100 km
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Figure 3.15: Simulation results of pump efficiency in 100 km SMF-28 link for 15
order DRA (blue) and URFL (red) based amplifiers.
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Figure 3.16: URFL: Simulation results of signal power distribution at different

span lengths in normalised distance scale

and 120 km span. All simulations were performed with symmetric pump power
distributions in forward and backward direction. The pump powers and signal
variations across the spans are listed in Table. |3.3

The RIN transfer in 2°¢ order URFL based amplification can be described by
additional set of ODEs (114)):
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Intensity (dBm)

-3 i i

|
0 20 40 60 80 100 120
Distance (km)

Figure 3.17: URFL: Simulation results of signal power distribution at different
distances.

Table 3.3: 2" Order URFL: Simulation Pump Powers and Signal Variation.

Distance (km) Tot. Pump Power (W) Signal Variation (dB)

60 1.17 0.4
80 1.56 1.38
100 1.94 3.15
120 2.3 5.62
L + Yipeo +  — Y1 pt —\nE
e +idiwni = Fagny Fg—P(ng +ny) Fg1— (P + Py )ni+
z (%) V2
eny (3.35)
dny _ _
UL 4 idunt = Faget T g BF (0l + ) £ g (PF + P
gg%ans T gQ%PsngE + eang (3.36)
dng
dnz = —ayns + g Ps(ng +ny ) gons(Byf + Py ) + esn;, (3.37)

where df = 1/v, £ 1/v; is the relative propagation speed of different spectral
components. The boundary conditions for the Eqs. - are:
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ny (0) = ny (3.38)
ny (0) = ngg (3.39)
nga (0) = Rin, (0) (3.40)
ny (L) = Ronj (L) (3.41)
ns(0) = (3.42)
Table 3.4: Simulation Parameters
Parameter Notation Value Unit
Signal Frequency Vs 1550 nm
Signal Bandwidth Avg 0.5 THz
Raman Gain Coefficient at 1366 nm g1 0.51 Wtkm=!
Raman Gain Coefficient at 1450 nm o 0.36 W=tkm™!
Rayleigh coefficient at 1366 €1 1.0 x 107* km~!
Rayleigh coefficient at 1450 €9 6.0 x 107° km~!
Rayleigh coefficient at 1550 €5 4.3 x 1075 km~!
Signal Attenuation at 1550 nm Qs 0.2 dB/km
Pump Attenuation at 1366 nm o 0.33 dB/km
Pump Attenuation at 1455 nm Q9 0.26 dB/km
Plank’s Constant h 6.626e-34 Js
Boltzmann’s constant Kp 1.381e-23 J/K
Absolute Temperature T 298 K
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Chapter 4

Ultra-long Raman Fibre Laser
Based Amplifier

In long-haul and unrepeatered links, distributed Raman amplification offers good
noise performance and can be used to optimise the signal power evolution within
the transmission span. It counterbalance fibre attenuation and prevents signal
drop as in lumped amplifiers. Constant gain along the span in quasi-lossless
transmission suppresses ASE noise accumulation and leads to lower NF. The

schematic comparison of signal variation along the span with distributed Raman
(red) and EDFA (blue) amplifier is in Fig[4.1]

Rel Power (dBm)

80 km span Distance

Figure 4.1: Relative signal power distribution in lumped EDFA (blue) and dis-
tributed Raman (red) amplification. The power variation was experimentally ver-
ified
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There is only 1.4 dB power variation along the 80 km span using distributed
Raman amplification scheme. Higher-order pumping can reduce the variations of
the effective gain-loss coefficient even further, however, it usually requires Raman
pumps at different wavelengths which higher the overall cost of the system.

A novel amplification scheme that uses fibre Bragg grating reflectors to form
an ultra-long Raman fibre laser along the fibre span to achieve second-order
pumping of the signal can be implemented in already existing links with standard
SMF-28 silica fibre using single wavelength pump only. This can be used to realise
a quasi-lossless span up to certain distance, approximating the optimal case for
transmission performance (7).

The optical spectrum of the URFL amplification process is shown in Fig. |4.2]
Secondary pump at 1366 nm transfers energy to the cavity created by FBGs in
1450 nm region. The lasing creates virtual primary pump which shifts energy to
C-band telecommunication window. Bidirectional 2"¢ order URFL configuration
can extend the transmission distance in unrepeatered systems considerably (130)

without employing speciality fibres or remote optical pre-amplifiers (ROPA).

10
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Figure 4.2: Optical spectrum of the 2"¢ order URFL based amplification

This chapter is focused on optimisation of URFL based amplifier in order to
maximise the data transmission performance. The choice of fibre is justified the-
oretically and confirmed experimentally. Different pairs of FBGs are tested and
selected to provide best performance for unrepeatered transmission. Performance

of the amplifier is characterised for each individual span length. Experimental
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4.1 Experimental Set-up

results of on-off gain, optical signal to noise ratio (OSNR) and signal power dis-
tribution measurements are confirmed with simulations and referenced. The final
section of the chapter presents the benefits of URFL based amplifier and compares
it with lumped EDFA.

4.1 Experimental Set-up

The schematic diagram of an experimental setup for optimisation and character-
isation of the 2"! order bidirectional URFL based amplifier is shown in Fig. .

Components investigated in the experiments are marked in red.

oA )

o W |- OSA
° G R W
An — | Prow |

Figure 4.3: Experimental setup for optimisation and characterisation of 2"¢ order
distributed URFL based amplifier with high reflectivity FBGs. Total input power
into the span is digitally controlled by VOA connected to control unit (CU) and

calibrated power meter (PM). Optimised elements are marked by dashed red line.

Continuous wave distributed feedback (CW-DFB) laser diodes (LDs) are mul-
tiplexed using passive athermal arrayed wave-guide grating (AWG) multiplexer
to form 16 even channels spread across C-band. In order to keep DFBs noise
figure (NF) fixed, LDs power was fixed and total launch power into the span was
adjusted by variable optical attenuator (VOA). Output signal is multiplexed by
1366/1550 nm coupler with high power Raman pump at 1366 nm. High reflec-
tivity FBGs with a bandwidth of 0.5 nm and 0.7 dB loss were spliced at each end
of the transmission span to reflect the Stokes shifted light generated by the sec-
ondary pump. Optical spectrum analyser (OSA) with sensitivity of -70 dBm and
0.1 nm resolution bandwidth was calibrated to a peak power of a single channel

after the WDM Mux measured on the power meter.
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Figure 4.4: Spectra of the 16 channel grids used in the experiment for total input
power (IP) of 0, 5, 10 and 14 dBm, measured after VOA.

The 16 channel WDM grid used in OSNR and on-off gain measurements
is shown in Fig. 4.4 A 30 nm bandwidth (1530 nm - 1561 nm) of C-band
telecommunication window was fully covered. The spectra at different launch
powers of 0 dBm, 5 dBm, 10 dBm and 14 dBm with the initial peak power
ripples of 0.78 dB, 0.81 dB, 0.87 dB and 1 dB respectively were measured after
VOA.

4.2 Optimisation

Design of URFL amplifier requires the choice of appropriate parameters such as
pump wavelength, fibre type, fibre length and fibre Bragg gratings. Careful co-
and counter propagating pump power ratio adjustment can optimise the gain

profile in the span, reduce nonlinear noise and pump to signal RIN transfer.
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4.2 Optimisation

4.2.1 Type of Fibre

The choice of fibre type in DRA design is related to fibre attenuation, CD, PMD,
zero dispersion wavelength and the size of the fibre core. Low loss large effective
area fibres (LEAF) allow for higher launch powers with no significant nonlinear
penalties, hence are suitable for high capacity and unrepeatered transmissions
(131}, 132). Non-zero dispersion shifted fibres (NZ-DSF) are optimum for WDM
transmission with no inline dispersion compensation modules (133] [134). Mea-
sured dispersion slop for different fibers is in Fig. (135).
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Figure 4.5: Measured dispersion slope in SMF-28, LEAF and TrueWave fibres

Table 4.1: Raman pump powers and fibre parameters

SMF28 DCF TrueWave LEAF

Power per Pump (W) 1.1 0.6 1.0 0.9
Zero Dispersion Wavelength (nm) 1310 1460 1500

Dispersion properties of NZ-DSF fibre can also have destructive impact on
DRA due to FWM (54,136, [137)). In higher order broadband DRA zero dispersion
wavelength Ay should not be located between pump wavelengths to avoid strong

pump-pump FWM effect (I38,139). In DRA configuration with forward pumping
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pump-signal FWM is most effective for )y located between the pump and the
signal bands (140}, [141], [142)) therefore should be avoided.

