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ABSTRACT

Signal amplification in optical fibres during transmission has become one of the
techniques in improving capacity and reach in telecommunication networks. Fibre Raman
amplifiers (FRAs) are currently being adopted in many long-haul signal transmission
systems and passive optical networks (PONs), for metropolitan applications due to their
ability to offer longer amplification spans and wider bandwidth. The fact that signal
amplification is distributed in FRASs is the major advantage of their application. In this
case the signal is amplified along the fibre during propagation, a fact that drastically
reduces the system nonlinearities. Although FRAs are basically low noise amplifier, they
are still subjected to several noise sources which limit the amplifier performance. In this
work, two pumping techniques namely co-pumping and counter pumping were used both
in the theoretical and experimental analysis of noise in FRAs. A low signal power of -10
dBm was used while pump power was either fixed or varied depending on a particular
analysis. Two types of fibres, Single Mode Reach Fibre (SMF-Reach) and Single Mode
Fibre Reduced Slope (SMF-RS) each of length 25 km and 50 km were used. It was found
that the longer the fibre length, the higher was the on- off gain irrespective of the
pumping technique used. The Co- pumping configuration provided a higher Raman on-
off gain than counter pumping scheme. An on-off gain of 5.7 dB and 4.5 dB was
achieved experimentally for co- and counter pumping schemes, respectively, for the 25
km SMF-Reach fibre. For a similar length of SMF-RS fibre, an on-off gain of 4.8 dB and
3.9 dB was achieved for co- and counter pumping schemes, respectively, for the 25 km
fibre. For a 50 km fibre, an on-off gain of 6.6 dB and 5.1 dB was obtained for the two
pump configurations respectively using SMF-Reach fibre. For a similar length of SMF-
RS fibre, an on-off gain of 5.3 dB and 4.3 dB was achieved for co- and counter pumping
schemes, respectively. The Optical Signal to Noise Ratio (OSNR) also increased with an
increase in on-off gain. An OSNR of 12.8 dB and 12.3 dB was achieved experimentally
for co- and counter pumping schemes, respectively, for 25 km SMF-Reach. For 50 km
fibre, an OSNR of 10.0 dB and 9.3 dB was recorded for the two pumping schemes
respectively. OSNR was also observed to vary inversely with fibre length. The pump
reflection power was noticed to vary inversely with gain and directly with fibre length
irrespective of the pumping scheme applied. Co- pumping scheme had a better OSNR
performance in both fibre types. Similarly, counter pumping scheme had a higher Noise
Figure (NF) and pump reflection power. A NF of -2.2 dB and -1.9 dB was achieved
experimentally for co- and counter pumping schemes, respectively, for the 25 km SMF-
Reach fibre. For a 50 km fibre, a NF of -1.8 dB and -0.7 dB was obtained for the two
pump configurations respectively using SMF-Reach fibre. NF was also observed to vary
directly with fibre length. The noise analysis implies that SMF-Reach fibre is a suitable
candidate in signal transmission due to its higher OSNR and better Raman amplification.
The results also clearly indicate that, the co-pumping technique would highly be
recommended due to its improved noise performance and would be preferred most in
optical communication networks. The findings of this study are significant and give
insight toward the optimization of fibre Raman amplifiers in long haul signal
transmission.
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CHAPTER ONE

INTRODUCTION

1.1 Background

Fibre-optic communication is a method of transmitting information from one place to
another by using light as a carrier. Light pulses bearing information are sent through an
optical fibre which is normally deployed between the transmitter and the receiver [1]. An
optical fibre is a dielectric medium commonly made of silica or plastic filament used in
optical communication network for broadband communication to transmit information
via light signals [2]. Materials such as plastic filament have been used to make fibres but
these types of fibres are not used in optical communication networks. Optical fibres are
able to guide light by using the principle of total internal reflection within the
core/cladding interface [3].

1.2 Advantages of Optical Fibres

There are several advantages associated with optical fibre technology, which includes:

i) Broad band communication where video signal, microwave signal, and data from
computers can be modulated over light carrier wave and demodulated by optical
receiver at the other end.

i) The optical fibre is electrically non-conductive hence; it does not act as antenna to
pick up electromagnetic signals which may be present nearby. This means that the
information propagating in the optical fibre cables is immune to electromagnetic
interference e.g radio transmitters, power cables adjacent to the optical fibre

cables or even electromagnetic pulse generated by nuclear devices. This makes



optical fibres more suitable in sensitive information security applications areas
like in military systems.

iii) There are various optical bandwidth windows in the optical fibre cable at which
the attenuation loss is found to be comparatively low and so transmitter and
receiver devices are developed and used in these lower attenuation regions. Due
to low attenuation of 0.2dB/Km in optical fibre cables, it is possible to achieve
long distance communication effectively over information capacity rate of
1Thit/s.

iv) By using an optical fibre, a high degree of data security is afforded since the
optical signal is well confined within the waveguide (with any emanations being
absorbed by an opaque jacketing around the fibre), thus makes fibre attractive in
applications where information security is important, such as banking computer
networks and military systems.

There are also some drawbacks associated with optical fibre. These include:

i) The cost of fabricating a fibre. Even though the raw material for making optical
fibres, sand is abundant and cheap, optical fibres are still more expensive per
meter than copper.

i) Optical fibres are more fragile than electrical wires.

iii) The glass can be affected by various chemicals including hydrogen gas (a
common problem in under water cables).

With the fibre-optic technology, information (data) is sent over long distances
successfully. However, the effect of polarization and other optical effects, still present in

modern fibres demand further investigation. This will improve the performance of the



fibre especially in long haul transmissions and passive optical networks PONs. Some of
optical effects impact on signal transmission negatively while others like Raman
amplification, which is based on stimulated Raman scattering (SRS) have useful

applications in fibre communication systems [4,5].

1.3 Signal Amplification

Due to increasing demand and the need of high speed data transmission, the capacity of
modern optical communication system has taken an upward trend. One of the techniques
that have been adopted in improving capacity and reach in telecommunication networks
involve signal amplification in optical fibre during transmission [6]. Different types of
optical amplifiers that have been used include; Erbium-Doped Fibre Amplifier (EDFA),
Semiconductor Optical amplifier (SOA) and Fibre Raman amplifier (FRA). Fibre Raman
amplifier has been found to be outstanding for optical amplification, both in long haul
signal transmission and passive optical networks (PONSs) for metropolitan applications [7,
8]. In this case the amplifier wavelength also known as pump wavelength A, is always

less than the signal wavelength As.

There are two main types of optical fibore Raman amplifiers (OFRA) namely, discrete
(lumped) and distributed Raman amplifier [9].When the fibre is being pumped in the
actual transmission span that links two points which is longer than 30 km, then we have
distributed amplification. Distributed Raman amplifier (DRA) utilizes transmission
optical fibre as the active medium [10]. One of the main advantages of employing DRA

is that it increases the lengths of spans between signal regeneration sites. The



amplification bandwidth of Raman amplifiers is defined by the pump wavelengths and
therefore amplification can be provided over wider and different regions than may be
possible with other optical amplifiers which rely on dopants and device design [11].

