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ABSTRACT

This thesis is dedicated to the study of gain transients of discrete fiber
Raman amplifiers and to the all-optical gain-clamping technique which is
used to mitigate those transients.

First, we study the standing-wave and the traveling-wave gain-clamping
techniques when applied to a single discrete fiber Raman amplifier in the
context of WDM channel add and drop. We take into account the
operational regime of the amplifier and the location of the surviving
channel in the amplification band. We demonstrate that the gain-clamped
amplifier has to be operated in a regime below the critical regime to
ensure that gain-clamping will be in effect. The efficiency of gain-clamping
also depends on the feedback level of the lasing signal and on the
implementation.

Next, we investigate the dynamic behaviour of a single discrete fiber
Raman amplifier fed by multi-channel packet traffic. Our study shows that
the efficiency of the gain-clamping technique to reduce the gain transients .
is dependent upon the operational regime of the amplifier and the packet
~ duration. However, we also demonstrate that gain-clamping is not required
to control the gain transients as the gain variations of the unclamped
amplifier are small enough to be neglected.

We then theoretically analyse the dynamic response of cascades of
discrete fiber Raman amplifiers subject to WDM channel add and drop.
We consider cascades of mixed unclamped and gain-clamped amplifiers,
varying the number and the position of the gain-clamped amplifiers in the
cascade and taking into account the location of the surviving channel and
the operational regime of the amplifiers. Our results show that the location
of the gain-clamped ampilifiers in a mixed cascade affects the transient
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characteristics and that it is possible to control the transients within
tolerable limits.

Finally, we i’nvestigate the gain transients that occur in hybrid amplifiers in
the presence of channel add and drop. We demonstrate that the gain-
clamping technique can be used to mitigate the gain transients in hybrid
amplifiers and that the surviving channel location does not influence the
transient characteristics, contrary to the case of single and cascaded fiber

Raman amplifiers.
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ABREGE

Cette thése est dédiée a I'étude des effets transitoires de gain dans les
amplificateurs a fibre Raman ainsi qu’a la technique de contréle de gain
tout-optique qui permet d’atténuer les effets transitoires.

Nous comparons la technique de contrdle de gain par onde stationnaire a
celle par onde circulatoire lorsqu'elles sont appliquées a un unique
amplificateur Raman discret dans le contexte d'addition et de coupures de
signaux WDM. Nous tenons corﬁpte du régime opératoire de
ll’amplificateur ainsi que de la localisation du signal survivant dans la
bande d’amplification. Nous démontrons que I'amplificateur clampé doit
étre opéré dans un régime sous le régime critique afin d'assurer I'efficacité
du contrdle de gain . Lorsque le contrdle de gain est effectif, son efficacité
dépend du niveau de rétroaction du signal lasant. |

De plus, nous investiguons aussi le comportement dynamique d’uniques
amplificateurs Raman discrets lorsqu’ils sont alimentés par un trafic
paquetisé a multiples longueurs d’onde. Notre étude montre que I'aptitude
du contréle de gain a réduire les effets transitoires dépend du régime
opératoire et de la durée des paquets. Cependant, nous démontrons aussi
que le contréle de gain n'est pas requis pour contrOler les effets
transitoires car les variations de gain de I'amplificateur non-clampé sont
suffisamment petites pour étre négligées. \

- Nous analysons théoriquement la réponse dynamique d’amplificateurs
Raman discrets en cascade lorsqu’ils font face a une addition et coupure
de signaux. Nous considérons des cascades mixtes qui incluent des
amplificateurs clampés ou non. Nous varions le nombre et la position des
amplificateurs clampés dans la cascade et nous tenons compte de la
localisation du signal survivant ainsi que du regime opératoires des
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amplificateurs. Nos résultats montrent que la localisation des
amplificateurs clampés dans une cascade mixte affecte les
caractéristiques des effets transitoires et qu'il est possible de les maintenir
en decga de limites acceptables.

Finalement, nous examinons les effets transitoires qui prennent place
dans des amplificateurs hybrides soumis a I'addition et a la coupure de
signaux. Nous démontrons que le contrble de gain peut étre employé afin

“de réduire les effets transitoires dans les amplificateurs hybrides et que la

localisation du signal survivant n'influence pas leurs caractéristiques,

contrairement au cas des amplificateurs Raman uniques ou en cascade.
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Chapter 1: Overview and motivation

1.1 Introduction to dynamic networks and gain transients

The telecommunications domain has profoundly evolved during the last
decades. As the voice traffic used to be the major kind of traffic, the
telecommunications networks had to change with the arrival of the
Internet. Starting from that point, the traffic of data continuously grew up
and finally exceeded the voice traffic in volume. The telecommunications
had to face this new reality and the introduction of optical networks
permitted to increase the transmission capacity. Such networks are used
for trans-oceanic and long-haul communications. As the Internet led the
explosive increasing capacity demand, technologies such as Wavelength
Division Multiplexing (WDM) and Time Division Multiplexing (TDM) were
introduced to benefit from the entire transmission capacity of optical
networks.

However, the demand will certainly grow up again with the arrival of
fechnologies such as telemedicine or video conferencing. Dynamic optical
networks offer an answer to this challenge [1-4]. They enable optical
channels to be dynamically routed, switched, provisioned, protected and
restored all within the fiber optic layer. A dynamic optical network provides
network flexibility and eliminates the costly and bandwidth limiting optical-
to-electronic-to-optical (O-E-O) conversion processes inherent in today's
optical networking systems.

This project is a part of what is called the Agile All-Photonic Network
(AAPN) Research Program led by Professor David V. Plant at McGill
University and funded by the Natural Sciences and Engineering Research



Council of Canada. Such a network which will cumulate dynamic WDM
and TDM will be agile and robust. The major characteristics of AAPN are
the following [5-6]:

e rapidly reconfigurable all-optical space-switching in the core;

e agility - namely the ability to perform time domain multiplexing to
dynamically allocate bandwidth to traffic flows as the demand
varies; |

« control and routing functionality concentrated at the edge switches
that surround the photonic core.

The WDM systems require high output power and low noise figure
amplifiers. In addition to high performance, the implementation of new
features such as dynamic wavelength routing can lead to optical power
transients. As the WDM channels can follow different paths in the network
before being gathered together in-a link, they can present different input
powers at an amplifier input as the attenuation and gain experienced by
each channel can depend on the followe_d path. This difference in input.

power will lead to gain transients.

The phenomenon of gain (or power) transients is illustrated in Fig. 1,
which presents the input and output power of a signal launched in a fiber
amplifier: the overshoot at the leading edge of the output signal is caused
by the unsaturated gain that the signal experiences when it is first turned
on. The strong power of the signal in the front depletes the pump (e. g. in
Raman amplifiers) or the population inversion (e. g. in doped fiber
amplifiers). As a result, the remaining signal pulse does not experience
the same high gain as the leading edge of the signal. Depletion of the
pump or population inversion is the strongest when the signal front
reaches the output of the fiber, which produces a gain that is smaller than
the steady-state saturated gain. This causes the small undershoot in the

signal power.
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Fig. 1-1: lllustration of power transients in a fiber amplifier.

These transients also occur when the number of channels loaded in the
amplifier varies. Because fiber amplifiers saturate on the basis of total
power, addition or removal of channels in a multi-access wavelength-
routed network will tend to perturb channels at other wavelengths, which
share all or part of the route. These signal transients can compromise the
flexibility of network architecture and impact system performance.

The quality of surviving channels can be degraded through four distinct
mechanisms when the channel-loading conditions change. First, optical
nonlinear effects in fiber will occur if the power excursions of the surviving
channels are large enough due to the cut or removal of signal channels.
Second, when channels are being added, the optical power can decrease
during the transient period, which in turn can lead to eye-closure and
degradation of bit-error rate. Third, optical signal-to-noise ratio (SNR) can
deteriorate due to the change in gain spectrum during the transience.
Finally, as the power at the receiver fluctuates, the threshold of the
receiver must continuously be optimized at a very high speed - a potential

problem for certain receivers.