TrueWave
1 O T T T T T T T T T
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Figure 4.6: The performance of TrueWave fibre in 2 order URFL based amplifier
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Figure 4.7: The performance of LEAF in 2" order URFL based amplifier

Dispersion compensating fibre (DCF), TrueWave, LEAF and standard SMF-
28 with it’s dispersion slopes measured and plotted in Fig. has been tested in
2" order bidirectional URFL based amplifier (schematic design in Fig. 4.3) with
symmetric launch pump power ratios listed in Table [£.1 The 8 channel grid with
total bandwidth over 40 nm and 0 dBm of input power per channel was spread

across C-band. The span length in each experiment was 60 km with the same
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pair of FBGs centred at 1455 nm. Secondary pump wavelength was at 1366 nm.
The difference in total pump power in each span comes from different effective
area Ay which is directly related to Raman gain coefficient. In each experiment

the pump powers were set to allow quasi-lossless transmission.
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Figure 4.8: The performance of DCF in 2" order URFL based amplifier

L
o
T

Intensity (dBm)
N
o

1530 1535 1540 1545 1550 1555 1560 1565 1570
Wavelength (nm)

Figure 4.9: The performance of SMF-28 in 2"! order URFL based amplifier

Both NZ-DSF (Fig. and Fig. are unsuitable for the URFL based ampli-
fication due to zero dispersion wavelengths located between the initial secondary
pump wavelength, Stokes and the signal which leads to strong pump-pump and

pump-signal FWM effect.

63



4.2 Optimisation

Dispersion compensating fibres (Fig. have a high attenuation at the signal
wavelength therefore are unsuitable for the transmission medium on it’s own. The
sparks at the higher wavelengths in Fig. are the result of high Raman gain in
DCEF fibre where the 3'¢ Stoke begins to create. The aim of the experiment was
to check if it’s possible to use DCF as a medium for discreet URFL Raman am-
plifier and to compensate for the dispersion in long unrepeatered direct detection
transmission.

It was not possible to compensate the loss of 60 km DCF fibre using 2°¢ order
bidirectional URFL based amplification which makes it unsuitable to be used as
a medium in URFL amplifier.

Standard SMF-28 (Fig. 4.9) was the most suitable fibre for the URFL ampli-
fier therefore has been chosen for further experiments to investigated FBGs and

optimisation process of the rest of the components.

4.2.2 Fibre Bragg Gratings

The gain profile in novel URFL based amplifier can be optimised by selecting
appropriate FBGs with respect to the source pump wavelength. The choice of
FBGs will have an impact on on-off gain as well as gain flatness and gain band-
width. With a fixed pump at 1366 nm the wavelength of FBGs should be chosen
by taking into account the transmission distance and total bandwidth of WDM
grid used in the experiment.

To optimise the gain profile for unrepeatered (up to 360 km) OSNR and on-
off gain measurements, two sets of FBGs (Fig. centred at 1448 nm (black)
and 1458 nm (red) has been tested in 320 km SMF-28 span using configuration
as in Fig. [£.3] The first peak at 1366 nm in Fig. is a source pump. The
broadband gain of distributed Raman amplification with peak downshifted by
approximately 13 THz is visible in 1450 nm region. The peak in 1450 nm region
is the Stokes shifted light reflected by the cavity created by the pair of gratings
at 1448 nm (black) and 1458 nm (red) respectively. The reflected light acts as a
virtual primary pump and amplifies the signal in 1550 nm region (Fig. [4.11)).

The 360 km span loss was 72 dB, therefore primary target of the optimisa-
tion was evenly distributed high gain across C-band rather than gain bandwidth
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Figure 4.10: Comparison of FBGs at 1448nm (red) and 1458nm (black)
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Figure 4.11: Comparison of FBGs at 1448nm (red) and 1458nm (black)

extension. The results in Fig. and Fig. shows that lower wavelength
set of FBGs at 1448 nm (red) provides higher on-off gain and better gain flat-
ness across the WDM grid used in the experiment therefore have been chosen.
The FBGs centred at 1458 nm are more suitable for shorter span lengths due

to improved gain flatness with lower pump powers and extended gain bandwidth
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towards L-band by approximately 11 nm.

4.2.3 Forward and Backward Pump Power Distribution

The Raman pump power distribution in bidirectional pumping is related to span
length. In short links with relatively small pump powers required for quasi-lossless
transmission, symmetric pumping will give the best gain distribution across the
span with a small power variation (5, 126, 129). The accumulated ASE can
be further reduced by pushing the gain into beginning of the span which will
prevent signal decay. Increased forward pumping will result in improved noise
figure, however, care must be taken to balance off the benefits of higher OSNR

and possible disadvantage imposed by Rayleigh scattering and nonlinear effects

(7).

Forward Pump

Intensity (dBr)

_50 1 1 1 1 1 1 1
1546 1548 1550 1552 1554 1556 1558 1560 1562
Wavelength (nm)

Figure 4.12: Experimental results of forward pump power optimisation in 320 km
SMF-28 link.

The experimental results of forward and backward pump influence on received
OSNR and on-off gain measured in 320 km span are shown in Fig. and
4.13. We can notice OSNR improvement with increased forward pump power.
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Backward Pump
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Figure 4.13: Experimental results of backward pump power optimisation in
320 km SMF-28 link.

Improved received OSNR, with forward pumping configuration can benefit re-
peatered systems by extending the reach between the repeaters (97) as well as
higher the distance in unrepeatered transmission (L130]).

Backward pumping in DRA can benefit the system by pushing the gain further
into the span at the received end. In Fig.|4.13|we can notice the gain dependance
with increased backward pump power.

The optimal pump power ratio between co- and counterpropagating pumps
is system specific and depends on fibre type which will decide on best trade
off between both. Large effective area fibres allows for higher launch powers,
therefore nonlinearities from forward pumping will be reduced.

Experimental forward and backward pump power optimisation in 320 km
SMF-28 link as a function of bit error rate (BER) in 8 x 42.7 Gb/s DPSK
transmission with direct detection, measured for the best performing channel is
in Fig. [4.14] For the best BER the possible forward pump power adjustment is
restricted to 100 mW of an optical power. The flexibility of backward pump power
is much higher and can be varied by 450 mW. The best performance in terms
of BER was the split ration of 55% and 45% for forward and backward pump
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Figure 4.14: Experimental results of forward and backward pump power optimi-
sation in 320 km link as a function of BER of the best performing channel in 8 X
42.7 Gb/s DPSK transmission with direct detection

respectively. However, this ratio might be misleading as the backward pump
would have to be pumped harder if there was no post EDFA amplification in the
system design due to 100% post dispersion compensation. The optimisation of
bidirectionally pumped DRA are proposed in Ref. (108] 143 where both authors

agree that best performance is achieved with lower forward pump powers in range
of 30-50%.

4.2.3.1 Gain Profile

The gain profile in URFL based amplifier depends to a great degree on the prop-
erties of FBGs with respect to the initial secondary pump wavelength. With a
pump wavelength at 1366 nm and FBGs with a bandwidth of 0.5 nm centred
at 1455 nm gain profile will be determined by the on-off Raman gain which will
increase with distance.

Fig. 4.15| shows the gain profile measured in 82 km SMF-28 span. In this

symmetric bidirectional configuration the power per pump was varied from 0.5 W
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Figure 4.15: Experimental results of Raman gain profile in 82 km URFL based
amplifier with symmetrical pump power distribution.
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Figure 4.16: Measured URFL gain profile with different span lengths. The pump
power ratio was split symmetrically for the best gain distribution in quasi-lossless

transmission. For clarity the plot for each distance was shifted not to overlap.

to 1 W. The 16 dB span loss (dashed light blue) was fully compensated with 0.8 W
(blue) per pump providing 40 nm broadband gain bandwidth with less than 2.5 dB
gain ripple. This figure has been achieved without any gain flattening filter, with

raw Raman pumps only as in schematic design in Fig. [4.1. The gain flatness
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4.2 Optimisation

degradation is most prominent at the longer wavelength region and decreases
sharply with increased on-off gain.