In Raman amplification, the signal can either be propagated in identical direction as the
pump (co-pumped), from the opposite direction (counter-pumped) or from both
directions (bidirectional pumping). These pumping schemes have different signal gain
and the peaks of the gains occur at pump-signal detuning of approximately 13.2 THz.

If the amplifier is contained in a box at the transmitter or receiver end of the system it is
called a discrete Raman amplifier [12]. A Discrete Raman amplifier scheme uses a
shorter length (5 km) of fibre at the transmitter or receiver end to carry out the
amplification.

The fact that signal amplification is distributed in Fibre Raman amplifiers (FRAS) is the
major advantage of their application. In this case the signal is amplified along the fibre
during propagation, a fact that drastically reduces the system nonlinearities [13].

Other reasons for using Raman amplifiers than Erbium-Doped Fibre Amplifier (EDFA)
or even Semiconductor Optical amplifier (SOA) include;

i) Raman amplification can occur at any signal wavelength by proper choice of the
pump wavelength while EDFA wavelengths are determined by the resonant levels
of the erbium at around 1550 nm.

i) Raman amplification is based on stimulated Raman scattering (SRS) which is a
nonlinear phenomenon that occurs in any fibre while EDFA require a specially
fabricated fibre.

iii) Raman amplifiers have a lower noise figure compared to EDFA and SOA.



Despite the many advantages associated with FRA other challenges have also emerged
which includes:
i) The pump power decreases along the fibre length due to linear absorption and
scattering.
i) Amplification of spontaneous Raman photons occurs when the pump power is
increased to offset attenuation losses. These spontaneous Raman photons are
coupled into the guided mode all along the length of the fibre resulting to increase

in optical noise.

1.4 Statement of the Problem

Since the signal power exponentially decreases with fibre length, a means of recovering the
signal is required. Raman amplification using the transmission fibre as the gain medium is a
promising technology for the optical long haul dense wavelength-division-multiplex (DWDM)
communication system. With the increase in distance of data transmission, more losses are
experienced as a result of optical noise accumulation within the transmission fibre. Optical
noise is one of the fundamental loss mechanisms which occur in all fibres during signal
transmission. This optical noise can propagate over long distances with the signal. It can also
limit the maximum improvement in effective receiver sensitivity, as well as limiting the
maximum transmission spans. It is therefore significant to investigate and fully understand the
onset of optical noise especially in modern fibres which are currently used as gain medium.
Research in optical noise has so far been done using the old fibre which is known to be limited
by high level of impurities as well as remarkable signal dispersion. However modern fibres

have been improved in quality and are of low polarization mode dispersion (PMD). As a result



there is need to investigate and characterize the noise performance in modern fibre when used
as a gain medium during Raman amplification. Current understanding of noise performance is
therefore necessary and a major step toward the improvement of the overall efficiency of

modern optical communication system.

1.5 Objectives

The specific objectives of this work were;

i) To measure the on-off gain of Co-pumping and Counter pumping schemes using
modern fibres.

i) To analyze the OSNR of SMF-Reach fibre at different pumping configurations.

iii) To analyze the NF of SMF-Reach fibre while considering the two pumping
schemes.

iv) To evaluate the pump reflection power performance of single mode reach fibre
(SMF-Reach) and single mode reduced slope fibre (SMF-RS) at co- and counter

pumping schemes.

1.6 Justification/ Significance

With current increase in demand for broadband access to a faster and more reliable
internet, the optical fibre Raman amplifiers are therefore expected to increase both the
transmission span of the optical signal and the data rate. This can only be attained
through proper amplification of the signals so that the transmitted signal attains

maximum power with very minimal losses at the receiver end.



Raman amplifiers are good in terms of higher amplifier gains, longer transmission spans,
wide bandwidth band as well as low noise levels. This study is of great significant in the
improvement of transmission spans in optical communication system and also
transmission of data with higher bit rates per second. It is a great contribution to the
Information and Communication Technology (ICT) sector. This work is viewed as a
major step towards realizing Kenya vision 2030, which will at the end contribute

immensely to the world’s growing economies and alleviate poverty.



CHAPTER TWO

LITERATURE REVIEW
2.1 Introduction

Raman amplification is a nonlinear effect which was first observed in 1928 [14], but
attracted limited interest until 1962 when the phenomenon of stimulated Raman
scattering was first discovered [15] Raman amplification technique in optical fibres is
currently being utilized in optical communication networks to overcome signal
attenuation within the optical fibre. In this chapter, the basics of Raman scattering in
optical fibres have been discussed. Some relevant system impairment parameters that
influence Raman gain and performance of the amplifier in communication systems have

also been highlighted.
2.2 Raman Scattering

Raman scattering of light is an occurrence that is due to an inelastic nonlinear behavior of
a dielectric medium, such as an optical fibre when subjected to a high intensity optical
beam. In this case the effect is known as spontaneous Raman scattering. In the quantum
mechanical description (Fig 2.1), Raman scattering is most easily understood and
involves photon-optical phonon interaction. In the Raman scattering process, optical
photons are elastically scattered by quantized molecular vibrations called optical phonons
[16, 17]. These photons loose or gain energy to the molecular lattice resulting in scattered

light of lower or higher frequency. The lower frequencies o, of scattered light are the
Stokes-shift (Fig 2.1a) and the higher frequencies , are called anti —Stokes shift (Fig

2.1b). The anti-Stokes process is very weak in fibres and plays no role in Raman fibre


https://www.google.co.za/search?client=firefox-a&hs=hE5&rls=org.mozilla:en-US:official&channel=sb&q=define+occurrence&sa=X&ei=mpIhU7LFAfSh7AbZxYHoBw&ved=0CCwQ_SowAA

amplifiers. This is because the occurrence of the anti-Stokes shift requires a population

inversion in the vibration states, a process which cannot be easily achieved [18].

Airtual state

A A
@, @ @, @,
A 4 Vikhration state k4
(2) (b)
Y uround state

Fig 2-1: Scattering caused by energy transition of molecules from the ground state into
excited state.

2.3 Stimulated Raman scattering (SRS)

Stimulated Raman scattering (SRS) is a nonlinear process which occurs when a light
signal in the Stokes frequencies and a pump photon with high power are coherently
coupled by the Raman process. This process results in the transfer of optical power from
the pump to the signal and hence turns an optical fibre into a broadband amplifier. SRS
was first observed in fibres by Stolen [19] and was initially considered a damaging
nonlinear effect in Wavelength Division Multiplexing (WDM) systems where several
channels (wavelengths) are coupled into the fibre simultaneously. This is because SRS
can transfer power from a higher frequency channel to a lower one causing signal
crosstalk [20]. The phenomenon of SRS process can be described quantum mechanically

just like spontaneous Raman scattering. In this case, a pump photon is converted to a
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second signal photon that is a replica of the first and the remaining energy is converted
into an optical phonon. The virtual state (fig 2.2) is due to the fact that Raman scattering
is non resonant and is therefore a very fast process [21].The continuum nature of
molecular vibration state is due to the amorphous nature of silica i.e. silica has
inconsistent physical and chemical properties. This distributes energy of a medium to

different wavelengths [22].