1.2 Optical amplifiers
1.2.1 Erbium doped fiber amplifiers

An Erbium-Doped Fiber Amplifier (EDFA) consists of a pump and a length
of silica fiber whose core is doped with ionized atoms, Er®*, of the rare
earth element Erbium. This fiber is pumped using a laser, typically at a
wavelength of 980 nm or 1480 nm. This laser excites Er*" atoms which
amplify signals of around 1550 nm by stimulated emission. Although
doped-fiber amplifiers were studied as early as the sixties, their use
became practical fifteen years ago, after the techniques for fabrication and
characterization of low-loss doped fibers were perfected and after the
development of 980 nm and 1480 nm semiconductor pump lasers. EDFAs
cumulate many advantages. low electrical consumption, high gain, large
signal bandwidth, the fact that it is an all-fiber device (making it
independent to polarization and decreasing the insertion losses), low
crosstalk, low noise and a compact component.

The dynamics of the EDFAs were extensively studied in hundreds of
papers. It was shown that gain dynamics have long saturation and
recovery time constants (~200 ps- 3 ms) [7]. Thus, EDFAs are immune to
patterning and crosstalk effects at typically considered data rates. One
potential issue, however, is the change of the number of channels loaded
in the amplifier. For. example, when one, four or seven out of eight
channels are cut, the surviving channels present large power excursions
in less than 10 us [8]. In order to limit power transients, three techniques
are used: pump control, signal control and gain-clamping. First, the pump
control method consists in adjusting the pump power during the transient
in order to eliminate the signal power variations [9-11]. This technique is

very fast (the response time can be as low as 0.5 us) and it reduces power



transients from 3 dB to 0.3 dB [10]. Second, the signal control represents
another dynamic technique which minimizes the transient response. This
method uses a control signal in addition to the channels loaded in the
amplifier; the power of this control signal is adjusted to compensate for the
addition or removal of channels [12]. Finally, a passive technique called
gain-clamping can also be used. The principle of the operation éonsists of
a lasing signal generated at a wavelength outside of the channels
bandwidth. In a laser, the gain is equal to the losses of the laser/amplifier
cavity and since the losses are fixed, the gain is clamped; thereby a lasing
signal clamps the gain of the entire amplifier. Optical gain-clamping can be
achieved in two different ways: with a feedback loop in a traveling-wave
cohfiguration [13-15] or in a standing-wave configuration using fiber Bragg
gratings (FBGs) [16-19].

Generally, in-line amplifiers are used in cascade in order to reduce the
number of costly repeaters. However, the speed of power transients is
dependent upon the number of amplifiers in the route. The time varying
output of the first amplifier appears as an input to the second one, which
has time-dependant gain and therefore the output power of the second
amplifier changes at a faster rate. Thérefore, even if power transients are
generally thought to have slow gain dynamics, which is a key advantage, it
is not the case for a cascaded configuration. Gain transients in cascaded
EDFAs have been reported in [20-24]. Two different techniques are
usually used to mitigate such power transients. The first one consists in
using gain-clamping or pump-control at each amplifier of the cascade [22-
23]. The second one is to optically gain-clamp the first amplifier and to let

the lasing signal propagate to the other amplifiers as a control signal [24].



1.2.2 Fiber Raman amplifiers

As the demand for capacity on the Internet keeps growing, the EDFA-
based transmission technology may eventually hit the upper limit of
transmission capacity. Fiber Raman Amplifiers (FRAs) are studied as a
solution for increasing the spectral efficiency and bandwidth. A FRA uses
stimulated Raman scattering (SRS) occurring in silica fibers when an
intense pump beam propagates through it. The Stokes shift for silica fibers
is approximately 13 THz with a 3 dB bandwidth of about 5 THz. Broader
gain spectra may be obtained by the use of multi-wavelength pump
sources, a technique applicable only for Raman amplifiers. Even though
the Raman effect in silica fiber has been known for a long time, it was only
recently with the arrival of high power laser diodes that practical FRAs
were built. The use of FRAs permitted to expand the transmission capacity
of telecommunications networks over very long transmission length and to
achieve high bit rate [25-30].

Two types of FRAs currently exist (Fig 1-2): the distributed FRA, in which
the amplification occurs gradually and directly in the transmission fiber,
and the discrete (or lumped) FRA (DFRA), which provides gain at a
~localized point of the transmission fiber. The principal advantages of FRAs
over EDFAs are the flexibility to provide gain bandwidths not usually
available "in doped-fiber amplifiers with the provision of suitable pump
sources, the possibility to have wider amplification bandwidth by using
multiple pumps at different wavelengths and the fact that the amplification
can be achieved in any silica fiber. Particular attention must be given to
the design of the FRAs because of the non-linear interactions between the
pumps and the signals [31] and of course, because FRAs are also
sensitive to power transients.
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Fig. 1-2: Operational modes of a FRA.

Contrary to EDFAs for which the gain transients have been extensively
studied, the gain transients that occur in both discrete and distributed
FRAs are less known. This thesis concentrates on the theory and the gain
transients of FRAs.

1.3 Motivation and objectives

FRAs will probably be used in the new long-haul and ultralong-haul optical
telecommunication networks. Dynamic networks will not be exempt from
this trend. However, before implementing this new technology in a
dynamic network, it is essential to know the dynamic behaviour of a FRA.
The prior art on the dynamics of FRAs is incomplete and often does not
reflect reality as previous studies usually focus on only a small number of
channels.

Our main objective is to determine whether DFRAs can be deployed in
dynamic networks such as AAPN. For this reason, we propose to study
DFRAs in a real WDM situation and in the worst possible case of
transience. We study all-optical gain-clamping (AOGC) as a passive



technique to determine if this technique is efficient in mitigating the gain
transients occurring in DFRAs. We also consider the case of cascaded
DFRAs and look at the impact the cascade has on the gain transients.
Finally, we consider the association of a DFRA and an EDFA (denoted as
a hybrid amplifier) in order to determine if DFRAs can be deployed in
systems that already contain EDFAs.

1.4 Contributions of the thesis

The contributions of this work are the following:

¢ study of gain transients in DFRAs in a real WDM environment and
in the worst possible case of transient;

o study of the impact of the surviving channel location on the gain
transient. characteristics of DFRAs;

e comparison of the standing-wave vs. -traveling wave configurations
for the gain-clamped DFRAs;

o statistical study of DFRAs subject to packet-like traffic variations;

o study of cascaded DFRAs in the worst possible case;

¢ study of the gain transients of hybrid amplifiers.

This thesis has resulted in the following peer-reviewed articles and
conference proceedings:

J. Gest and L. R. Chen, “Comparison of two all-optical gain-clamping
techniques for discrete fiber Raman amplifiers,” Queen’s University 22™
Biennial Symposium on Communications, pp. 51-53, 2004.

J. Gest and L. R. Chen, “Performance analysis of all-optical gain-clamped

discrete fiber Raman amplifiers,” Lasers and Electro-Optics Society
Annual Meeting, vol. 2, no. 7-11, pp. 925-926, 2004.



J. Gest and L. R. Chen, "Analysis of gain transients in cascades of
discrete fiber Raman amplifiers," Photonics North, paper 5970B-72, 2005.

J. Gest and L. R. Chen, "Dynamic response of discrete fiber Raman
amplifiers to multi-channel randomly variable packet traffic," Progress in
Electromagnetics Research Symposium (PIERS'07), 1P3b, 2007.

J. Gest and L. R. Chen, “Impact of the all-optical gain-clamping technique
on the transience characteristics of cascaded discrete fiber Raman
amplifiers,” Optics Communications, vol. 273, no. 1, pp. 138-148, 2007.

J. Gest and L. R. Chen, “Dynamic gain variation in discrete fiber Raman
amplifiers subject to multi-channel packet traffic,” submitted to Optics
Communications, April 2007.