The gain bandwidth can be slightly extended towards L-band by employing
higher wavelength FBGs with the expense of overall on-off gain as shown in
Fig. A.17]

Gain profile spectra in different span lengths ranging from 40 km to 120 km is
in Fig. In this experiment span loss for each length was fully compensated
with symmetric bidirectional pumping to permit transparent link, however, to
improve clarity of the graph, the spectra for each span were intensionally shifted
by 1 dB with respect to each other. The Raman gain spectrum is more pro-
nounced in longer spans due to increased on-off gain required to counterbalance

the attenuation.

4.2.3.2 Gain Distribution

The signal power variation across the span length decreases with higher order
pumping. In relatively short length URFL based amplifier, truly distributed gain
can be realised with symmetric bidirectional pumping (5, [144]). This configuration
may turn the transmission span into a virtually lossless medium by reducing the
effective gain loss. The main advantage of the quasi-lossless transmission over

lumped amplification is improved noise figure by a factor of 3 dB (145).

Table 4.2: Pump Powers in Quasi-lossless configuration

Distance Forward Pump Backward Pump

(km) (dBm) (dBm)
80 26.4 30.9
100 29.7 31.3
120 30.7 31.8

The power distribution along transmission fibre has been measured for a single
channel in the middle of C-band at 1550 nm with a modified optical time-domain
reflectometer (OTDR). The signal distribution for 80 km, 100 km and 120 km in
quasi-lossless transmission is shown in Fig. [4.17] and Fig. [4.18] The smooth solid
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4.2 Optimisation

line in each spectra is a simulation fit to the experimental data. There is only
1.4 dB power variation for 80 km span, 2.5 dB and 4.4 dB for 100 km and 120 km
respectively. Pump powers used in experiment are in Table

Rel. Power (dBm)

0 20 40 60 80 100 120
Distance (km)

Figure 4.17: Experimental (rough) and simulation (smooth) results of signal
power distribution in quasi-lossless transmission measured with modified OTDR
for the span length of 80 km (red), 100 km (blue) and 120 km (green).

The symmetric sinusoidal power distribution detritus with increased span
length as the loss cannot be fully compensated. The numerical simulations
(5, 146) in Fig. - shows uneven signal power distribution in 280 km,
320 km, 340 km and 360 km links due to fibre loss and double Rayleigh backscat-
tering. The signal power variation along these spans increases to 37 dB , 46 dB,
49 dB and 53 dB for 280 km, 320 km, 340 km and 360 km respectively.
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Figure 4.18: Experimental (rough) and simulation (smooth) results of signal

power distribution in quasi-lossless transmission measured with modified OTDR

for the span length of 80 km (red), 100 km (blue) and 120 km (green).

The

distance was normalised.
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Figure 4.19: Simulation results of signal distribution in 280 km link
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Figure 4.20: Simulation results of signal distribution in 320 km link

20

Intensity (dBm)

T T l T l

— Signal power per channel (dBm) -
Noise power (0.1 nm)

/
-40 / So 7 ]
S o /
\\ /
s \\ 7 -
~ 7
S o //
-60_ \\\\ /// —
So -
\\\ ”/
80 s | . | . |
0 100 200 300

Distance (km)

Figure 4.21: Simulation results of signal distribution in 340 km link
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Figure 4.22: Simulation results of signal distribution in 360 km link

4.3 On-0Off Gain

Improved noise figure (147), extended gain bandwidth (92} [04] 119) and improved
gain flatness (I19) which can be accomplished by combining several pump wave-
lengths are the major benefits of Raman amplifiers. Distributed amplification
allows for signal to be amplified at the distance from the fibre end where the
pump is launched which improves received OSNR. Higher order DRA can push
the gain further into the medium. This attribute allows for high distance unre-
peatered submarine systems which makes use of ROPA and low loss speciality
fibres. High on-off gain in Raman fibre laser amplifiers can extend the system
reach with standard fibres and single pump wavelength.

The on-off gain in URFL based amplifier has been measured for span lengths
up to 360 km. Total launch powers used in the experiments were 0 dBm, 5 dBm,
10 dBm and 14 dBm (Fig. . Pump powers used in the experiment which were
optimised for best gain profile across C-band are listed in Table at the end of
the chapter.
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Figure 4.23: Experimental results of on-off gain measurement as a function of
distance. All 16 channels were measured. For the transparency only the best (solid)
and the worst (dashed) channels are plotted

On/Off Gain (dB)

Input Power (dBm)

Figure 4.24: Experimental results of on-off gain measurement as a function of
I/P for 80 km (black), 160 km (red), 240 km (blue) and 360 km (green). All 16

channels were measured. Only the best (solid) and the worst (dashed) channels

are plotted.
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The results (Fig. show the best (solid line) and the worst (dashed line)
performing channel. The black line is a measured fibre loss for each span length.
The maximum on-off Raman gain achieved for the best performing channel was
64 dB. We can notice that for low launch power, span loss up to 280 km can
be fully compensated. With increased input to 14 dBm the fibre loss could be
compensated only up to 200 km. The gain dependance of a launch power for
80 km (black), 160 km (red), 240 km (blue) and 360 km (green) is plotted in
Fig. 4.241 In all scenarios the highest gain was achieved for the lowest launch
powers. The increased difference between best and worst performing channels in

higher distances is due to residual channels.

4.4 OSNR

OSNR is typically defined as the ratio of the average optical signal and ASE

power within nonzero bandwidth:

P out

OSNR = ,
Pisk

(4.1)

where P,,; is the received signal power and Pagg is the power of the amplified

spontaneous emission within bandwidth B,, approximated by

Pysg = 2ng,hv(G — 1) By, (4.2)

where v is the optical frequency of the noise, G is the gain and ng, is the spon-

taneous emission factor. In Raman amplifier ny, is defined as (148))

1

1 — e—hvs/kT (43)

nsp =

where vy is the frequency difference between pump and the signal. Substituting
Eq. into Eq. where P,,; = P;,,G we get
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GP;

NR = 4.4

OSNR 2ng,hv(G — 1) By, (44)
P

~ 2nsphv By,

(4.5)

This definition, however, does not include nonlinear noise and pump-signal RIN
transfer which are important factors in noise generation in high power Raman am-
plifiers. Measured OSNR in this section is defined as the ratio of the peak power
of the signal and the noise power measured on OSA within 0.1 nm resolution
bandwidth and sensitivity of -70 dB.
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Figure 4.25: Experimental results of the OSNR measurements. All 16 channels
were measured. For clarity only the best (solid) and the worst (dashed) channels

are plotted.

The OSNR was measured for every channel in WDM grid as in Fig. [£.4] The
best (solid line) and the worst (dashed line) performing channels are plotted as
a function of distance in Fig. [4.25] The launch powers in the experiment were
0 dBm, 5 dBm, 10 dBm and 14 dBm. Simulation results (146)) for a single channel
in the middle of the C-band of 14 dBm grid at 1550 nm are plotted together with
the experimental results for best and worst performing channels in Fig[4.26] There

is a great agreement between simulation and experimental results.
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Figure 4.26: Simulation results (red) of OSNR measured for a single channel in
the middle of the 14 dBm grid. Dashed lines are experimental results for the best

(blue) and worst (green) performing channel.

The signal degradation for the span lengths up to 200 km is relatively small,
however, there is a sharp decline in OSNR for higher distances, reaching value of
less than 7 dB for 360 km which is critical even for low level modulation formats.
In URFL based amplification technique the distance of 360 km using standard

SMF-28 fibre appears to be a limit for unrepeatered data transmission.
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Figure 4.27: OSNR penalty as a function of distance. All 16 channels were

measured. For clarity only the best performing channels are plotted.
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OSNR penalty defined as the difference between transmitted and received
OSNR at the end of the span is plotted in Fig. In Fig. [4.28| we can observe
OSNR penalty as a function of an average on-off gain based on 16 channel count.
For each launch power measured the penalty increases sharply with the span
length longer than 200 km.
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Figure 4.28: OSNR penalty as a function of distance (top) and on-off gain (bot-
tom) for launch powers of 0 dBm (blue), 5 dBm (green), 10 dBm (red) and 14 dBm
(cyan). All 16 channels were measured. For clarity only the best performing chan-

nels are plotted.