----- l;--------------------- == Wrtnal state

JWH W Amplified signal

k4 . .
Wibrational states

g
Ground state

Fig 2-2: Quantum representation of Stimulated Raman scattering.

In cases of higher pump powers, the scattered light can grow rapidly with most of the
pump energy being converted into scattered light hence giving rise to stimulated Raman
scattering (SRS). At this high power levels, the nonlinear phenomenon of SRS leads to
remarkable signal amplification in the transmission span. The intensity of the scattered
light grows exponentially as the incident power exceeds a given threshold value. In the

case of SRS, the thresh hold power P, i.e. the minimum power levels at which the Raman

process becomes stimulated and transfers most of the pump power to the stokes wave, is

estimated as [23].
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where, kis the polarization constant, A, is the effective core area of the transmission

fibre, L, is the effective fibre length and g is the Raman gain coefficient.

In the process of Raman amplification, the signal and pump power evolution over a given

fibre length is governed by the following coupled equations;

dP.

=GP P P, 2.2)
_dP, o,
+E:_;gRPpPs_apPp ............................................................... (23)

S

where g, (W'M™)is the Raman gain coefficient, «, and a,are the signal and pump
attenuations coefficients respectively, while o and o, is the signal and pump angular

frequencies respectively. P, and P, are the pump and signal power respectively. The

sign represents the backward and forward propagation of the pump wavelength

respectively.

Equations 2.2 and 2.3 shows that the signal is amplified by the pump at a certain
proportion, with the constant of proportionality being determined by the Raman gain
efficiency, and losses as a result of attenuations in the optical fibre. If there is no pump

power, i.e. in equation 2.3, g, =0, then the pump power P,(z) as a function of distance

(z) ina fibre of length L in the forward pumping scheme (P, ) is given as;
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P =P () =R P (2.4)
While in the backward pumping scheme (R, ) is given as

R =P (2) =R (2.5)

Equations 2.4 and 2.5, shows that the pump power reduces as a result of energy transfer
to the signal and attenuations along the transmission fibre. In order to overcome the
problem of pump depletion, the pump must be set to operate at relatively higher powers

compared with the signal power.

If the signal beam is pumped into the fibre from both ends (bidirectional pumping), the
total pump power over a given fibre length is simply the sum of the pump powers in both

directions given as:

Py = P, 4 P e, (2.6)

where P, and B, can also be obtained by ignoring pump depletion.

dP _ P (2.7a)
4z e 22 T .
and

dP

d—;:appb. ................................................................................ (2.7b)

Solving equations 2.7 (a) and 2.7 (b), the total pump power P, (z)over a fibre at a

distance (z) is given in the form;



13

P,(2) = Ry {r; exp(-a,2) + (=1, ) exp[-aP(I = )]} ..ooovovvcrisvicssr (2.7)

f
B +P

where; r, = and 0<r, <1 represents the fraction of forward pump power. If r,

=0 then the pumping becomes purely backward, if r, =1, then it is a forward pumping
scheme and if r,=0.5, it implies a bidirectional pumping scheme with equal pump

powers from both fibre ends.

2.4 Optical Noise and System Impairments

Designing a fibre Raman amplifier in most cases is a relatively simple task. However,
managing the impairments that arise due to the nature of the optical fibre and the high
optical power involved has been a far more discouraging task. In this section, the main
impairments mechanisms strongly emphasized or specific to Raman-based systems are
discussed. Double Rayleigh scattering (DRS) is one of the impairment discussed in this
section. DRS is the mechanism responsible for Multipath Interference (MPI) noise, which

can severely affect the transmission performance for a long-haul Raman based system.

With enough Raman gain in the span and little enough Amplified Stimulated Emission
(ASE) noise, MPI presents the next important limit to long distance transmissions using

Raman amplification.

2.3.1 Amplified Spontaneous Emission (ASE) Noise

Any amplified light signal suffers from optical noise which is normally generated in the
amplification process. Amplified spontaneous emission (ASE) is an inherent noise which

is present in all optical amplifiers. ASE noise is generated as a result of spontaneous
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Raman scattering (SRS) during the process of optical amplification. Due to its random
phases the ASE is generated in all directions in the fibre but in practice it exists only in
the amplifier bandwidth. The ASE noise performance of a FRA can be best describe in
terms of optical-signal-to-noise ratio (OSNR) which is defined as the ratio of the signal
optical power to the power of the ASE with respect to a given reference bandwidth
centered about the signal wavelength [24]. The OSNR is often referenced to 0.1 nm
bandwidth when measured with the optical spectrum analyzer (OSA). This noise
degrades the OSNR by adding a wider band of background noise around the signal
wavelength hence affecting the general performance of any optical communication
system [25]. The system OSNR can be improved by filtering the ASE at the amplifier
output whereby an optical filter is placed just before the receiver. The OSNR at the

amplifier output is defined as:

osNR=9:Pn R (2.9)

Pse  2n,hvB, '

where g, is the Raman gain, P is the input signal power, P,y is the unpolarized ASE

noise power, n_ is the spontaneous-scattering parameter also known as population

sp
inversion parameter, h is Planck’s constant, v is the optical frequency of noise and B, is

the optical bandwidth. The factor of 2 in equation (2.8) accounts for the two fibre

polarization modes [26].
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2.3.2 Multipath Interference (MPI) Noise

Multipath interference (MPI) is present in all optical transmission systems. Multiple
signal paths are introduced into the transmission path through many different sources
including discrete reflection sources e.g. connectors (components within the amplifier)
and reflections caused by the distributed process of double Rayleigh scattering [27].
Transmission penalty is caused by the interference of a multiple (doubly) reflected (and

hence delayed) signal interfering with the intended signal as shown in the figure 2.3.

First reflections Intended signal
e
Second reflections Signal plus interferance
>

Fig 2-3: Double reflection causing interference with the intended signal.

In a Raman-amplified system, especially one with a chain of Raman amplifiers, MPI can
easily result in performance limiting interference. The seriousness of the interference is
due to the scattering light having passed two additional times through the Raman
amplifier where it experiences the distributed gain [28]. The presence or absence of an
optical isolator which is meant to eliminate the backward travelling signal in amplifier
has a great impact on the analysis of MPI. In optical systems, with discrete amplifiers e.g.
erbium doped fibre amplifiers (EDFA) the scattering sources can be separated from the
amplifier by optical isolators. These isolators eliminate the backward travelling reflection
and hence reduce the MPI by a great factor [29]. In distributed Raman-amplified systems

the use of isolators to completely separate the sources of reflection and amplification is
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not possible as both the amplification and the scattering sources are present in the

transmission fibre [30].