J. Gest and L. R. Chen, “Analysis of gain transients in hybrid
Raman/Erbium doped fiber amplifiers,” to be submitted.

The remainder of this thesis is organized as follows. In Chapter 2, a
background of the physical processes involved in FRAs and of the gain-
clamping techniques are given. Chapters 3 and 4 concentrate on single
DFRAs. In Chapter 3, the efficiency of the AOGC is analysed in the
context of the addition and cut of WDM channels. In Chapter 4, we
investigate the gain transients that occur in single DFRAs subject to
packet-like traffic variations. Chapters 5 and 6 deal with gain transients in
multiple amplifiers subject to the addition and cut of WDM channels. In
Chapter 5, we analyse the gain transients that occur in cascaded DFRAs.
The dynamic behaviour of hybrid amplifiers (DFRA / EDFA) is investigated
in Chapter 6. In Chapter 7, a summary is given and the future work is
outlined.



Chapter 2: Fiber Raman amplifiers

In this chapter, we introduce the Raman scattering phenomenon
responsible for Raman amplification. We also present the various
characteristics of FRAs including their advantages over EDFAs.
Furthermore, we discuss the gain transients that occur in FRAs and we
introduce the different techniques used to mitigate them. Finally, we
present the mathematical equations governing the amplification in a FRA

and two numerical techniques used to simulate the propagation of signals.
2.1 Raman amplification

2.1.1 Spontaneous Ra‘man effect

When light is scattered from an atom or molecule, photons are either
elastically scattered (Rayleigh scattering) or inelastically scattered (Raman

scattering or effect). Figure 2-1 presents the three possible scattering
mechanisms (Brillouin scattering is not considered).

virtual virtual virtual
state state state
state 2 state 2
h
state 1 ——1& state 1 —"—m state 1
b) c)

Fig. 2-1: Energy levels and photon scattering mechanisms.
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Figure 2-1 a) illustrates the case of the Rayleigh ‘scattering in which no
energy is exchanged between the atom and the incident photon. The atom
absorbs the incident photon, reaches the virtual state and then emits a
photon of same energy as the incident photon. In Fig. 2-1 b), an atom (or
molecule) in a certain vibrational, rotational or electronic state, say state 1,
absorbs a photon with energy hvi. The atom raises to the virtual state and
undergoes immediately a transition of energy hvs, which brings the atom
to the excited state, say state 2. The atom has now an energy of hvi
greater than that of the atom before absorbing the incident photoh. hviz
corresponds to the difference of energy between the incident photon and
the emitted photon. An energy transition in which the emitted photon has
lower energy than the incident photon is called a Stokes transition. Figure
2-1 c) presents the scattering mechanism when the atom is initially in the
excited state (state 2). By absorbing‘the incident photon of energy hv;, the
atom reaches the virtual energy state. After emitting a photon of energy
hvs, the atom comes back to the ground state (state 1). An energy
transition in which the emitted photon has higher energy than the incident
photon is called an anti-Stokes transition. Both of these phenomena are
called Raman scattering. Even if the response time of the Raman
scattering is fast (on the order of 10 fs), this phenomenon enables
vibrational modes of the material, known as the optical phonons. In
crystals, only specific phonons are allowed due to the underlying periodic
structure, thus Raman scattering can only appear at certain frequencies.
For amorphous materials like glasses, more vibrational staes are
supported and‘ thereby the discrete spectral lines are not discrete

anymore.
The Raman effect was first reported by Chandrasekhara Vankata Raman

in 1928, who later received the Nobel Prize in 1930 for his work on the
scattering of light.
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2.1.2 Stimulated Raman scattering

Raman amplification is based on the SRS phenomenon, presented in Fig.
2-2. A ‘signal’ photon of energy hvs induces the inelastic scattering of a
‘pump’ photon of energy hv, in an optical medium in the nonlinear regime.

As a result, another ‘signal’ photon of energy hvs is produced, in addition
to an optical phonon.

virtual
----- Y17 state
1\ RAVAVAV A

“hv

hV AL AVAVAY s
P state 2

I hv,,

state 1

Fig. 2-2: Stimulated Raman scattering.

The Stokes shift for silica fibers is approximately 13 THz with a 3 dB
bandwidth of about 5 THz as presented in Fig. 2-3. We notice that the
anti-Stokes transition is neglected in silica fibers as the lifetime of the
molecules in the excited state (state‘2) is so short that the probability of

having a ‘pump’ photon and a ‘signal’ photon encountering a phonon is
almost nil.
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Fig. 2-3: Typical Raman gain spectrum in a silica fiber.
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Even if Raman amplification can be achieved in any silica fibers, one
prefers fibers presenting a high Raman coefficient gain as they require
less pump power along with smaller fiber lengths. The fibers usually used
for Raman amplification include dispersion compensating fibers (DCF),
dispersion shifted fibers (DSF), germanium-doped fibers and highly
nonlinear fibers (HNLF). Figure 2-4 a) presents the Raman gain profile for
three fibers: Single Mode Fiber (SMF), DSF and DCF. The SMF has the
lowest Raman gain coefficient as this fiber presents the least dopant in the
core with respect to the other fibers. As the dopant'concentration is
increased in the core, the Raman gain coefficient increases. However,
using Fig. 2-4 b) that presents the normalized Raman gain profile for the
same fibers, we notice that the shape of the Raman gain vs. frequency is
not affected by the dopant.

13
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2.2 Fiber Raman amplifiers

A FRA is a simple means to amplify optical signals using SRS. Figure 2-5
presents a simple schematic of a FRA. The pump and the signal to be
amplified are coupled into the fiber using a WDM coUpIer. As the pump
and the signal propagate along the fiber, the pump power is transferred to
the signal through SRS. At the end of the FRA, a WDM coupler separates
the amplified signal from the depleted pump.

14
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Fig. 2-5: Schematic of a FRA.

The principal advantages of FRAs over EDFAs are the following:

the flexibility to provide gain bandwidths not usually available in
doped-fiber amplifiers with the provision of suitable pump sources;
the possibility to have wider amplification bandwidth by using
multiple pumps at different wavelengths;

the possibility to flatten the gain without the use of an external
bandpass filter when multiple pumps are used;

the possibility to achieve the amplification in any silica fiber;

the possibility for lower noise; and

the possibility for distributed amplification directly into the

transmission fiber.

As a reéUIt, FRAs offer the possibility to open new telecommunications

wavelength windows, as for example in the ultra-long wavelength band

(1600 nm to 1670 nm) as in [32]. By combining multiple pumps at different

wavelengths, amplification bandwidths of 100 nm and more can be easily

achieved [33-36]. However, FRAs are more complex to design than

EDFAs and particular attention must be given to nonlinear interactions

between the pumps and the signals.

As presented in section 1.2.2, FRAs also present the advantage of two

operational modes: distributed and discrete (or lumped). The distributed

FRAs present better noise performance but the pump power is more

15



severely affected by the code format [37]. On the other hand, DFRAs are
more flexible in their use (pre-amplifier, in-line amplifier or booster
amplifier).

Even if FRAs can be co- or counter-pumped, the co-pumped scheme is
rarely used. The Raman gain coefficient has the drawback of a strong
polarization dependence. In fact, the Raman gain coefficient can be up to
10 times higher when the signal and pump polarization states are parallel
rather than perpendicular in the case of a co-pumped FRA [38]. Counter-
propagating the pump in a FRA reduces the correlation between the
states of polarization of the pumps and signals and the Raman gain
coefficient becomes insensitive to polarization, as illustrated in Fig. 2-6
[39].
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Fig. 2-6: Polarization dependence of the Raman gain in DCF for forward propagating
pump (a) and backward propagating pump (b). The two curves represent orthogonal
pump polarizations [39].