The benefit of improved noise figure in distributed Raman amplifiers where
gain is distributed along the fibre (I147) and hybrid Raman/EDFA (148) allows
for higher reach between the repeaters as well as record distances in unrepeatered
systems (130, 149).
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4.5 Comparison of EDFA and URFL based amplification

4.5 Comparison of EDFA and URFL based am-

plification

The choice of amplifier in optical network design depends on the application. High
pump efficiency (82)) makes EDFA an attractive amplifier for urban deployment.
Long distance single hop transmission requires distributed amplification which are
not suitable for EDFA configuration due to required low loss speciality erbium
doped fibre (150)). Raman amplification has number of advantages over EDFA in
terms of physical performance, however, the implementation costs makes it hard

to be commercialised.

M, @

[ ]

° W VOA OSA
° G

A, >

Figure 4.29: Schematic diagram for EDFA configuration. The FBGs in the
scenario are passive. Total input power into the span is digitally controlled by
VOA connected to control unit (CU) and calibrated power meter (PM).

Important advantage of Raman based amplifiers is improved OSNR. If we
refer to the approximated OSNR equation (Eq. we can see that the only
parameter which will change for the same system setup is spontaneous emission
factor ng,. Using Eq. with the parameters vy, = 13.2 THz and temperature T’
= 300 K the ng, factor for Raman amplifier is ~ 1.14. In EDFA ng,, depends on
the pumps wavelength and pumping rate and may vary from 1.4 - 4 with a typical
value of ~ 2 (151)). Substituting n,, for EDFA and Raman amplifier in Eq.
we can verify that received OSNR is approximately 3 dB better in Raman.

URFL based amplification is experimentally compared with EDFA in 82 km
span. Bidirectional URFL (Fig. configuration was symmetrically pumped
whereas EDFA (Fig. was optimised for the best gain flatness performance
for transparent transmission of an unmodulated 16 channel grid. In Fig.
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Figure 4.30: Received optical spectra after 82 km SMF span using EDFA (blue)
and URFL (red) based amplifier with the input (dashed black) of 0 dBm per
channel. The resolution bandwidth in OSA was 0.1 nm

we can see received optical spectra after 82 km SMF-28 span using EDFA (blue)
and URFL based amplifier (red) with the initial input (dashed black) of 0 dBm
per channel. The fibre loss was fully compensated in both amplification methods
across the whole band used with the total peak to peak gain flatness variation
of 3 dB in URFL and 1 dB in EDFA case. No gain equalisation filters were
used in URFL based amplifier. There is over 10 nm of bandwidth extension and
7 dB OSNR improvement in URFL based amplifier. The noise floor spectra for
different launch powers for both amplifiers are plotted in Figs. -

In Fig. [4.31| received OSNR at the end of the span for the best (solid) and the
worst (dashed) performing channels is compared with EDFA and URFL based
amplifier as a function of input power per channel with 1 dBm step. There is over
10 dB OSNR improvement with URFL for most of the input powers measured.
The figure decreases slightly with higher input powers. Unsymmetrical pumping
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Figure 4.31: Received OSNR in 82 km span using EDFA (blue) and URFL
(red) based amplifier as a function of the input power per channel. The resolution
bandwidth in OSA was 0.1 nm

with emphasised forward pump can further increase received OSNR with the

expense of higher nonlinear effects.
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Figure 4.32: Noise floor comparison for I/P of 0 dBm per channel in 82 km link.
Blue: EDFA; red: URFL; dashed black: 0 dBm input
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Figure 4.33: Noise floor comparison for I/P of -5 dBm per channel in 82 km link.
Blue: EDFA; red: URFL; dashed black: -5 dBm input
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Figure 4.34: Noise floor comparison for I/P of -10 dBm per channel in 82 km
link. Blue: EDFA; red: URFL; dashed black: -10 dBm input
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Figure 4.35: Noise floor comparison for I/P of -15 dBm per channel in 82 km
link. Blue: EDFA; red: URFL; dashed black: -15 dBm input

Raman and hybrid Raman/EDFA amplification can improve transmission per-
formance of WDM systems (152] 153)). In ROPA higher order backward Raman
pump amplifies the signal by delivering optical power to piece of erbium doped
fibre located about 100 km (depending on the pump order and the fibre type)
from the front or end of the span (or both). This configuration combined with
ultra low loss fibres led to record distances in unrepeatered transmissions up to
601 km 1 x 10 Gb/s RZ-DPSK (154)), 500 km 1 x 100 Gb/s PDM-QPSK (155
and 401 km 26 x 100 Gb/s PDM-QPSK (I56). In hybrid Raman/EDFA design
365 km transmission of 40 x 112 Gb/s was achieved (I57]).
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Table 4.3: Forward and Backward Raman Pump Powers

[/P: 0 dBm | I/P: 5dBm | I/P: 10 dBm | I/P: 14 dBm
D Pr Pp | Pr Py | Pr Pp Pr Pp
(km) (dBm)

80 1264 309 |264 31.1]269 314 |27.2 315
120 | 29.7 313 | 298 316|299 319 |30.2 320
160 | 30.7 31.8 | 309 321 |31.1 322 |31.3 323
200 | 31.8 319 |31.8 319|318 319 |32.0 322
240 | 32.1 321 | 319 322|319 324 |321 325
280 | 32.1 324 | 319 325|319 325 |32.0 325
300 | 32.1 324 | 31.8 325|321 325 |322 325
320 | 32.1 324 | 319 324|321 324 |324 324
340 | 32.1 324 | 319 324|320 324 |324 324
360 | 31.0 324 | 319 324|320 324 |322 324
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Chapter 5

Data Transmission

The information in fibre optic communication systems can be transmitted by
modulating data onto a carrier using intensity modulation where the optical signal
is switched on and off using a simple binary code. The data throughput using
this method can be extended by increasing the rate at which symbols are being
modulated onto a single optical carrier. This approach, however, is limited by
the speed of optoelectronics currently deployed as well as physical properties of
the signals modulated with very high rate.

Directly modulated lasers (DML) (158, [159), Electro-absorption (EAM) (160,
161) and most commonly used (162) Mach-Zehnder modulators (MZM) (163
164)) are examples of modulator technologies supporting binary data rates up to
80 Gb/s (160) and 112 Gb/s demonstrated in 40 km field transmission (L165]).
The schematic diagram of dual-drive MZM modulator is in Fig. [5.1]

VBras,

Ein (t> Eout (t)

VBr1as,

Figure 5.1: Dual-drive Mach-Zehnder modulator
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The optical output E,, (t) of an ideal dual-drive Mach-Zehnder modulator

(Fig. is given by (L166)):

Eou(t) = E";(t) {e:cp (j %(Ul (t) + VBIASH)) + (j %(Uz(t) + VBIASz)):| (5.1)

where V. is the intensity switching voltage, vy (t) and v (t) are the drive voltages
whereas Vpras, and Vpras, are the bias voltages.

The amplitude in OOK modulation format is changed by impressing a voltage
on one side of the MZM to change the optical path length to a half cycle. At the
output of the MZM, where the waveforms from both sides are recombined, the

optical power is hight for binary 7 or low for binary 0.

NRZ

Figure 5.2: NRZ (top) and CSRZ (bottom) coding techniques

The optical pulses can return-to-zero (RZ) within each bit slot or not-return-
to-zero (NRZ) carrying the intensity over several bit slots. Although less band-
width efficient and more complex in design, RZ singling is more robust to fibre
nonlinearities (I67). To generate RZ pulses an additional modulator is required
for data rates of 40 Gb/s and above. MZM based pulse carver can drive the

signal at the data rate between it’s minimum and maximum (50% duty cycle) or
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5.1 Modulation Formats

at half the data rate at it’s maximum (33% duty cycle) or minimum (67% duty
cycle) transmission (Fig.[5.3). In carrier-suppressed return-to-zero (CSRZ) (168)
format the sign of the optical field is reversed at each bit transition resulting in
zero-mean optical field envelope. The phase of a signal can be modulated by
implementing additional phase modulator which would generate chirped (CRZ
or C-NRZ) modulated signal. The advantage of CRZ is that of increased re-
sistance to nonlinearities which makes it most suitable for high capacity optical
links (169).