2.3.3 Rayleigh Backscattering (RBS)

The phenomenon that limits the performance of a distributed Raman amplifier most in
regard to optical noise generation is Rayleigh back scattering (RBS) [31]. RBS occurs in
all fibre and is the fundamental loss mechanism for them. Although most of the scattered
light escapes through the cladding, a part of backscattered light can couple into the core
mode supported by single mode [32, 33]. However, it can be amplified over long lengths
in fibres with distributed Raman gain.

RBS affects the performance of Raman amplifiers in two ways. Firstly, a part of
backward- propagating Amplified stimulated emission (ASE) can appear in the forward
direction, enhancing the overall noise. This noise is relatively small and is not of much
concern for Raman amplifiers. Secondly, DRS of the signal create a cross-talk component
in the forward direction that has nearly the same spectral range as the transmitted signal
(in-band cross talk) [34, 35].

RBS in the transmission fibre must be taken into account when calculating the
performance of high-gain Raman amplifiers. Backward travelling ASE will be reflected
in the forward direction experiencing gain before reaching the receiver. This as well as
spontaneous emission experiencing multiple reflections will degrade the Signal to Noise
Ratio (SNR) thus degrading the performance of the amplifier [36]. Consequently, RBS
limits the maximum improvement in effective receiver that can be obtained from

implementing a Raman amplifier. The optical SNR at the receiver input of an optical
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amplifier can be calculated from the following differential equations for the forward, p.
and backward, p, travelling power levels of the signal and spontaneous emission [37,

38].

dp; (z) _ .
iz P @@ BB (2.123)

rp; (2) —a,p; (2),

—dps_z(z) =-M, pp(Z)(p; (z)+ Eon B,) -

d e (2.12D)

rp; (2) +a, p; (2).
Where, E,, is the photon energy of the signal, B, is the optical band width, r represents

Rayleigh scattering.

+M, p,(2)B,Is the spontaneous Raman emission while M, p (z)is the rate in photon

per length. All spontaneous emitted photons propagate along the fibre hence experiences
amplification. The terms +rp_(z) and —rp;(z) represents Rayleigh back scattering.

Pump depletion has been neglected because the signal and noise remains at low powers

compared to the pump power at any given point with significant Raman gain.
2.3.4 Relative Intensity Noise (RIN)

Because stimulated Raman scattering is a non-resonant process, it is inherently fast,
occurring over sub-pico-second time scales [39]. Therefore, pump power fluctuations
can, in principle, be transferred to signals as noise. In fiber amplifiers, however, pumps
and signals interact over time scales that are considerably longer because they propagate
along many kilometers of fibre. This produces an averaging effect that limits the

bandwidth over which pump noise is transferred to the signals [40]. This phenomenon
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can be described in the frequency domain as a transfer of relative intensity noise (RIN)
from a pump to a signal.

The co- and counter pumped cases are different because of the amount of averaging that
occurs when a given slice of the signal light propagates along the fiber, overlapping with
different slices of pump light. In the case of counter pumping, the signal and pump pass
through each other, and averaging greatly reduces the impact of pump fluctuations above
a few kilohertz [41]. As a rough estimate, significant reductions in RIN transfer occur for
any pump fluctuations with a period larger than the propagation time through an effective
length. For co-pumping however, the pump and signal only pass through each other if
there is walk-off caused by chromatic dispersion. Therefore, averaging only reduces RIN

transfer at much higher frequencies [42].

2.4 Optical Signal to Noise Ratio (OSNR) due to Double Rayleigh Scattering (DRS)

The use of optical isolators and reasonable specification for some components reduces
most sources of MPI (reflections) in practical Raman amplifier systems except that
caused by DRS. Rayleigh scattering is caused by small-scale in-homogeneities
(compared to the wavelength of light) of the refractive index of the transmission fibre

[43].

Fibre loss due to Rayleigh scattering reflections is characterized by a loss coefficient «,

such that for power travelling in the forward direction, p*(z) the following holds;

AP’ (2) _

=GP (2): e (2.13)
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Rayleigh scattering occurs in all directions [43] the backward travelling signal p (z)is
given by;

P2 ..
i Y G4 RN (2.14)

Our main concern is the power that is doubly reflected. For the case of an unsaturated
amplifier, (i.e. there is no pump depletion) the equation for the signal to —-DRS noise ratio

can be derived [44, 45].
DRS can be investigated by analyzing the power evolution of three signals: p. (z) is the
forward travelling signal, p, (z) is the backward travelling signal-reflected light, and

p, (z) is the forward travelling double-reflected light [46].

Assuming that the DRS energy is much smaller than the signal power, and neglecting
additional reflections, the propagation of the three signals can be described by the

following equations [43];

R GUZ)P(Z), +eeneeeee e (2.15a)
dz

——dpz;z( g ()P (D) HEP(Z)s e (2.15b)

_dPgZ(z) =GP (Z)F LR T(2) e (2.15c)

Equations 2.15a, 2.15b and 2.15c, represents the forward propagation signal, the
backward propagation of the signal after a signal reflection and the forward propagation

of the signal after two reflections.
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The forward and reverse gain per unit length of the fibre is §(z) and §(z), are both

given as;
G(2)=0(2)=grPy(2) =g oo (2.16)

To help solve these linear, first-order differential equations, the following integrating

factors that physically represent the gain for forward traveling signal from ztoz,

G(zl, z,) and the gain for a reverse traveling signal fromz, to z, G(zz, z,) are introduced,

hence we have;

B fatas

G(z;z,) =e" e (2.17)
_ - jl 4(&)de

G(Z1Z,)) =8 2 (2.18)

Applying boundary conditions, P (I) =0and P."(0) = 0 we can solve for P "(I)and P, (I)

In general, this equation can be solved numerically by considering an ideal distributed

amplifier with gain as unity i.e. (G(z) =1) at all positions along the fibre [47] to have;

Equation 2.20 demonstrates that DRS increases as the square of the fibre length. It also
grows as the square of linear gain of the amplifier. This is only true for an ideal

distributed amplifier [48].
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2.5 Polarization Properties of Double Rayleigh Scattering (DRS)

In long fibre with low birefringence, Rayleigh scattering preserves the state of
polarization and reduces the degree of polarization (DOP) to one third its original value
[49] After DRS, the DOP has been calculated to be reduced by one ninth [50]. Assuming
that the DOP of the DRS power was reduced to zero, the DRS light could then be
considered to be unpolarized. In such a case, the amount of DRS light that will contribute
to degrading the signal would be one half. However, since the DOP is actually one ninth,
half of the remaining eight ninth is available to interfere with the signal in addition to the
one ninth that is polarized. As expected, this depolarization has an effect on the impact of

DRS. Therefore; the correction factor for the DRS noise is five ninths [51].

OSNR?,, = gOSNRMP, SRR UUSRURURRROR (2.21)

This correction is critical as only MPI that is in the same polarization as the signal

produces beat noise in the receiver.

2.6 Noise Figure (NF)

Basically, the noise figure (NF) is the ratio of the signal to noise ratio (SNR) at the input

of an amplifier to that at the output of an amplifier i.e.