There are four primary sources of noise in Ramah amplifiers. The first is
the usual amplified spontaneous emission (ASE). In FRAs, signal-ASE
beating noise dorhinates over ASE-ASE beating noise. Fortunately,
Raman amplifiers have an inherently Iow\ noise from signal-ASE beating.
However, when the pump power is high, the backward ASE is reflected in
the other direction and experiences gain, increasing the noise. In
distributed FRAs with high gains, Rayleigh backscattering increases the
signal-ASE beating and can limit the noise performance improvement
compared to EDFAs [40]. Concerning DFRAs, noise figures as low as 4.2
dB have been reported [41].

17



The second noise source is the double Rayleigh scattering (DRS). The
ASE traveling in the backward direction is reflected in the forward direction
by DRS and experiences gain due to SRS. It results in the degradation of
the SNR due to interference between the signal itself and the double
Rayleigh scattered signal [42]. As both signals occupy the same spectral
region, DRS cannot be filtered. One solution consists in using multiple‘
stages of amplification with isolators between them. For example, a 30-dB
‘discrete Raman amplifier has been demonstrated with two stages of

amplification and a noise figure less than 5.5 dB [43].

The third source of noise arises from the short upper-state lifetime of
Raman scattering process. Because of this virtually instantaneous
response time, pump power fluctuations are transferred to the signal
power. This, in turn, results in the deterioration of the relative intensity
noise (RIN) on the signals compared to the RIN on the pumps sources.
The usual way of avoiding this coupling is to counterpropagate the pumps
with respect to the signals. Another way to reduce the RIN on signals uses
a design based on counterpropagating Fabry—Pérot laser diodes instead
of grating-stabilized laser diodes [44].

Finally, the last source of noise arises from a phonon-stimulated optical
noise created when the wavelength of the signals to be amplified is close
to pump wavelengths. An increase in noise figure of up to 3 dB has been
reported for signals spectrally located close to the pump wavelength [45-
46].

18



2.3 Gain transients and gain-control techniques
2.3.1 Gain transients

In 2001, for the first time, Chen et al. observed power transients in FRAs
comparable to those in EDFAs [47]. Their simple set-up was a length of
DCF and a 1454.7 nm pump source. Then a modulated signal located at
1545.3 nm was launched into the counter-pumped FRA. The signal power
was large enough to saturate the FRA, enabling the observation of power
transients. They also verified that the observed transient was in
agreement with the theoretical model. Figure 2-7 a) presents the
measured signal power (i) in time at the output of the DFRA and the input
signal power (ii). The measured output power is in very good agreement
with the simulated output power [Fig. 2-7 (b)]. ’
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Fig. 2-7: Measured (a) and simulated (b) Raman transient effect with 50% amplitude
modulation on input signal to simulate partial channel addition and drop (i-output, ii-input
x10) [47].

In [48], Wang et al. studied the gain transients occurring in FRAs as a
function of operating parameters such as signal input power, fiber type
and surviving signal wavelength. They demonstrated that co-pumped

19



FRAs present stronger gain transients than counter-pumped FRAs, which
is consistent with the greater pump depletion effect in the co-pumping
case.

Tong et al. also investigated the transient response to slowly varying input
power waveforms in a counter-pumped FRA [49]. They concluded that in a
multi-channel case, a gradually changed input waveform can eliminate the
abrupt power fluctuation due to instantaneous signal-to-signal Raman

interactions.
2.3.2 Gain-control techniques

In order to mitigéte the power transients that occur in EDFAs, different
mitigation techniques have been developed. These techniques, which can
be separated in two groups, have also been successfully applied to FRAs.
In this section, we first look at the active gain control technique, i.e. the
pump control, and we then consider the passive all-optical gain-clamping
(AOGC) technique. |

2.3.2.1 Pump control

The pump control technique consists in adjusting the pump power
launched into the FRA in order to ensure that the signal gain is constant in
time. The pump control is much more difficult to implement for FRAs
compared to EDFAs because of the nonlinear pump-to-pump, pump-to-
signal and signal-to-signal interactions, especially for muiti-pumped
schemes. The simplest way to achieve the pump control is to select one of
the signals to be amplified as a probe channel and to adjust the pump
power as a function of the time evolution of this probe signal. The probe
signal power is measured by a power detector and converted into an
electrical signal. The electrical probe signal is then sent to the pump
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controller which adjusts the pump power, following a certain algorithm. As
a FRA saturates on a total input power basis and as nohlinear interactions
govern the FRA behaviour, a change in a single signal power at the input
of FRA affects the gain of all signals at the output of the FRA. If the gain of
the probe signal increases (or decreases), the pump controller decreases

(or increases) the amount of pump power launched into the FRA.

The pump control was applied to FRA for the first time by Chen et al. in
2001 [50]. Figure 2-8 presents the experimental set-up built to control the
gain transients. Channels 1 to 4 are modulated to simulate addition and

drop operations and channels 5 to 8 act as surviving channels.

J L L 60k transmission filre

annels or 15.3km DGF
1234 [LPOMNy output
channels mod @T >
87 power
& monitors

Fig. 2-8: Experimental set-up to observe and control Raman transient effects [50].

The control circuit was implemented to vary the counter-directional pump
power and the control signal was derived either from the surviving channel
output power, or from the both the surviving and total output power. When
the control was off, Raman gain fluctuations on the surviving channels
ranged from 0.35 to 1.2 dB as the drop/total ratios ranged from 4/8 to
20/24 in the distributed FRA. On the other hand, the use of the control
algorithm kept gain fluctuations on the surviving channels constant to
within £ 0.06 dB. Figure 2-9 a) presents the gain variation in time of a
surviving channel when the gain control is off (i) and on (ii); Fig. 2-9 b)
shows the corresponding pump power fluctuation when the gain control is

on.
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Fig. 2-9: Signal gain fluctuation in time (a) and corresponding pump power waveform
generated by control circuit (b) [50].

The key point of this control technique lies in the control circuit and several
studies have concentrated on improving the technique for both forward-
and backward-pumped FRAs [51-55]. Pump control has recently been
demonstrated for multi-pumped FRAs [56].

2.3.2.2 AII-opfical gain-clamping

The second gain control technique used to mitigate gain transients in
FRAs is the passive AOGC. The AOGC consists in introducing a lasing
signal generated inside the amplifier at a wavelength outside the channel .
bandwidth. This lasing signal then acts as a feedback control signal. When
the power of the signals to be amplified varies at the FRA input, the power
of thé lasing signal adjusts along the FRA so that the gain of the signals
remains unchanged. AOGC presents the advantage of not requiring
expensive optoelectronic devices and its response time is not limited by
the electronic circuits. However, the response time of the AOGC depends
on the length of the lasing signal cavity as this response time is directly
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related to the time it takes for the lasing signal to re-establish its steady-
state. Thus, reducing the length of the DFRA enables the reduction of the
response time.

The AOGC can be realized in two different configurations: the traveling-
wave and the standing-wave configurations.

2.3.2.2.1 Traveling-wave AOGC

The traveling-wave configuration consists in building the lasing signal with
a ring cavity [Fig. 2-10]. An optical coupler extracts a small amount of
power out of the amplifier which propagates through the loop and is re-
introduced into the amplifier by the second optical coupler. Usually, a
bandpass filter is added in the loop to isolate the lasing signal wavelength
and to reduce the amount of noise re-introduced into the amplifier. As in a
laser, the gain is equal to the losses and since the losses are fixed, the
gain is clamped. This lasing signal makes the amplifier gain-clamped.
Adding an optical attenuator in the ring allows for the variation of the
losses of the ring cavity, thereby adjusting the degree of gain-clamping for
the amplifier. The losses of the ring are equal to the losses of all of its
components: optical couplers, fiber, bandpass filter and optical attenuator.
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Fig. 2-10: Travelling-wave AOGC configuration.
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This configuration presents two major advantages: it is possible to vary
the wavelength of the lasing signal by using an adjustable bandpass filter
and to vary the losses of the ring cavity. However, it also presents
drawbacks. Optical couplers extracts part of the WDM signals power
which results in a less efficient amplifier. As the bandpass filter cannot
completely eliminate the noise circulating in the ring, this noise is re-
injected into the amplifier and amplified. It results in a degradation of the

noise performance of this configuration in comparison to others.