33% RZ

67% CSRZ

50% RZ

Transmission

Drive signal V

Figure 5.3: MZM bias points for 33%, 50% and 67% RZ duty cycles

5.1 Modulation Formats

In telecommunication systems the information is modulated onto the carrier prior
to the transmission. The electric field of carriers electromagnetic wave can be

described as

E(t) = pAcos(wt + ¢) (5.2)

where p is the polarisation, A is the amplitude, w is the frequency and ¢ is the

phase of the carrier.
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5.1 Modulation Formats

In optical communication the information data can be encoded in amplitude,
phase, frequency and polarisation of the carrier. These might be combined to-
gether to create high level modulation techniques with multilevel signaling. Ad-
vanced optical modulation formats allows for logs(M) data bits being encoded
on M symbols by utilising several attributes of optical field combined together or
on they own. Multilevel signaling allows for higher data rates at a fixed symbol
rate which results in improved spectral efficiency (SE). Improved SE may be re-
alised by multiplexing two signals at the same wavelength using two orthogonal
polarisations or wave-division multiplex several wavelengths in one single mode
fibre. WDM combined with multilevel polarisation-division multiplexed (PDM)

signals will result in further data rate enhancement.

5.1.1 Amplitude Shift Keying

Amplitude Shift Keying (ASK) is a modulation format that encodes the infor-
mation in the amplitude of the carrier where each amplitude encodes an equal
number of bits. Binary ASK signal, sometimes referred as an on-off keying,
transmits logical I when intensity of the pulse is high and logical 0 when it’s
low. Multilevel ASK (M-ASK) encodes the data on different amplitude levels
enhancing the SE.

5.1.2 Phase Shift Keying

Phase shift keying (PSK) is a modulation format where the information is encoded
in phase of the optical signal. Instead of transferring data by switching the optical
signal on and off, the signal is always on and the information is carried on the
shifting signal phase which reduces nonlinearity caused by the changes in optical
power. The PSK signal, however, cannot be detected using direct detection due
to the absence of the phase reference and requires a local oscillator (LO) for the
demodulation at the receiver which makes the system implementation harder.
Binary differential PSK (DPSK) encodes the information on the phase change
or phase difference rather than phase itself. The phase reference in DPSK is pro-
vided by preceding bit which allows for a simpler demodulation by implementing
delay line interferometer (DLI). In DLI (Fig. the signal is split by the coupler
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5.1 Modulation Formats

where one path is delayed by the duration of one bit slot 7" and then coherently
recombined to let two paths interfere with each other. The interference converts
differentially precoded phase modulated signal into intensity modulation with
high intensity for no phase difference and low whenever the difference is detected
(I70). The optical fields at the output of the DLI are:

Ei(t) = E(t — T) — E(t) (5.3)
Ey(t) =jE({t—T)+ jE(t) (5.4)
E(t)
T
B(t)
Es(t)

Figure 5.4: Delay line interferometer with delay period T

The main advantage of DPSK modulation over OOK is ~3 dB lower OSNR
requirement for a given bit-error rate (BER) if balanced detection scheme at the
receiver is used (I71, 172, [173) as well as higher robustness to fibre nonlinearities
(I74, 175) due to reduced peak power than OOK for the same average power.
The advantage of this property has been successfully demonstrated in 10 Gb/s
(176, 177, 178, 179 [180), 40 Gb/s (130, 181, [182] [183| [184]) and 166 Gb/s (185
DPSK transmission experiments.

The schematic design of balanced DPSK receiver is in Fig. [5.5

E;(t) and Ey(t) are derived from Egs. [5.3| and The received photocurrent
Iy is obtained by:

I = | E1(1)]* — | Ea(6)]? (5.5)
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5.1 Modulation Formats

E(t) . X i =

Figure 5.5: Schematic diagram of differentially coherent balanced DPSK phase

detection

IR

a) OOK b) DPSK ¢) DQPSK

Figure 5.6: Constellation diagrams in OOK (a), DPSK (b) and DQPSK (c)

modulation formats.

Spectral efficiency in PSK modulation can be increased by applying multilevel
signaling. Differential quadrature phase shift keying (DQPSK) encodes informa-
tion on four phases where each symbol represents two bits. The symbol rate for
a given data rate is reduced by a factor of two comparing with binary DPSK
modulation. The schematic design of DQPSK receiver is in [5.7]

The differential phase in QPSK is set to /4 and —x/4 for [ and @ arms

respectively. The optical fields in each arm are:
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5.1 Modulation Formats

T — %
I
— X7
Es(t)
E(t)
Es(t)
7 R
L]
—7/4 ><E n * éﬁ fo

Figure 5.7: Schematic diagram of differentially coherent balanced DQPSK phase

detection

I:
Ei(t)=E({t—T)— E(t)et (5.6)
BEy(t) = jE(t —T) 4 jE(t)e' (5.7)

Q :

Es(t)=E(t—T)— E(t)e 77 (5.8)
Ey(t) = jE({t —T)+ jE(t)e 7. (5.9)

Received photocurrent in I; and I arms is then defined as:

I; = |Ey(t)]* = | Ex(t)]? (5.10)
Io = |Es(t)]* — | Ea(t)? (5.11)

DQPSK modulation format offers great OSNR performance, increased SE as well
as improved PMD and CD tolerance (186, (187, [I88)). The penalty for increased
SE in DQPSK with respect to DPSK is reduced robustness to frequency offset
tolerance between the laser and DI by a factor of six (189) and increased OSNR
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5.1 Modulation Formats

requirement for a given BER by 1-2 dB (190)). DQPSK has been proven to be an
attractive format in long-haul 100 Gb/s optical transmission systems (191], [192)
and is suitable for an upgrade of existing optical links. Real field trials at 40 Gb/s
have been demonstrated in (193], 194) and 112 Gb/s in (195).

5.1.3 Coherent Detection

Coherent detection is the most advanced optical signal detection method. It
allows for the full electric field recovery which includes the information of ampli-
tude and phase. Information encoded in all four degrees of freedom maximises
spectral efficiency allowing to go beyond the limits imposed by noncoherent or dif-
ferentially coherent formats which cannot exceed 1 b/s/Hz per polarisation (172]).
Digital signal processing (DSP) can overcome linear time-varying impairments by
applying adaptive algorithms on received Nyquist rate sampled digitalised wave-
form (196], [197)). Nonlinear compensation using digital back-propagation has been

proposed in (198, [199) and confirmed experimentally (200, 201)).

Ey(t) $
b
90° 5 5
E(t) LO
Es(t)

ey

Figure 5.8: Schematic diagram of single polarisation homodyne downconverter.

Demodulation of received signal in coherent receiver requires the local oscilla-
tor (LO) in polarisation downconverter which provides phase reference. Optical to
electrical downconversion can be implemented with L.O frequency tuned to trans-

mission channel wy = wro (homodyne) or detuned by an intermediate frequency
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5.1 Modulation Formats

(IF) wrr = ws —wro where further downconversion is performed by electrical LO

(heterodyne).
o — 2%, [ B
I
CF* 90°] @
x
EQ(t) Y IQ

Figure 5.9: Schematic diagram of single polarisation heterodyne downconverter.

In ASE limited systems, heterodyne (Fig. [5.9) and homodyne (Fig. im-
plementations, have the same performance (202). The main difference between
both is that heterodyne downconversion requires only one balanced photodetec-
tor whereas homodyne two. The disadvantage of heterodyne downconverter is re-
quired photodetectors bandwidth which is twice as large as in homodyne scheme.
The spectra of homodyne and heterodyne after photodetectors is in Fig.|5.10 and
Fig. [5.11] respectively.

BW

Figure 5.10: Spectrum of a homodyne downconverter after balanced photodetec-

tor.

The schematic implementation of coherent receiver is in Fig. [5.12
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5.1 Modulation Formats

Figure 5.11: Spectrum of a heterodyne downconverter after balanced photode-

tector where intermediate frequency w;rp ~ BW.