Where, SNR is defined as the ratio of signal power to noise power i.e.
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Signal _ power

SNR =—= :
Noise _ power

.............................................................. (2.23)

In situations where two amplifiers are cascading to each other and the gain of the first

amplifier is lower than that of the second one, then the NF of the system is given as:

NF = NF, + Nz_l ................................................................... (2.24)

1

Where, G, is the gain of the first amplifier, NF, and NF, is the noise figure of the first

and second amplifier, respectively.

NF can also be defined in terms of ASE noise. In such a case, NF can be approximated by

taking measurements of the noise power added by the amplifier ( p )

NE = 1o | (2.25)
G| EB,

where, G is the on-off gain, E , is the photon energy of the signal, B, is the optical band

width and p,g is the noise power [52].

2.7 Optical Noise Analysis

Other than the numerous achievements made so far in improving the state-of-the-art of
optical systems, many issues concerning the future of the system in terms of efficiency
and the increasing demand for capacity and reach still need to be adequately addressed.
In particular, the effect of nonlinear interaction in optical fibres especially at higher
optical powers is still a subject of great concern. More attention is required especially on

modern fibres which are currently being adopted in many long-haul systems. Modern
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fibres have low attenuation of <0.2 dB/km, but this value is still large enough to limit the
transmission distances to a few hundred kilometers due to problems related to
attenuation. This problem of attenuation was initially approached using optoelectronics
repeaters in long-haul systems [53].

However, optoelectronics repeaters were prone to signal regeneration which was their
major drawback because of the numerous repeaters required in the system which lowered
the speed of electronics. Optical amplifiers development in the early 90*s brought a new
revolution in the fibre communication. They resulted in the elimination of repeater
systems and a new down to all-optical systems with increased capacity. Optical
amplifiers are associated with great amplification bandwidth which has enhanced the
application of dense wavelength division multiplexed (DWDM) transmission. DWDM
technique owes its success to the introduction of optical amplifiers and has resulted in

increased capacity and span.

Optical time division multiplexing (OTDM) was also another technique that had been
proposed as an alternative method for increasing the fibre transmission capacity [54].
This technique was widely applied on Erbium-doped fibre amplifier (EDFA) due to its
high performance and stable dynamic behavior. As a result EDFA has been highly
exploited close to its theoretical limits such that its lowest noise figure (NF) is close to
the quantum limit of 3 dB. This NF is still a major limitation to state of the art systems.
The high power associated with the EDFA amplified WDM system is a source of
nonlinear signal impairments which are known to affect the performance of optical

devices such as compensators [55]. These nonlinearities are caused by induced nonlinear
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refractive index which occurs when a fibre is subjected to a high intensity beam [56].
Unlike the old fibre technology, modern fibre technology has ensured low water
attenuation peak around 1400 nm in conventional Single Mode Fibres (SMF) [57]. This
means that there is more usable bandwidth in such fibres for better transmissions.

A lot of research on Raman amplification has been carried out in optical fibre since
1970s [58]. due to its great potential in increasing usable bandwidth and the availability
of higher power lasers. The full potentials of Fibre Raman amplifier (RFA) in optical
communications and other new applications are yet to be totally exploited. Most of the
results have been obtained using the old fibre which is limited to higher signal dispersion,
higher PMD, fibre defects and undesired impurities. As a result, several modern fibres
have been developed and are of low PMD and low dispersion. This work has picked on
two modern fibres, SMF-Reach and SMF-RS and their on-off gain, OSNR, NF and pump
reflection power investigated at both co-and counter pumping techniques. The relation
between on-off gain, OSNR, NF and pump reflection power still needs to be analyzed
especially when these modern fibres are used in optical networks. This approach is
unique in the sense that it deviates from earlier analyses where no attempt was made to
compare various parameters when fibres are used in optical networks. Optical noise
effects in optical fibre are also very significant in regard to the operation and stability of

modern optical communication systems as well as optical devices.



CHAPTER THREE

METHODOLOGY

3.1 Research Design

The approach to this study involved simulations as well as experimental analysis. Virtual
Photonics, Inc. (VPI), version 9.0 software was selected to be used in the simulation
approach [59]. VPI is a comprehensive simulation package developed by VPIphotonics
GmbH. 1t is the latest and among the best photonics software, currently used by
researchers and engineers in their photonics modeling innovations. This software enable

users to plan, test, and simulate optical links in the transmission layer of modern optical

networks.

3.2 Simulation Setup

Fig 3.1 shows the simulation set up of a distributed fibre Raman amplifier.
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Fig 3-1: Set up of a distributed FRA at different pumping schemes using Virtual Photonics,

Inc. (VPI) version 9.0
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A CW Laser source was modeled to produce a continuous wave (CW) optical signal.
This module (CW Laser source) was set to produce photons of a CW laser with a power
of - 10 dBm at 1550 nm frequency throughout the experiment. The signal power was then
directed into the fork module. The fork module copied particulars from its input to each
of its output. This module was generally used to connect a single output port, to multiple
input ports. The signal source from each of the fork output was then coupled with the
pump using the WDM coupler. The pump Laser CW module was also modeled to
produce a continuous wave (CW) optical signal. This module was set to produce photons
of a CW laser with a power of up to 25 dBm at 1450 nm frequency throughout the
experiment. This was meant to ensure maximum amplification of the signal which in
RFA occurs when the pump-signal detuning is 100 nm. Both (signal and pump) were
then propagated in a 25 km and 50 km Universal Fibre model, which was set to simulate
a wideband nonlinear signal transmission in optical fibres with piecewise constant
parameters specified for each fibre span individually, taking into account bidirectional
signal flow, stimulated and spontaneous Raman and multiple Rayleigh scattering at each
joint between spans. The output of the fibre was then connected to an optical signal/noise
power meter module. This module had a central frequency bandwidth which was set at
1550 nm thus enabling the signal frequency to be sampled out from the noise frequencies,
and directed to the signal output. Each input optical band was checked for whether it fell
into the spectral range defined by parameters CenterFrequency and Bandwidth. If it did,
whether to some extent or completely, the band would be kept. Those bands outside the

window were directed into the noise output.
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The signal power outputs (with pump on and with pump off) from the two signal/noise
power meters (1 and 2) were then directed onto the Mathematical Expression (Python)
module (1) where the on-off gain was calculated by simply taking the difference of the
two. This module implemented the calculation of mathematical functions of one, two,
three or four variables. The module uses the co-simulation interface and calls the Python
interpreter to evaluate the expression. The on —off gain from the output and the noise
power from signal/noise power meter (1) was then directed into Mathematical Expression
(Python) module (2) where the NF was calculated and its results directed to the
NumericalAnalyzer2D module (1). The OSNR was also calculated using Mathematical

Expression (Python) module (3) and its results directed to NumericalAnalyzer2D module

).

The NumericalAnalyzer2D module worked as an interface to the VVPIphotonicsAnalyzer
tool for two-dimensional numerical data. The NumericalAnalyzer2D module is a dual-
input analyzer for numerical data. The module can display data as an X/Y plot and as a
numeric worksheet. The X plot values like pump power, fibre lengths were swept using

the Const. module.