The first application of the traveling-wave AOGC was to realize a static.
study of gain-clamped FRAs, i.e. the variation of the signal gain vs. the
signal input power [57-58]. These studies demonstrate the efficiency of the
traveling-wave AOGC to maintain the signal gain constant over a certain
range of input power with the drawback of degraded noise performance in
comparison to an unclamped amplifier. This gain-clamping configuration
was also applied to mitigate the power transients in FRA [59-60]. In
particular, in [59], Karasek et al. investigated theoretically and .
experimentally the gain transients in a lumped FRA in the context of
channels addition and drop. They noticed that the amplitude of the
remaining power transients that occured when channels were added and
dropped is about 8 times lower than the steady-state power excursions of
the unclamped amplifier.

2.3.2.2.2 Standing-wave AOGC

The standing-wave AOGC configuration uses a pair of FBGs to create the
lasing signal cavity [Fig. 2-11]. The noise corresponding to the reflection
wavelength of the FBGs is reflected back and forth by the FBGs and
amplified each time it enters the FRA until this signal lases. In this
configuration, the losses of the lasing cavity are fixed largely by the FBG
reflection coefficients. As for the traveling-wave configuration, it is possible
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to adjust the wavelength of the lasing signal and the losses of the cavity
by straining or compressing the FBGs. This configuration presents the
advantage of neither affecting the WDM signals, nor increasing the noise.
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signals
—_—

Fig. 2-11: Standing-wave AOGC configuration.

Only one article focuses on the standing-wave AOGC configuration [61].
The authors carry out a static study of a standing-wave AOGC DFRA. A
stable signal gain is obtained for a signal input range of 30 dB. The gain
variation is kept below 0.17 dB and the noise figure is flattened at the
same time. Up to now, no studies on the mitigation of gain transients by
standing-wave AOGC have been reported.

A major drawback of gain-clamping is the degradation of the noise figure
[58]. The noise figure relates the amount of ASE noise that is added to the
signal relative to amount of gain. When the ampliﬁer is gain-clamped, the
power of the Raman ASE is considerably increased. At the same time, the
gain remains roughly the same as the unclamped case, which results in a
higher noise figure. The problems usually encountered in lasers, such as
the intermodal beat noise in the case of multiple longitudinal modes
lasers, are also to be considered in the case of gain-clamped amplifiers.
One problem with multiple longitudinal modes in continuous wave lasers is
the modes can beat together producing noise at the beat frequencies.
Noise can also be produced by a phenomenon called "mode-locking."
Although the longitudinal modes of a laser oscillator normally oscillate
independently, their phases can be locked together by an external

mechanism. For example, one such external mechanism could be
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absorption centers in the fiber in the region in which the light propagates.
When the mode phases are locked together, the mode amplitudes
combine to generate pulses in the output which appear as noise in a
multiple longitudinal mode laser. o

2.3.3 Gain transients in cascades of DFRAs

The phenomenon of gain transients has also been studied in cascaded
FRAs. The first study was undertaken by Zhang et al. in 2001 [62]. They
demonstrated that both the power excursions and recovery times increase
dramatically when several FRAs are cascaded. In order to reduce the gain
transients, they applied the pump control to each amplifier of the cascade
of 8 DFRAs and they succeed in keeping gain transients of the surviving
channel below 0.5 dB. In [63] and [64], Bolognini and Di Pasquale applied
the traveling-wave AOGC to reduce the gain transients following the
addition and drop of 15 channels amongst 16 in a cascade of ten DFRAs.
The use of AOGC enables to reduce the power excursion following the
drop of 15 channels at the output of the cascade from 13.8 dB for a
cascade of 10 unclamped cascades to 8 dB when each amplifier of the
cascade is gain-clamped.

In [65], Karasek et al. used a different technique to control the gain
transients in a cascade of three DFRAs. Only the first DFRA of the
cascade is gain controlled with the traveling-wave AOGC and the lasing
signal is allowed to propagate through the next two DFRAs. Two WDM
signals are amplified by the cascade of which one is modulated to
simulate the addition and drop operations. It was found that when
sufficient lasing in the first amplifier of the gain-controlled cascade is
allowed, steady-state power fluctuations observed in an unclamped

cascade are eliminated completely. The amplitude of the remaining power
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transients that occur when channels are switched off is about eight times

lower than the steady-state power excursion of the unclamped cascade.

2.4 Numerical models

In this section, we present numerical models that govern the propagation
and the amplification of optical signals in time in a FRA. We also introduce

two numerical methods used to solve the propagation equations.
2.4.1 Equations
2.4.1.1 Complete model

In order to. analyze accurateiy the dynamic behaviour of a FRA, we need a
model which can accommodate multiple pumps, WDM signals, ASE noise
and lasing signals. For simplicity, the model assumes that the pumps, the
WDM signals and the lasing signals have an infinitesimally narrow
bandwidth, while the ASE noise signals have a defined bandwidth or

resolution Av.

The complete model includes all physical effects assumed to be important.
This model takes into account the following effects:

) Réyleigh scattering including multiple reflections;

e SRS (with a fiber dependent Raman coefficient);

e spontaneous Raman emission and its temperature dependence;

e amplification of the above;

¢ time dependence;

e wavelength dependent loss of the fiber;
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arbitrary interactions between unlimited number of pumps and
signals independently of their direction (pump-to-pump, pump-to-
signal and signal-to-signal interactions);

forward or backward propagating pumps;

gain-clamping using Bragg gratings (standing-wave AOGC) or
feedback loop (traveling-wave), when applicable.

The effects excluded are the anti-Stokes generation, the polarization

effects (concerning WDM signals) and the nonlinear index effects.

Equation (2.1) represents the propagation equation of the backward and

forward signals P*(z,t,v) and P~ (z,t,v)describing their evolution in time

and space [66]:

OP*(z,t,v) - 1 0P (z,4,v)
oz v, (v) ot

=Fa(V)P*(z,t,v) £ y (V)P (2,1,v)

+ pt (z,t,v)zig—ﬁ—(—v——_—fi)-[Pi (2,4, 1) + P (z,t, )]

u>v eff ““eff
_ Equation 2.1
T Pt (z,t,v)zl-g-&(i‘——v2 x[P*(z,t, 1) + P¥ (2,1, 1)]
H<V H eﬁ'Aeﬁ'
V- +
+ hvz_gig_ji_‘u_)[})' (Z,t,,U) + P¥ (Z,t,/l)][l + W]AV

H>v eff “Teff

- . gr(u-v) 1
F2hvP* (2,0, 1)) KA, [+ 104

U<y eff

where «, (v)is the group velocity, a(v)is the fiber loss coefficient, y(v) is

the Rayleigh scattering coefficient, K, is the polarization factor for noise

signals, 4, is the fiber effective area, g, is the Raman gain coefficient of

the fiber, % is Planck’s constant, £ is Boltzman’s constant and T is the

temperature. The Rayleigh backscattering coefficient is assumed constant
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for all wavelengths and equal to 1x107 m™. The temperature is set to 300
°K. Appendix A presents the loss coefficient «(v) and the effective Raman

gain coefficient of the HNLF used in this thesis.

When the amplifier is gain-clamped, specific boundary conditions apply
depending on the AOGC type. Equation (2.2) presents the boundary
conditions on the lasing signal when the traveling-wave AOGC is utilized.

P (0,t,v)=F xP*(L,t,v)
Equation 2.2
P (L,t,v)=0

where (1-F') represents the total losses (Fis denoted as the feedback
level) in the resonator ring. If the standing wave AOGC is appliedvto the
amplifier, Eq. (2.3) describes the boundary conditions of the lasing signal.