PL—ADC
D
C ADC
[ — DIGITAL
E(t) SIGNAL
PBS PBS 4-_j_> PROCESSOR
P
D
1C] ADC

Figure 5.12: Schematic design of a digital coherent receiver. PBS: polarisation
beam splitter; PDC: single polarisation downconverter; ADC: analog to digital

converter

5.1.4 Spectrum Efficiency Improvement with Nyquist WDM
and CO-OFDM

High spectral efficiency can be achieved by combining multilevel modulation for-
mats with polarisation multiplexing (203, 204). Advanced coherent detection
permits the recovery of full electric field which gives flexibility for encoding the
information in amplitude and phase. Digital signal processing enabled full chro-
matic dispersion compensation without inline DCM and significant OSNR penalty
(197). Two promising techniques to boost SE are coherent orthogonal frequency-
division multiplexing (CO-OFDM) (205]) and Nyquist wavelength-division multi-
plexing (N-WDM) (206}, 207, 208)).
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5.1 Modulation Formats

In CO-OFDM data is transmitted through multiple orthogonal subcarriers
spaced at symbol rate in the frequency domain (209). This technique has shown

great resistance to chromatic dispersion and enabled transmissions of more than

1 Th/s per channel (206} 210] 21T]).

Figure 5.13: Ideal WDM spectrum (top) and time pulse (bottom) in CO-OFDM.
R, is the baud-rate and Tj is the time duration of the pulse equal to a symbol time
Ts = 1/R;.

N-WDM maximises spectral efficiency through the use of optimal, almost
rectangular pulse shaping, allowing inter-symbol interference (ISI) free transmis-
sion with WDM channel spacing at, or close to, the baud rate (212 213). The
performance of N-WDM is comparable to CO-OFDM and can achieve high SE of
4 bit/s/Hz with PDM-QPSK (214, 215) and 7.47 bit/s/Hz with PDM 16-QAM
(216), however, N-WDM is much more robust to optical filtering and ISI (217)
as well as practical implementation at the receiver (212). Furthermore, it has
been shown that standard SMF-28 fibre allows for higher reach than NZ-DSF
due to higher CD and lower nonlinear coefficient (213) which enables N-WDM

implementation in already existing links. Long-haul transmission with in-line
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5.2 Transmission Experiments with Direct Detection

EDFA was demonstrated in (2I8)) where Nyquist-WDM signals up to 1 Th/s per
channel were transmitted in a field experiment with a link consisting of 8 nodes
and 950 km of standard SMF-28 fibre.

&

V/\V/\\/ V/\v/\v

T, = 1/R,

Figure 5.14: Ideal WDM spectrum (top) and time pulse (bottom) in N-WDM.
R, is the baud-rate and Ty is the time duration of the pulse equal to a symbol time
Ts = 1/R;.

5.2 Transmission Experiments with Direct De-

tection

Signal to noise requirement at the receiver ultimately limits the reach of optical
transmission systems. Demonstrations of unrepeatered transmission have made
use of ROPAs to improve the OSNR at the receiver (219). New fibre designs
with low loss have also been used to allow the fibre span length to be increased
for a given power budget (220) and large effective area fibres reduce nonlinear

penalties and allow higher launch power (221)). URFL based amplifier can extend
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5.2 Transmission Experiments with Direct Detection

the transmission reach without speciality fibres using single pump wavelength and
direct detection.

This section presents experimental results of unrepeatered direct detection
RZ-ASK and RZ-DPSK transmission performance in standard SMF-28 fibre using
URFL based amplification method.

5.2.1 Experimental Setup

The experimental set-up for BER measurements of RZ-ASK and RZ-DPSK mod-
ulated signal is shown in Fig.[5.15] Data is modulated on 16 channel grid (DPSK)
and 8 channel grid (ASK) with 42.7 Gb/s 23! — 1 pseudorandom bit sequences
(PRBS) data pattern by the lithium niobate MZM. To generate RZ signal, mod-
ulated data is fed into second MZM driven by frequency that is half of the data
rate. To compensate for the transmitter loss, modulated signal was amplified
by EDFA and transmitted over the span using bidirectional URFL based am-
plification method with pair of FBGs at 1448 nm for RZ-DPSK and 1455 nm
for RZ-ASK. Total launch power was varied by VOA connected to power meter
and controlled digitally for better accuracy. The type of fibre used in both ex-
periments was standard SMF-28. Chromatic dispersion was post-compensated
with dispersion compensating module followed by EDFA at the receive path in
DPSK experiment and split 2:1 between pre and post compensation in ASK.
Tuneable filter with 0.4 nm bandwidth was used to demultiplex WDM channels.
To compensate for residual dispersion, temperature tuned dispersion compensa-
tion module (TDCM) was deployed after the filter. Received signal was split
for clock recovery (CR) and demodulator with 90/10 coupler. Direct detection
was used to demodulated RZ-ASK signal whereas balanced detection was used
to demodulate RZ-DPSK signal using 40 G DLI with a differential delay equal
to one bit period and two photodetectors.

The system has been optimised for an unrepeatered transmission. Pump
power ratio was set to transmit largest number of channels with BER below
forward error correction (FEC) threshold. The bandwidth of tuneable filter was
set for the best BER performance and kept fixed for all channels. TX lasers were

not tuned to ITU grid therefore software written in LabView was used to sweep
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Figure 5.15: Experimental setup for 42.7 Gb/s RZ-DPSK and RZ-ASK trans-
mission using 2"? order distributed URFL based amplifier. AWG: Arrayed waveg-
uide grating; CU: control unit; PM: power meter; P: (CO) co- and (CT) counter-
propagating pump; DCM: dispersion compensation module; TF: tuneable filter;
TDCM: tuneable dispersion compensating module; DLI: delay line interferometer;
SDA: serial data analyser

TDCM for frequency offset with 0.2 GHz step (Fig. and dispersion with
1 ps step (Fig. for each individual channel.

Delay in Optoplex’s Optical DPSK Demodulator (222]) was controlled digitally
and swept with 1 ps step. Data bias and delay in SHF Error Analyser (223)) was
swept with external software for better accuracy. Total launch power and pump
powers used in experiments are in the Table [5.1]
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5.2 Transmission Experiments with Direct Detection

Table 5.1: Unrepeatered 42.7 Gb/s RZ-DPSK and RZ-ASK Transmission Param-

eters

Distance Modulation X Launch Power Fw. Pump Bw. Pump

(km) Format Channels (dBm) (dBm) (dBm)
240 ASK 8 7 31.4 30.9
280 DPSK 16 13 31.6 32.2
320 DPSK 12 5 32.7 32.1
340 DPSK 6 17 32.2 32
360 DPSK 1 13.1 31.5 32

-3

log(BER)

_8 ; ; ; ; ; ;
_6 -4 -2 0 2 4
Frequency Offset (GHz)

Figure 5.16: The measurement of TDCM frequency offset versus BER.

_8 i i i i i
-100 -80 -60 -40 -20 0 20
Dispersion (ps)

Figure 5.17: The measurement of TDCM dispersion offset versus BER.
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5.2 Transmission Experiments with Direct Detection

5.2.2 Unrepeatered 42.7 Gb/s RZ-ASK Transmission

The 8 channel grid was spread across the C-band from 1532 nm to 1561 nm.
Spectrum of WDM input used in RZ-ASK transmission is shown in Fig. [5.18]
There was no pre-emphasis of channel power and gain flattening filter used in the

experiment.

-60 1

Rel. Intensity (dBm)

|
N
o
T

ml"“‘f"J

1530 1535 1540 1545 1550 1555 1560 1565
Wavelength (nm)

(o]
o

Figure 5.18: Spectrum of the 8 channel WDM input

The optimal launch power into 240 km fibre based on the BER measurement
of a single channel in the middle of the C-band at 1446 nm was found to be 7-8 dB.
The launch power sweep is plotted in Fig. [5.19] The transmission performance
of 8 x 42.7 Gb/s ASK modulated signal was measured for all 8 WDM channels
and plotted in Fig. [5.20]

2 4 6 8 10 12 14
Launch Power (dBm)

Figure 5.19: Optimal launch power measurement at 240 km based on the BER
of the channel in the middle of the C-band
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Log(BER)
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1530 1535 1540 1545 1550 1555 1560 1565
Wavelength (nm)

Figure 5.20: BER measurement at 240 km using RZ-ASK modulation format

BER below the FEC limit using hard decision 7% overhead could be achieved
for all 8 channels spread across C-band window. This is the record distance
achieved in 40 Gb/s ASK transmission in standard SMF-28 fibre up to date
(130). The distance of 250 km with pre-distorted ASK transmission at 10 Gb/s
has been reported in (224). No FEC was used in this experiment.