3.3 Experimental Setup

Fig. 3.2 shows the experimental setup of a fibre Raman amplifier used in the
experimental work done at the optical fibre research unit laboratory at Nelson Mandela
Metropolitan University- Port Elizabeth, South Africa, during a three months research

visit.
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Fig 3-2: Experimental setup of a distributed FRA at different pumping schemes.
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Two Raman pumps operating at frequencies of 1450 nm (4,) with a maximum output
power of 25 dBm and a tunable laser source (A5) operating at a C band were used. The

variable optical attenuator was connected to the signal to vary the amount of power
getting to the receiver so as to attain the optimum signal power required. An isolator was
connected to the pump and signal laser sources to maintain the signal in one direction
thus protecting the laser sources from the counter-propagating laser light. The states of
polarization (SOPs) of the signal and the pump were controlled using polarization
controllers (PCs). Consequently, both the signal and pump were coupled on to the same
fibre.WDM filters were used to combine and separate the signal and the pump onto and
out of the fibre, respectively. Two fibre types; SMF-Reach and SMF-Reduced Slope
(RS), each of length 25 km were used. The output was monitored using a power meter

and an optical spectrum analyzer (OSA).
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Overview of the Results

In this chapter, experimental and theoretical results that were obtained in the analyses of
noise performance of a Raman amplified optical communication system are presented.
The characterization of the laser pumps diode sources is first reported. This was essential
because it was important to find the optimum working condition of the laser sources
used. This is then followed by the signal gain and pump reflection where comparison of
SMF-Reach and SMF-RS fibres is done. This is then followed by the results of On-off

gain; OSNR and NF analysis of SMF-Reach fibre.

4.2 Characterization of the Laser Sources

Fig 4.1(a) shows the output characteristic of the pump that was used in the measurement.
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Fig 4-1: Output power as a function of input bias current, (b) wavelengths of the pump and
signal at the fibre output.

Single mode GVT 074 laser diode operating at a high power range with a lasing threshold

of about 62 mA of bias current and maximum power of 254.6 mW at 1454.3 mA was
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used as shown in Fig 4.1 (a). Beyond the lasing threshold the pump output power

increased linearly with the bias current.

The pump and signal wavelengths as recorded at the fibre output using an optical
spectrum analyzer (OSA) is shown in Fig 4.1(b). The pump and signal wavelengths were
coupled into a SMF fibre using a WDM coupler and then their signatures were obtained
using an OSA at the fibre output. From the results in Fig 4.1 (b), the peak of the signal is
at 1548 nm which is exactly 100 nm detuning from the pump wavelength which is the

required detuning for Stimulated Raman Scattering (SRS) to occur in a fibre.

4.3 Raman gain profile for SMF-Reach fibre
Fig 4.2 shows the experimental and simulation results of Raman gain profile over a
frequency range between 1530 nm and 1570nm. These results were obtained, using a 25

km SMF-reach fibre in the co-pumping configuration.
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Fig 4-2: Raman on-off gain as a function of signal frequency for both experimental and
simulation results.
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Both simulation and experimental results in Fig 4.2 showed the existence of frequency
shift which is attributed to the non-crystalline nature of silica glass. That is, the fibre has
inconsistent physical and chemical structure, which allows molecular vibration
frequencies produced as a result of SRS to spread out into overlapping band and creates a

continuum [60].

The power from the pump was also distributed to all the signal frequencies within the
bandwidth to supply gain but with different magnitudes. A maximum gain of 5.8 dB was
attained experimental at 1548 nm which was exactly 100 nm detuning between the pump

and signal wavelength thus the best detuning for SRS.

However in the simulations, a higher gain of 7.2 dB was attained under the same pump
and signal wavelength and power. This is because simulations assumed that passive
components like connectors, isolators and WDM filters maintained the same SOP
through the transmission span. This component adds up losses to the signal during
experimental measurements. This accounts for the higher gain recorded in the simulation

compared to the one measured experimentally.

4.4 On-Off Gain Comparison of SMF-Reach and SMF-RS Fibres

Fig 4.3(a) and (b) show the experimental results of on-off gain variation with pump
power for co- and counter pumping schemes at 25 km and 50 km fibre lengths. From Fig
4.3 (a) and (b), co-pumping recorded a higher gain of 5.7 dB and 4.8 dB for SMF-Reach
and SMF-RS at 25 km respectively. When the fibre length was increased to 50 km, a
much higher gain of 6.6 dB and 5.3 dB was attained for the SMF-Reach and SMF-RS

fibre types respectively at 23 dBm pump power. On the other hand, counter pumping
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recorded a gain of 4.5 dB and 3.9 dB over the same fibre types and pump power, at 25km
fibre length. When the fibre length was increased to 50 km, a slightly higher gain of 5.1

dB and 4.3 dB was also recorded for the same fibre types.
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Fig 4-3: Experimental results of on-off gain variation with pump power (a) SMF-Reach
fibre, (b) SMF-RS fibre, (c) on-off gain comparison for SMF-reach and SMF-RS fibres at
CO- pumping.

Results in Fig 4.3 imply that co-pumping produced a better performance in terms of gain

in both fibres. This is because for the case of co-pumping, both the pump power and the
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signal power were propagated in the same direction. This ensured that the pump was
well utilized by the signal thus more pump power was transferred to the signal hence
higher amplification levels were achieved. Also the ratio between the pump power and
the signal power was maintained almost at the same level throughout the transmission
span. In the case of counter pumping, the signal is propagated in a direction counter to the
pump direction. This limit the pump to signal power transfer thus leaving much of the
pump power unutilized hence accounting for the lower gain attained in this pumping

scheme.

Fig 4.3 (c), gives the on-off gain comparison for SMF-reach and SMF-RS fibres at co-
pumping. From Fig 4.3 (c), the SMF-Reach fibre gave a better performance in terms of

gain than SMF-RS fibre due to the following fabrication improvements [61];

I.  Ultra-low and stable polarization mode dispersion (PMD) to support the highest
data rates with lower electronics costs.

ii. Low dispersion slope to provide denser wavelength division multiplexers
(DWDM) channels and lower residual dispersion as well as less temperature
variation.

iii.  Optimized for both EDFA and Raman amplification to maximize system design
options.

iv. Its high Raman efficiency enables more effective coupling of the Raman pump
power into the optical signal — substantially better than fibers with a larger

effective area.
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4.5 Effects of pump power on pump reflection for SMF-Reach fibres during co-
and counter pump configurations.

Fig 4.4 shows experimental and simulation measurements of the effect of pump power on

pump reflection for co- and counter pumping scheme for 25 km SMF-Reach fibre.
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Fig 4-4: Experimental and simulation effects of pump power on pump reflection for a 25 km
SMF-Reach fibre at co- and counter pumping scheme.

From Fig 4.4, the amount of pump reflection power was dictated by the pumping scheme
used. This was attributed by the fact that in co-pumping, the signal power and the pump
power both travelled in the same direction. This in turn ensured that there was more
pump penetration into the signal thus more pump energy was transferred to the signal,
leading to higher gains due to proper utilization of the pump. Very minimal pump power
was therefore left unutilized in this pumping scheme thus the pump reflection power was

very minimal.