P*(0,t,v) =R, x P (0,¢,v)
Equation 2.3
P~ (L,t,v)=R, x P*(L,t,v)

where R, and R, are the reflection coefficients of the Bragg gratings at

z=0 and z =L, respectively.

The two configurations of gain-clamping can be designed to have the
same feedback level for the lasing signal and, in this case, we have the
following relation:

F =,/R, xR, Equation 2.4
2.4.1.2 Simplified model

The model described in Eq. (2.1)-describes the propagation in time and
the amplification of all signals including the ASE signals. However, taking
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into account the noise requires extensive computation times. Usually, a
simpler model is adopted by researchers to simulate the dynamics of a
FRA. Equation (2.5) presents the simpler model in which all phenomena
participating to the creation or amplification of noise have been excluded.

éPi(z,t,v):F 1 0P*(z,t,v)
oz 0,() o

= Fa(v)P*(z,t,v)

_ Equation 2.5
+ P (2,03 &= Bype )y b PR (2t )]
v Ky Aoy

T Pt (z,t,v)zi-%ﬁ x [P (z,t, 1) + P¥ (2,1, )]
. H<V eff ““eff

When a gain-clamped FRA has to be simulated, Eq. (2.5) can be used to
simulate the propagation of the pump and WDM signals, but Eq. (2.1) has
to be applied to the propagation of the lasing signal for both the traveling-
wave and the standing-wave configurations.

2.4.2 Runge-Kutta method

Equations (2.1) and (2.5) can easily be solved using the fourth order
Runge-Kutta method (denoted as RK4) [67].

2.4.3 Average power analysis

As fiber amplifiers use long fiber lengths and wide bandwidths, the
corresponding increase in the required computation times makes the
simulation process nonpractical. The challenges associated with accurate
simulations of FRAs have been addressed and resolved through the
average power analysis (APA) model for the performance evaluations of
semiconductor optical amplifiers (SOAs) and EDFAs [68], [69].
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The APA has been applied to static Raman amplifiers by Min et al. [70].
Considerable reduction in computation time by over two to three orders of
magnitude was achieved. The same approach was successfully applied to
simulate dynamic FRAs by Karasek et al. with a substantial computational

time reduction and an equal accuracy [71].

We applied the APA for all simulations in this thesis except for those in
section 2.1. The time-domain APA is presented in Appendix B. It is the
first time that the time-domain APA is applied to gain-clamped FRAs. This
time-domain APA method produces results within 2% of the direct RK4
method while reducing the computation time by more than one order of

magnitude.

2.5. Summary

In this chapter, after introducing the SRS responsible for the amplification
in FRAs, we presented some generalities about FRAs including the
polarization effects, their advantages and their noise performances. We
also introduced the gain transients occurring in FRAs and the different
gain-control techniques that can be used to mitigate them. We finally
presented the corhplete and simplified numerical models to simulate FRAs
and two numerical methods to solve the system of equations.
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Chapter 3: Traveling-wave and standing-wave gain-clamping
configurations for single DFRAs

3.1 Introduction

This chapter is dedicated to the study of gain transients of single gain-
clamped DFRAs (GC-DFRAs). More precisely, we compare the dynamic
- characteristics of a standing-wave GC-DFRA to those of a traveling-wave
GC-DFRA in the context of WDM channel add and drop. This study takes
into account the operational modes of the amplifiers and the location of
the surviving channel in the am‘plification band. We demonstrate that the
efficiency of AOGC in DFRAs is dependent on the operational mode of the
amplifier and that the location of the surviving signal affects the gain
transient characteristics.

3.2 Simulations conditions

In the following studies, unless otherwise stated, we consider a backward-
pumped DFRA comprising 5 km of highly non-linear fiber (HNLF) (see
Appendix A) and three pumps located at 1435 nm, 1450 nm and 1480 nm
with corresponding pump powers of 0.2 W, 0.2 W and 0.3 W. We consider
32 WDM channels. operating in the L band and spaced by 100 GHz from
1560 nm to 1585.6 nm input to the amplifier. The lasing signal wavelength
is set at 1625 nm, which induces the least gain tilt as a function of the
input signals power [72]. To simulate addition and drop operations, 31 of
'the' 32 signals are cut or added as shown in Fig. 3-1. We analyze the

transient response for different surviving channel wavelengths, i.e. at the
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shortest wavelength (As = 1560.0 nm), at midband (A, = 1572.3 nm), and
at the longest wavelength (A, = 1585.6 nm).

Input power
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b Channels
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Fig. 3-1: Schematic of the system under study.

For both amplifier configurations, we use two feedback levels:

e (1) F=0.245;

e (2)F=0.5.
These values are chosen to permit an efficient gain-clamping over a large
dynamic input power range while offering a high on-off gain.
In the case of the standing-wave GC-DFRA, we analyze three different
configurations when the feedback level is 0.245:

e (@)R1=0.2,R,=0.3;

e (b) R1=R;=0.245;

e (c)R1=0.3,R,=0.2. ’
For a feedback level of 0.5, we only study the case where Ry and R; are
bvoth equal to 0.5.

In order to evaluate the gain-clamping effect, we define the critical power

Pit as a performance metric. The critical input power is the signal input
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power to the amplifier which causes the gain to decrease by 0.5 dB from
its value in the small signal regime. When the signal input power is equal
to Peit, the amplifier is said to be operated in critical regime. When the
input signal power exceeds P, gain-clamping starts to fail. In the
saturation regime, the total input signal power corresponds to the
saturation power Py, i.e. the input signal power necessary to achieve a
gain equal to the small-signal gain minus 3 dB. Both travelling-wave and
standing-wave GC-DFRAs are operated in the small-signal, the critical

and the saturation regimes.

In order to compare both gain-clamping techniques, we use the following
parameters: steady-state gain variation AG, peak gain excursions (i.e.
overshoot and undershoot), rise time following an undershoot and fall time
following an overshoot, see Fig. 3-2 for an illustration of these parameters.
The steady-state gain variation AG is the difference between the gain of
the surviving channel in the case where all channels are input to the
amplifier and the case where the surviving channel is the only input signal.
The peak gain excursion is defined as the difference (in dB) between the
gain at the peak following the drop (overshoot) or the addition
(undershoot) of channels and the gain of the next steady-state. The fall
and rise times represent the time taken to pass between the 10% and
90% values of the gain excursions that follow the drop or addition of
channels, respectively. The time at which the 31 WDM signals are cut and
added depend on the operational regime and on the gain-clamping
configurations and they are specified in each section.
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Fig. 3-2: Output gain variation and transient comparison parar’heters.

It can happen that AOGC is inefficient to control the gain transients. When
all of the WDM channels are loaded in the amplifier, the pump power can
be insufficient to create the lasing signal. In that case, the cut of WDM
channels at the entry of the amplifier releases additional pump power to
create the lasing signal. However, it takes a very long time for the lasing
signal to achieve its steady-state and consequently, the fall time of the
surviving channel is much longer than that observed in a GC-DFRA where
AOGC is efficient. In the remainder of the thesis, we consider that AOGC
is not in effect when there is no lasing signal in the presence of all of the
WDM channels into the amplifier. Such GC-DFRAs are characterized by
long fall and rise times for the surviving channel following the addition and
drop of the other WDM channels.
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3.3 Traveling-ane configuration

In this section, we present the transient characteristics of the traveling-
wave GC-DFRA under the small-signal, the critical and the saturation
regimes.

3.3.1 In the small-signal regime

Figure 3-3 presents the on-off gain of the amplifier when the 32 signals
are launched with a -40 dBm per channel input power into the amplifier.
We notice that the on-off gain decreases as the feedback level of the
lasing signal increases. When the feedback level increases, the ring cavity
losses increase. As a résult, mbre pump power is required for the control
signal to lase and consequently, less is available to amplify the WDM
channels resulting in a much lower on-off gain.
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Fig. 3-3: On-off gain of the travelling-wave GC-DFRA with two feedback levels in the
small-signal regime.