5.2.3 Unrepeatered 42.7 Gb/s RZ-DPSK Transmission

Differential Phase-shift keying is an attractive modulation format which can im-
prove receiver’s sensitivity by 3 dB compared to OOK if balanced detection
is used (I72). Return-to-zero (RZ) signaling format can further increase the
performance of the receiver as well as higher the nonlinear threshold and noise
tolerance.

Transmitted and received optical spectra of WDM channels in 280 km, 320 km,
340 km and 360 km unrepeatered links are shown in Fig.[5.21]-[5.24] There was no
gain flattening filter and no pre-emphasis of channel power used in the experiment.
The variation of gain is a result of the single wavelength pump Raman gain curve
in silica-core SMF-28 fibre. Gain degradation in 1555 nm region can be shifted
by changing the wavelength of FBGs (Fig. [4.10]).
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Figure 5.21: Transmitted (blue) and received (red) spectra of 16 channel grid in
280 km 42.7 Gb/s DPSK transmission
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Figure 5.22: Transmitted (blue) and received (red) spectra of 12 channel grid in
320 km 42.7 Gb/s DPSK transmission
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Figure 5.23: Transmitted (blue) and received (red) spectra of 6 channel grid in
340 km 42.7 Gb/s DPSK transmission
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Figure 5.24: Transmitted (blue) and received (red) spectra of 1 channel grid in
360 km 42.7 Gb/s DPSK transmission
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Figure 5.25: Experimental results of DPSK transmission with BER measured for
each individual channel. Transmission distances measured were 280 km, 320 km,
340 km and 360 km

BER below FEC limit could be achieved for all transmission distances (Fig.|5.25)).
Error free transmission across the full C-band was achieved for 280 km. Transmis-
sion at higher distances was limited due to received OSNR and gain bandwidth.
The operational bandwidth at 320 km link was 19.2 nm whereas only 6 channels

could be transmitted at 340 km and a single channel at 360 km.

5.3 Transmission Experiments with Coherent De-

tection

Coherent detection offers better receivers sensitivity comparing to direct detec-
tion. It allows for multilevel modulation formats being used with comparable
required OSNR per bit as in noncoherent OOK or DPSK formats (225) which
in turn quadruples spectral efficiency. One of the key challenges in practical im-
plementation of coherent transmission lines is high-speed analog-to-digital con-
version and DSP. However, technological advancements makes coherent detection
systems a promising candidate for an upgrade of currently installed links.

This section shows that URFL based amplification is compatible with unre-

peatered coherent links as well as long-haul transmission using advanced Nyquist-
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WDM channel spacing.

5.3.1 Unrepeatered PDM-QPSK Transmission

Dual polarisation QPSK transmission with coherent detection is a leading modu-
lation format for 100 Gb/s optical networks (226]). Long-haul WDM transmission
experiments with 50 GHz spacing at 100 Gb/s has been investigated in (227, 228))
and a single channel at 226 Gb/s in (229, 230). PM-QPSK transmission has been
successfully demonstrated in real field experiments in (231)). Ultra-long-haul 112
Gb/s PDM-QPSK transmission reaching 13,288 km with Raman amplification

only has been demonstrated in (232).

A >

.1 A MI 5000XM
427 Gb/s | | 30%  70%

° W 40 Gb/s
RZ-QPSK | |

LJ G PM-QPSK

A7 —

Coherent

Receiver

&/"{h |H‘°\

Figure 5.26: Experimental setup for 42.7 Gb/s RZ-DQPSK transmission using
274 order distributed URFL based amplifier. AWG: Arrayed waveguide grating;

Pco

In this experiment a single coherent 40 Gb/s PDM-QPSK channel is mul-
tiplexed with 7 x 42.7 Gb/s RZ-DQPSK channels with 50 GHz spacing and
transmitted over unrepeatered links up to 320 km.

The experimental set-up for BER measurements of RZ-QPSK modulated sig-
nal transmission is shown in Fig. [5.26] 7 CW-DFB sources were modulated with
42.7 Gb/s RZ-DQPSK modulator and multiplexed by 70/30 coupler with a sin-
gle coherent 40 Gb/s PDM-QPSK channel (1556.7 nm) from the MI 5000XM
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300-Pin MSA Coherent PM-QPSK Transceiver (233) and transmitted over un-
repeatered links using URFL based amplification. The spectrum of modulated
WDM channels with 50 GHz spacing is shown in Fig.

Rel. Power (dBm)

_70 1 1 1 1 1 1
1555 15555 1556 1556.5 1557 1557.5 1558 1558.5
Wavelength (nm)

Figure 5.27: WDM spectrum of DQPSK and DPSK

The optimum launch power for all transmission distances was between 0-
3 dBm. The sweep of the launch power as a function of BER of the coherent
channel in 320 km link is shown in Fig. [5.28

Log(BER)

Launch Power (dBm)

Figure 5.28: Optimal launch power measurement at 320 km based on the BER
of the coherent channel at 1556.8 nm
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BER was measured only for a single coherent channel. The pump powers
as well as launch power and received OSNR for each span length are listed in
Table. [5.2] The received spectrum after 320 km transmission is in Fig. [5.29

-30 f f f f
3
m
S
=
k%)
c
g
£
D
o
_45 1 1 1 1
1554 1555 1556 1557 1558 1559

Wavelength (nm)

Figure 5.29: Received WDM spectrum after 320 km

Linear impairments such as CD and differential group delay was fully com-
pensated in DSP of the coherent MI 5000XM transponder. The transmission
performance of coherent channel at 1556.9 nm is shown in Fig. [5.30, The longest

transmission distance with BER below FEC limit was 320m km.

Table 5.2: Transmission parameters for unrepeatered 40 Gb/s PM-QPSK links

Distance Launch Power RX OSNR Forward Pump Backward Pump

(km) (dBm) (dBm) (dBm) (dBm)
160 3.2 35.5 29.5 32.1
200 3.2 23.6 29.5 31.8
280 3.2 234 31.4 32.2
320 1 14.6 31.8 32.1

5.3.2 Nyquist PDM-QPSK Transmission

In this experiment the Nyquist WDM signaling and 2"? order distributed URFL

based amplification is investigated. Experimental assessment of the transmis-
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Figure 5.30: Transmission performance of the coherent channel at 1556.9 nm in

unrepeatered transmission

sion performance of 9 x 10 Gbaud/s channels Ny-WDM PDM-QPSK with SE
of 3.73 b/s/Hz over 6157 km of standard SMF-28 fibre in a recirculating loop
and 320 km in an unrepeatered span without employing ROPA, large effective or

ultra-low loss fibre is demonstrated.

5.3.2.1 Ny-PDM-QPSK Transmitter

The experimental set-up of the 10 GBaud Nyquist-WDM PDM-QPSK transmit-
ter is shown in Fig. |5.31]

An external cavity laser (ECL) with a linewidth of 10 kHz is used at the input
to an optical comb generator (OCG) (234). The OCG uses two cascaded phase
modulators (one driven at 21.4 GHz) and an intensity modulator to generate 9
channels with a spacing of 10.7 GHz as shown in [5.32

The nine lines from the comb generator are separated using cascaded inter-
leavers to allow odd and even channels to be modulated separately. Modulator
drive waveforms were generated offline with Matlab, quantised to 6 bits and up-
loaded to memories of two Xilinx Virtex 5 FPGAs. Nyquist pulse shaping (root
raised cosine (RRC) filters with a roll-off factor of 0.01), and a pre-emphasis fil-

ter to compensate for the frequency response of the digital to analog convertors
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Figure 5.31: Experimental set-up of Nyquist-WDM PDM-QPSK transmitter

(OCG optical comb generator, PBC polarisation beam combiner)
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Figure 5.32: Optical spectrum of 9 x 10 GBaud Nyquist-WDM PDM-QPSK

(DAC), anti-imaging filters and RF-amplifiers were applied to four 215 de Brui-
jin sequences de-correlated by 0.25 of the pattern length in the DSP. The signals
were passed to two Micram VEGA DACII digital-to-analog converters, the com-