For the case of counter pumping, the signal and the pump both propagated in a direction
opposite to each other. This meant that there was minimal pump to signal power transfer

thus much of the pump power was left highly unutilized. This unutilized pump power
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was then reflected back and detected as pump reflection power thus accounting for the

higher pump reflection power recorded in the counter pumping scheme.

4.6 Effects of pump power on pump reflection for SMF-Reach fibres at different
fibre lengths.

Fig 4.5 (a) shows experimental and simulation results of the effect of pump power
on pump reflection for 25 km and 50 km SMF-Reach fibre lengths for the co-

pumping scheme.
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Fig 4-5: Experimental and simulation effects of pump power on pump reflection for (a) 25
km and 50 km SMF-Reach fibre at co- pumping, (b) 25 km and 50 km SMF-Reach fibre at
counter pumping.

It can be seen that an increase in fibre length lead to a decrease in pump reflection
power in the case of co-pumping scheme. This was attributed by the fact that as the fibre
length was increased, the contact time between the pump and the signal also increased,

thus more of the pump power was utilized and less was reflected back.

In the case of counter pumping, an increase in fibre length lead to a further increase in
pump reflection power as shown in Fig 4.5(b). This is because as the fibre length is

increased, the pump and the signal had to cover a longer distance hence weakening
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further due to attenuations within the fibre. The ratio between the pump and the signal
also reduced significantly as the pump approached a stronger signal from the opposite
end of the fibre. This in turn limits the pump to signal power transfer by a greater factor.

The unutilized pump power is then reflected back and detected as pump reflection power.

Simulation results in Fig 4.5 (a) and (b) gave a lower pump reflection compared to the
experimental results in both pumping schemes because the passive components used in

the experimental work reflected much of the power, which was not the case in simulation.

4.7 On-Off Gain Analysis of SMF-Reach Fibre Using a DFB Power Source
Fig 4.6 illustrates how on-off gain varies exponentially with pump power. In the
experimental measurements, for pump powers less than 17 dBm, a lower on-off gain of

1.7 dB and 1.8 dB was recorded for a 25 km and 50 km fibres respectively.
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Fig 4-6: Experimental and simulation comparisons for on-off gain evolution with pump

power for co-pumping.

This is because the pump power over this region was not powerful enough to induce

remarkable SRS and thus minimal power was transferred from the pump to the signal
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hence accounting for the small gain. With constant increase in pump power, the on—off
gain increased exponentially up to a maximum of 5.7 dB and 6.6 dB for the two fibre
lengths, respectively. The increase in pump power induced remarkable SRS which in turn
enabled pump to signal power transfer, hence compensating for the attenuations within

the fibre.

In the simulations, insertion losses from passive components like connectors, isolators
and WDM couplers were not considered. These components added up losses to the signal
during experimental measurements. This accounts for the higher gain recorded in the

theoretical simulation compared to the one measured experimentally.

4.8 OSNR analysis in SMF-Reach Fibre at different pumping configuration

From the experimental results in Fig 4.7, the OSNR reduces gradually for co — pumping
for pump powers >17 dBm because the pump power over this region was very weak to
introduce SRS thus more noise was transferred from the pump to the signal thus a

continuous reduction in OSNR.
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Fig 4-7: Experimental measurement of OSNR variation with pump power for co-pumping
and counter pumping schemes.

The RIN noise contribution from the pump was dominant over this low power region.
Counter pumping was more superior to RIN noise performance compared to co-pumping
[62]. This accounts for the continuous drop in OSNR for co-pumping while the OSNR
for counter pumping increases slightly over this low power range. However, as the pump
power was increased beyond 19 dBm, the OSNR of both the pumping schemes also
increased because the pump power over this region was now strong enough to amplify
the signal thus accounting for the continuous increase in the OSNR. Co-pumping gave a
better OSNR performance than counter pumping because for the case of co-pumping,
both the pump power and the signal power were propagated in the same direction. This
ensured that the pump was well utilized by the signal thus more pump power was
transferred to the signal hence higher amplification levels were achieved. Also the ratio
between the pump power and the signal power was maintained almost at the same level
throughout the transmission span. For the case of counter pumping, the signal was

propagated in a direction counter to the pump. This limited the pump to signal power
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transfer thus leaving much of the pump power unutilized hence accounting for the lower

OSNR attained in this pumping scheme.

4.9 OSNR Analysis of co-pumping scheme for 25 km and 50 km SMF-Reach Fibres

From experimental results in Fig 4.8, at pump powers beyond 17 dBm, a continuous

increase in pump power resulted to a continuous increase in OSNR in both fibres because

as the pump power increased, the pump became more powerful to compensate for losses

within the transmission fibre.
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Fig 4-8: Experimental results of OSNR as a function of pump power at different fibre
lengths for co-pumping scheme, (a), (b) Simulation.

A 25 km fibre recorded a higher OSNR of 12.8 dB compare to 10.3 dB recorded by a 50

km fibre at 23 dBm pump power because an increase in fibre length also lead to an

increase in ASE noise accumulation within the fibre thus accounting for the drop in

OSNR at longer fibre lengths.
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Fig 4-9: OSNR (dB) verses fibre length (km) at co- and counter pumping schemes.

Results in Fig 4.9 show the experimental measurements of the OSNR variations as a
function of fibre length at different pump configuration. From Fig 4.9, the OSNR of both
co- and counter pumping schemes reduced with an increase in fibre length. This was due
to the losses within the fibre which increased with an increase in fibre length. As the fibre
length was increased, the OSNR for counter pumping reduced greatly compared to that of
co- pumping because for the case of counter pumping, the pump power was not well
utilized by the signal because the two were travelling in a direction opposite to each
other. The ratio between the pump and the signal also reduced due to pump power
reduction as a result of attenuations within the fibre as it approached a stronger signal
from the opposite end of the fibre. This in turn limited the pump to signal power transfer
by a greater factor, which in turn increased the noise level within the fibre thus degrading
the OSNR drastically. Co-pumping gave a better OSNR than counter pumping because

co-pumping had a higher gain compared to counter pumping.
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4.10 Noise Figure Analysis of SMF-Reach Fibre at different pumping configuration
Results in Fig 4.10 shows the experimental and simulation results of effective NF for co-

and counter pumping schemes for 25 km fibre length.
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Fig 4-10: NF variations with pump power for co-pumping and counter pumping schemes,
experimental and simulation results.