The time-domain gain variation of the probe channel at the output of the
amplifier is presented in Fig. 3-4 for three different wavelengths. Figures
3-4 (a) and (b) show the results for a feedback level of 0.245 and 0.5,
respectively. The drop of 31 WDM channels occurs at t = 50 ys and the
channels are added again at t = 550 ps. In both cases, the surviving
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channel experiences an overshoot after the cut of channels and an
undershoot after the addition of channels. The cut and addition of
channels are followed by transient periods corresponding to the time
required by the lasing channel to stabilize. For both feedback levels, the
traveling-Wave gain-clamping configuration is efficient in mitigating the
gain transients. We also notice a slight difference in the surviving channel

gain variation in function of the location of this channel in the amplification
band.
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Fig. 3-4: Surviving channel gain variation in time for three probe channel location with F =
0.245 (a) and F = 0.5 (b) in the small-signal regime.

Figure 3-5 presents the lasing signal in time at the output of the standing-
wave GC-DFRA with F = 0.245 under the small-signal regime when the
surviving channel is set at the shortest wavelength (As = 15660.0 nm). The
time evolution of the lasing signal has the same behaviour than that of the
surviving channel. The lasing signal power increases after the cut of
channels as more pump power is available and it comes back to its initial

value when the channels are added. The cut and the addition of channels
are followed by oscillations for the lasing signal power.
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Fig. 3-5: Time evolution of the lasing signal at the output of the standing-wave GC-DFRA
operated in the small-signal regime with F = 0.245 when the surviving channel is set at
the shortest wavelength (A; = 1560.0 nm).

The gain transient parameters are summarized in Table 3-1. From these
results, we notice that the over- and undershoots and AG are reduced by
one order of magnitude when the feedback level increases from 0.245 to
0.5. The fall and rise times are similar and they approximately equal to 80
Ms for F = 0.245 and 50 us for F = 0.5. We see that increasing the
feedback level also reduces the fall and rise times. Table 3-1 also shows
that the dynamic response of the traveling-wave GC-DFRAs depends on
‘the location of the surviving channel. The tranéients are worse if the
surviving channel is at either extreme of the amplification band, i.e. at
1560 or 1585.6 nm. On the other hand, when the surviving channel is
located at midband (A = 1572.3’nm), the transients are less significant
because the power it receives from the lower wavelength channels is
compensated by the power it gives to the higher wavelength channels.
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| Feleec\j/ l::;ck ’fhua'r‘:ir“’;rl'i | Ovef:hoot t'i:n?\g vacr;i_:i?on Unde_;shoot Erirsnz
(nm) (10 °dB) (us) | (107dB) (10 °dB) (us)
1560.0 17.52 79 -3.72 17.50 81
F=0.245 1572.3 14.96 78 2.14 14.90 79
1585.6 17.91 77 1.39 17.80 79
1560.0 1.47 50 -0.44 1.47 50
F=05 1572.3 0.98 48 0.25 0.98 48
15685.6 1.21 50 0.13 o 1.21 50

Tab. 3-1: Transient characteristics of the surviving channel for three probe channel
location with F = 0.245 and F = 0.5 in the small-signal regime.

3.3.2 In the critical regime

Here, the traveling-wave GC-DFRAs are operated in thé critical regime
and the corresponding on-off gains are presented in Fig. 3-6 for both
feedback levels.
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Fig. 3-6: On-off gain of the travelling-wave GC-DFRA with two feedback levels in the
critical regime.

Figure 3-7 depicts the surviving channel gain variation during the addition
and drop of channels. The cut of WDM channels occurs at { = 50 ps for
both feedback levels and the addition of channels happens at t = 2 ms for
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F=0.245 and t = 750 ys for F = 0.5. We observe that the amplifiers have
very different behaviour depending on the feedback level value. With F =
0.245 [Fig. 3-7 (a)], the surviving channel reaches its steady-state right
after the cut of channels which means that the ampilifier is gain-clamped.
For F = 0.5, the cut of channels is followed by an oscillation period and a
drop of power to achieve a steady-state. In that scenario, gain-clamping is
not fully in effect since there is not enough pUmp power to sustain the
lasing signal when all of the channels are loaded in the amplifier.
However, by cutting the channels, the pumps become less depleted which
leaves enough power to create the lasing signal. As the laser power
increases (feedback signal grows), the surviving channel power

progressively decreases until a steady-state is reached after a long time.

A,=1560.0nm

120, : 14=1560.0nm
i
A, =1572.3nm

]
i Ay =1572.3nm

2,=1585.6nm

7
6
! 2,21685.6nm I
~ 4 1 . 8}’
) ’ e i
s il 5o
Z“% 2H g 4l
e L £ 2 ’ l‘l‘
3 ol 1 e | S ‘3 ol # ) P
| U :/ | ‘ s v"/’ s — . -
At f 2 . ‘l'///
2 % -4 i’[/
i
% 1 2 3 4 5 3 S o5 1 15 2 25 & 35
- a Time (ms) b Time (ms)

Fig. 3-7: Surviving channel gain variation in time for three probe channel location with F =
0.245 (a) and F = 0.5 (b) in the critical regime.

Figure 3-8 presents the lasing signal in time at the output of the standing-
wave GC-DFRA with F = 0.5 under the critical regime when the surviving
channel is set at the shortest wavelength (As = 1560.0 nm). The time
evolution of the lasing signal has a different behaviour than that presented
in Fig. 3-5. We note that the lasing signal power is close to zero when all
of the channels are loaded in the amplifier (¢ = 0). We also notice that the
cut of channels is not instantly followed by an increase of the lasing signal

power. It takes a long time to create the lasing signal and as this lasing
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signal power increases, the surviving channel power decreases until both
signals reach a steady-state. The lasing signal comes back to its initial
value when the channels are added.

. . n N N I
0 0.5 1 1.6 2 25 3 35
Time (ms)

Fig. 3-8: Time evolution of the lasing signal at the output of the GC-DFRA operated in the
critical regime with F = 0.5 when the surviving channel is set at the shortest wavelength
(As = 1560.0 nm). '

Table 3-2 reports the gain transient parameters which confirm the
previous observations. We notice that all of the comparison parameters
are higher for the high feedback level. This is due to the fact that gain-
c’Iamping is not in effect for F = 0.5. Approximately, we note that the
overshoot doubles and the fall time triples as the feedback level is
increased. The undershoot, the rise time and AG increase less drasticélly
with the feedback level, especially in the case of the rise time. A similar
observation as in the small-signal regime can be made with respect to the
impact of the surviving channel location on the gain transients: the
transients are worse if the surviving channel is at either extreme of the

amplification band.
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Configuration c?huarr\:ir:lgl]i Overshoot tli:rzlcl, va?igit?on Undershoot . ?ritfz
(nm) (dB) (us) | (dB) (dB) (us)

1560.0 5.34 110 -0.78 2.92 629

F=0245 | 1572.3 5.07 103 0.45 2.06 542
1585.6 5.91 105 0.24 2.57 602

| 1560.0 12.63 337 -2.61 5.68 644

F=05 1572.3 10.94 299 0.78 2.52 573

| 1585.6 12.33 296 -0.34 3.76 609

Tab. 3-2: Transient characteristics of the surviving channel for three probe channel
location with F = 0.245 and F = 0.5 in the critical regime.

3.3.3 In the saturation regime

The last operational regime under study is the saturation regime. The on-
off gains of the GC-DFRAs are reported in Fig. 3-9.
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Fig. 3-9: On-off gain of the travelling-wave GC-DFRA with two feedback levels in the
saturation regime.

As the operational regime of the‘amplifiers reaches the saturation regime,
we note that the gain-clamping is not in effect independently of the
feedback level as shown in Fig. 3-10. In both cases, the behaviour of the

surviving channel gain variation in time is the same as that of the
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traveling-wave GC-DFRA operated under the critical regime with F = 0.5.