110



5.3 Transmission Experiments with Coherent Detection

plementary outputs which were used to drive two optical 1QQ modulators. After
odd and even channels were separately modulated by the IQ-MZMs, the two sets
of channels were amplified and combined with a 3 dB optical coupler to form
the 9-channel 10 GBaud Nyquist QPSK signal with 10.7 GHz channel spacing.
The signals were polarisation-division multiplexed by passing the signal through
a polarisation multiplexing stage. In this stage, one of the arms is delayed by
18 ns using additional fibre and the other one with a variable optical delay line.
In both experiments coherent detection was used with a phase and polarisation-
diverse digital coherent receiver. An ECL with a linewidth of 100 kHz was em-
ployed as the local oscillator at the receiver side. A real-time digital sampling
oscilloscope (Tektronix DPO 72004) with a sampling rate of 50 GSa/s and a
16 GHz hardware bandwidth captured the waveforms which were processed off-
line using DSP as follows: the signal was de-skewed, normalised and resampled
to 2 samples per symbol. This was followed by digital CD compensation (235). A
matched filter (RRC with a roll-off factor 0.01) was used to reduce the computa-
tional complexity at the adaptive equaliser stage. An 11-tap butterfly structure
FIR filter using constant modulus algorithm (CMA) was used to compensate for
PMD. For phase recovery, carrier phase estimation was performed using a 4th
power Viterbi and Viterbi estimator (236]). Finally, the signal was decoded using

hard decision on symbols.

5.3.2.2 Unrepeatered Ny-PDM-QPSK Transmission

The experimental setup to investigate SMF-28 unrepeatered transmission is in
Fig. Total launch power of the modulated 9 x Ny-PDM-QPSK signal was
varied by VOA and multiplexed with copropagating Raman pump with 1366/1550
coupler. The transmission performance was measured in single-span lengths of
240 km, 280 km and 320 km with losses of 48 dB, 56 dB and 64 dB respectively.

The experiment was performed with distributed 2" order bi-directional URFL
based amplification. FBGs with a reflectivity of 95 %, bandwidth of 0.5 nm
centred at 1457 nm were included at each end of the transmission span to reflect
the Stokes shifted signal generated by the primary 1366 nm pump. The insertion
loss of 1366/1550 nm coupler and FBGs measured at 1550 nm wavelength were
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Figure 5.33: Schematic diagram for Ny-PDM-QPSK unrepeatered transmission

0.6 dB for forward and 0.8 dB for backward directions. It was not possible to
fully compensate for the the span loss therefore EDFA was included on the receive
path to provide extra gain to the coherent receiver. There was no pre- or post
inline CD compensation in the system. Time varying impairments were fully
compensated in DSP (235)).

The pump powers used in the unrepeatered experiment were optimised to give
the best BER performance and are listed in Table

Table 5.3: Unrepeatered 43 Gb/s Ny-PM-QPSK Transmission Parameters

Distance Forward Pump Backward Pump

(km) (dBm) (dBm)
240 28.5 30.9
280 28.7 32.3
320 31.5 32.1

Fig. shows numerical simulations of the signal power evolution for the
longest, 320 km unrepeatered transmission experiment delivering a peak-to-peak
signal power excursion of 40 dB (compared to a span loss of 64 dB) and an OSNR
of ~ 9 dB for a launch power of -10 dBm per channel.

The performance of the unrepeatered transmission with a standard SMF-28
fibre are shown in Fig. [5.35]

Unrepeatered 9 x 40 Gb/s Ny-PDM-QPSK transmission over 320 km was
possible with no inline CD compensation giving an average BER, based on 10

measurements, below the FEC limit of 3.8 x 1073.
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Figure 5.34: Simulation results of signal power (red) and noise (dashed blue)

variation in a 320 km transmission link
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Figure 5.35: Unrepeatered Ny-PDM-QPSK transmission results
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5.3 Transmission Experiments with Coherent Detection

5.3.2.3 Long-haul Ny-PDM-QPSK Transmission with Recirculation
Loop

To investigate transmission performance over long-haul distances a recirculating
loop with a single 82.1 km of SMF-28 fibre span with 17 dB loss was used as
shown schematically in [5.36]

N-V¥DM voA—]A Co. Rx DSP
X offline
( BPF

Figure 5.36: Recirculating loop transmission set-up

Modulated 9 x 40 Gb/s N-PDM-QPSK signal was amplified and injected
into recirculation loop to simulate long-haul transmission. Recirculation loop
consisted of 5 cascaded asymmetric MZM filters to reject out of band ASE as
well as flatten the gain profile. The launch power into backward pumped 2"
order URFL based amplifier (with the same setup and loss parameters as in
unrepeatered transmission in previous section) was controlled with VOA and
polarisation controller. To compensate for the insertion loss of the AOM, cascaded
MZM filter and FBGs with the total loss of 13 dB an additional EDFA was
implemented in the recirculation loop.

The backward pump power was optimised at 30.4 dBm for 75 recirculations

(6157 km) and maintained at this level for all measurements.
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5.3 Transmission Experiments with Coherent Detection

The signal power distribution along the 82.1 km span was measured with a
modified OTDR. In Fig. [5.37] we can see almost symmetrical power distribution

with total power variation of only 4 dB over the entire length of the fibre span.
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Figure 5.37: Signal power distribution in backward pumped 82.1km Raman span

The received digital spectrum of Nyquist channels after coherent detection is

shown in Fig. [5.38
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Figure 5.38: Measured BER versus distance for the central channel in 9 WDM
channel Nyquist-WDM PDM-QPSK transmission

115



5.3 Transmission Experiments with Coherent Detection

The transmission performance, as a function of distance, is shown in Fig. [5.39]
at a launch power of -10 dBm per channel (measured at the input to the FBG).

The error bars indicate the range of BER values measured over 10 consecutive

measurements.
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Figure 5.39: Measured BER versus distance for the central channel in 9 WDM
channel Nyquist-WDM PDM-QPSK transmission

A transmission distance of 6157 km without inline CD compensation was
achieved with BER below the FEC limit assuming 7% overhead. Note that
the loop configuration restricted the launch power to -10 dBm, and we expect

enhanced performance at the optimum fibre launch power level of -8.5 dBm.
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Chapter 6
Conclusions

A novel ultra-long Raman fibre laser amplification method has been explored and
characterised. Experimental results of power distribution, on-off gain and OSNR
measurements in unrepeatered links are confirmed with numerical simulations.
Data transmission with direct, differentially coherent and coherent detection was
experimentally verified in long unrepeatered as well as long-haul trans-atlantic
links using second order bi-directional URFL based amplification with standard
SMF-28 fibre only.

The URFL based amplification offers the best signal power distribution over
standard telecommunication fibre allowing for a quasi-lossless transmission with a
single wavelength pump only. To achieve similar performance with a conventional
Raman amplification, higher-order pumping have to be implemented which lowers
the flexibility of the system as the wavelength and the bandwidth of the source
pumps are fixed. In contrary, URFLs gain profile can be modified to achieve
optimal performance for particular approach by selecting appropriate FBGs. Su-
perior noise performance in higher-order distributed Raman amplification can
extend the distance between repeaters and reduce the total number of amplifiers
in trans-atlantic optical links. Improved noise figure allows for advanced multi-
level modulation formats with high density constellations that leads to higher
spectral efficiency. Multi-wavelength pump configuration can extend and utilise
the available bandwidth in silica fibres.

The transmission results presents flexibility of URFL based amplification with

bi-directional configuration in unrepeatered and backward pumped only long-haul
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6.1 Further Work Recommendation

repeatered links. It was shown that standard SMF-28 was the most suitable fibre
for URFL amplifier due to it’s zero dispersion wavelength located outside the
band between primary pump and signal frequency. This feature can be used to

upgrade already existing links with standard fibre.

6.1 Further Work Recommendation

Further investigation should be performed in experimental analysis of pump-
signal RIN transfer in URFL based amplifier in repeatered links as it was found
that ideally distributed power along the fibre in bi-directional configuration does
not allow for long-haul trans-atlantic transmission due to accumulation of RIN
noise caused by forward pumping.

The data transmission with URFL based amplifier should be experimentally
compared with conventional second order distributed Raman amplification with
dual order pumping scheme to prove the advantage.

Increased span length may reduce the number of amplifiers in long-haul trans-
mission, however the experimental research on optimal spacing needs more atten-
tion. The same distance covered with long span distributed Raman amplification

in repeatered system should be directly compared with EDFA.
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