It is evident that the NF for co-pumping increased gradually with increase in pump power
up to 17 dBm because this pump powers were low to induce SRS hence a continuous
increase in pump power lead to more pump to signal relative intensity noise (RIN)
transfer to the signal. RIN was more dominant in co- pumping than in counter pumping at
pump powers of up to 17 dBm [62]. As the pump power increased beyond 17 dBm, the
NF reduced with increase in pump power in the two pumping schemes. This is because
the pump power over this region was now strong enough to boost the signal power thus
accounting for the continuous decrease in the NF. Co-pumping gave a NF performance
than counter pumping because for the case of co-pumping, both the pump power and the

signal power were propagated in the same direction. This ensured that the pump was well
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utilized by the signal thus more pump power was transferred to the signal hence higher
amplification levels were achieved. Also the ratio between the pump power and the signal
power was maintained almost at the same level throughout the transmission span. For the
case of counter pumping, the signal was propagated in a direction counter to the pump.
This limited the pump to signal power transfer thus leaving much of the pump power
unutilized hence accounting for the higher NF attained in this pumping scheme.

Theoretical results were obtained through simulation of a 25 km fibre and having similar
characteristics as the one used in the experiment. In this case, the NF reduced gently in
the two pumping schemes for pump powers of up to 23 dBm because theoretical
simulation assumed that the pump power over this range was not powerful enough to
compensate for losses in the signal as it propagated through the fibre. Thus the signal
power remained at low power over this region thus resulting to a higher NF over this
power region. As pump power increased above 20 dBm the NF gradually reduced in both

co- and counter pumping schemes.

Experimental measurement gave a higher NF compared to that attained obtained in the
simulation. This was due to noise generation from passive components like connectors,
isolators and WDM couplers which to some extent are polarization dependent loss
devices. These components which are normally incorporated in any fibre optic system

also add up losses to the signal during experimental measurements.

4.11NF Analysis of co-pumping scheme for 25 km and 50 km SMF-Reach Fibres
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Results in Fig 4.11 show how the effective NF varies with pump power for co- pumping

at different pumping schemes.
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Fig 4-11: Effective Noise Figure (dB) as a function of pump power at different fibre lengths,

experimental and simulation measurement.

It is clear that the NF increased slightly for pump powers of up to 17 dBm. This was due

to RIN noise transfer to the signal which was dominant at this low pump powers. As the

pump powers increased beyond 17 dBm, the NF decreased greatly in both fibre lengths

because these pump powers were strong enough to amplify the signal thus compensating

signal for losses within the transmission fibre.

A 50 km fibre gave a higher NF than a 25 km Fibre because as the fibre length increased,

the contact time between the pump and the signal also increased thus more RIN noise

transfer from the pump to the signal especially at lower pump powers. This increase in

fibre length also leads to an increase in gain which in turn led to increased ASE noise

generation in the process of attaining this higher gain.
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Simulation results in Fig 4.11 were obtained with fibres of same lengths and
characteristics. These results show a similar trend to the experimental results. . In this
case, NF was lower because there were no losses at the connections as it was with
experimental setup. Simulation results gave a lower NF compared to experimental results
because passive components used in the experimental setup like connectors, isolators and
WDM filters changed the SOP of the signal thus altering with its gain which in turn
increased the experimental NF slightly. Under theoretical simulations, it was assumed

that these passive components maintained the same SOP through the transmission span.
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Fig 4-12:Effective Noise Figure (dB) verses fibre length (Km) at different pumping schemes.

Fig 4.12 shows the Noise Figure as a function of fibre length for co- and counter
pumping schemes. From the results in Fig 4.12, an increase in fibre length led to an
increase in NF because an increase in fibre length also led to an increase in the contact
time between the pump and the signal thus more pump to signal noise transfer. Noise

accumulation within the fibre also increases with increase in fibre length as a result of
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attenuations. A higher gain was then attained which in turn led to an increase in ASE
noise generation in the process of attaining this higher gain. This accounts for the

increase in NF.

Counter pumping gave higher NF compared to that of co- pumping because in the case of
counter pumping, the pump power was not well utilized by the signal because the two
were travelling in a direction opposite to each other. This in turn limited the pump to
signal power transfer by a greater factor. This alone limited the gain levels thus
accounting for the higher NF recorded. Co-pumping gave a better NF performance than

counter pumping because co-pumping had a higher gain compared to counter pumping.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

Optical noise effects in optical fibres and optical communication components have been a
subject of great interest and concern in the implementation of optical fibre technology. In
this thesis, the effects of optical noise in distributed RFA designed using SMF-Reach and
SMF-RS modern optical fibres were investigated. SRS which is a scattering phenomenon
have been used to convert the fibre into an amplifying medium so that the signal strength
can be restored and maintained within the fibre for long haul transmissions. The effect of
Fibre lengths and pump powers, on-off gain, OSNR, NF and pump reflection have been

studied at different pumping schemes.

The pump power was found to decrease exponentially with total length of the fibre in
both pumping schemes. For pump power of up to 23 dBm and a fibre length of 25 km
and an optimized signal power of -10 dBm, the Raman on-off gain was found to increase
with fibre length and pump powers. The Co- pumping configuration provided a higher
Raman on-off gain than counter pumping scheme. An on-off gain of 5.7 dB and 4.5 dB
was achieved experimentally for co- and counter pumping schemes, respectively, for the
25 km SMF-Reach fibre. For a similar length of SMF-RS fibre, an on-off gain of 4.8 dB
and 3.9 dB was achieved for co- and counter pumping schemes, respectively, for the 25
km fibre. For a 50 km fibre, an on-off gain of 6.6 dB and 5.1 dB was obtained for the two
pump configurations respectively using SMF-Reach fibre. For a similar length of SMF-

RS fibre, an on-off gain of 5.3 dB and 4.3 dB was achieved for co- and counter pumping
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schemes, respectively. Pump reflection power was noticed to vary inversely with gain.
An Optical Signal to Noise Ratio (OSNR) of 12.8 dB and 12.3 dB was achieved
experimentally for co- and counter pumping schemes, respectively, for 25 km SMF-
Reach. For 50 km fibre, an OSNR of 10.0 dB and 9.3 dB was recorded for the two
pumping schemes respectively. OSNR was also observed to vary inversely with fibre
length. The co-pumping configuration had a higher on-off gain and better OSNR
performance than counter pumping scheme at similar fibre length and fibre type.
Similarly, co- pumping scheme also had a better NF performance as opposed to counter
pumping technique. SMF-RS fibre had a higher pump reflection power than SMF-Reach

fibre of similar length and pumping technique.

5.2 Recommendations

This research work strongly advocates for the use of OFRA in long haul transmission of
data due to its remarkable signal power recovery. A forward pumping configuration should
be implemented especially in long haul signal transmission systems due to its low noise levels
as opposed to backward. An SMF-Reach fibre should also be used in Raman amplification due
to its higher gain and OSNR and low pump reflection power and NF. An extensive research on
the methods of improving the Noise Figure should also be carried out especially on modern

fibres which are currently used as amplifying mediums.

In the experimental work done, Raman pumps with maximum power supply of up to 23
dBm were used. Future work should be done using more powerful Raman pumps in
signal amplification and its effect on OSNR, NF and noise performance analyzed at

different pumping schemes. An extensive research should be carried out using bidirectional
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pumping techniques and its performance on on-off gain, OSNR and NF also analyzed.

Future work should be done using other modern fibre types and different signal sources.
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