The cut of WDM channels is followed by an overshoot and oscillation and

it takes a long time to the amplifier to reach the steady-state.
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Fig. 3-10: Surviving channel gain variation in time for three probe channel location with F
= 0.245 (a) and F = 0.5 (b) in the saturation regime.

From Table 3-3, we observe that the best transient performances are now

shared between both configurations. As the GC-DFRA operated with F =

0.245 offers the lowest overshoots, undershoots and rise times, it also

present the worst fall times in comparison to the GC-DFRA operated with

F = 0.5. As in the small-signal and the critical regimes, the lowest

transients are observed when the surviving channel is located at midband.

Surviving | overshoot |  Fal Gain | yndershoot | Rise

Configuration | channel A time variation time
(nm) @) | (us) | (dB) (d8) ()

1560.0 6.23 668 1.43 2.62 244

F=0.245 1572.3 6.43 578 2.90 1.71 215
1585.6 4.74 616 2.92 2.21 223

1560.0 10.05 498 0.22 4.47 347

F=0.5 1672.3 8.84 410 3.18 1.71 269
1585.6 10.32 429 215 2.83 ‘322

Tab. 3-3: Transient characteristics of the surviving channel for three probe channel

location with F = 0.245 and F = 0.5 in the saturation regime.
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3.4 Standing-wave configuration

In this section, we analyze the transient characteristics of a standing-wave
- GC-DFRA operated in the small-signal, the critical and the saturation
regimes. As for the traveling-wave GC-DFRA, the same two feedback
levels are applied to the amplifier, i.e. F =0.245 and 0.5. In the case of F =
0.245, three FBGs reflection coefficients configurations are studied, i.e. Ry
=0.2, R=0.3; R1= R, =0.245; R1= 0.3, R,= 0.2. For F = 0.5, we only

chose to study one configuration, i.e. Ry = R, =0.5.
3.4.1 In the small-signal regime

Figure 3-11 presents the on-off gain of the four standing-wave GC-DFRAs
operated in the small-signal regime. As for the traveling-wave GC-DFRA,
we note that increasing the feedback level decreases the gain. We also
notice that the FBGs configuration does not affect significantly the on-off

gain.
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Fig. 3-11: On-off gain of the standing-wave GC-DFRA with four FBGs reflection
coefficients configurations in the small-signal regime.

The gain variation of the surviving channel during the addition and drop of
channels is reported in Fig. 3-12. As for the traveling-wave GC-DFRA, we
note that the location of the surviving channel impacts the transients. The
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31 WDM channels are cut at t = 50 ys and added again at t = 550 s at
the input of the amplifier. We observe that, with both feedback levels,
gain-claming is in effect and that the GC-DFRA with the highest feedback
level reaches the the steady-state following the cut of channels fastest
[Fig. 3-12 (d)].
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Fig. 3-12: Surviving channel gain variation in time for three probe channel location with
R1=02,R2=03(a); R1=R2=0.245(b); R1=0.3, R2=0.2(cyand R1=R2=0.5(d) in
the small-signal regime.

The transient characteristics of the four amplifiers are reported in Table 3-
4. The same observation on the impact of the surviving channel
wavelength can be made for the traveling-wave GC-DFRA: the surviving
channel located at midband presents the lowest gain transients. This
property will also be verified for the critical and the saturation regimes. In
this operational regime, the GC-DFRA with F = 0.5 presents the best

transient performances for each parameter. Increasing the feedback level
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from 0.245 to 0.5 enables to reduce the over- and undershoots by 60

times and the fall and rise time by around-3 times. AG is also reduced and

reaches a value below 10 dB.

| Surviving | Overshoot | Fall Gain Undershoot | Rise
Configuration | channel A 3 time variation 3 time
(nm) (107dB) | (us) | (10%mB) | (107dB) (us)
1560.0 63.95 168 -22.87 63.34 174
R1=0.2 :
! 1572.3 56.13 167 -4.57 55.35 173
R>=0.3
-1585.6 67.31 167 -8.32 66.37 173
1560.0 63.84 168 -22.22 63.35 175
R1=0.245
1572.3 56.39 167 -4.11 55.65 174
R2=0.245
1585.6 67.54 168 -7.75 66.68 175
1560.0 63.68 169 -21.41 63.15 175
R1=0.3
! 1572.3 56.58 168 -3.52 55.80 174
R2=0.2
1585.6 67.27 168 -7.01 66.82 174
1560.0 0.95 62 0.25 0.95 57
R1=R2=05 1572.3 0.94 55 0.05 0.95 54
1585.6 1.16 62 -0.14 1.16 57

Tab. 3-4: Transient characteristics of the surviving channel for three probe channel
location with R1=0.2, R2=0.3; R1=R2=0.245; R1=0.3, R2=0.2and R{=R;=05in

the small-signal regime.

The transient performances of the three amplifiers having a feedback level

of 0.245, are similar. However, we note that the amplifier having the

highest reflection coefficient at the first FBG offers the lowest AG when the

amplifier having the lowest reflection coefficient at the first FBG presents

the lowest fall and rise times. The best performances in term of over- and

undershot are shared between the three configurations.
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3.4.2 In the critical regime

The standing-wavé GC-DFRAs are now operated in the critical regime and
the corresponding on-off gains are presented in Fig. 3-13 for both
feedback levels.
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Fig. 3-13: On-off gain of the standing-wave GC-DFRA with four FBGs reflection
coefficients configurations in the critical regime.

Figure 3-14 depicts the surviving channel gain variation during the addition
and drop of channels. The cut of WDM channels occurs at t = 50 ps for
both feedback levels and the addition of channels happens at t = 1.5 ms
for F = 0.245 and t = 750 us for F = 0.5. Contrary to the traveling-wave
GC-DFRA case, where the gain-clamping is efficient in the critical regime
with F = 0.245, gain-clamping is not in effect in the standing-wave GC-
DFRA. The same situation occurs with F = 0.5.
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Fig. 3-14: Surviving channel gain variation in time for three probe channel location with
R1=0.2, R2=0.3(a); R1=R2=0.245 (b); R1=0.3, R2=0.2 (c) and R1 =R2=0.5(d)in
the critical regime.

Table 3-5 reports the gain transient parameters which confirm the
previous observations. We notice that all of the amplifiers have high over-
and undershoots and fall and rise times. This is due to thé fact that gain-
clamping fails for both feedback levels. Increasing F from 0.245 to 0.5
almost doubles the overshoot and the rise time, slightly increases the
undershoot in addition to decreasing the fall time, as AG stays
comparable. The transient characteristics of the three configurations with
a feedback level of 0.245 are similar. However, we note that the amplifier
having the highest reflection coefficient at the first FBG (R = 0.3, R; = 0.2)
offers the lowest AG, overshoot, undershoot and rise time when the
amplifier having the lowest reflection coefficient at the first FBG (R = 0.2,
R2 = 0.3) presents the lowest fall time.
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, , Surviving | oyershoot | Fall Gain Undershoot | Rise
Configuration | channel A time variation time
(nm) (dB) (us) | (dB) (dB) (Hs)
: 1560.0 4.65 414 | -0.55 2.50 657
R1=0.2
1572.3 4.39 391 0.50 1.87 609
R2=0.3 :
1585.6 5.09 456 0.40 2.31 628
1560.0 4.58 418 -0.48 2.46 652
R1=0.245
1572.3 4.44 394 0.44 1.85 603
Ro=0.245
1585.6 4.95 459 0.54 2.29 625
1560.0 4.52 418 -0.42 2.42 647
R1=0.3 2
1572.3 4.38 395 0.49 1.84 598
R>=0.2 ‘ :
_ 1585.6 4.91 461 0.58 2.27 621
1560.0 10.95 335 0.77 2.52 1434
Ri=R;=05 | 1572.3 11.24 299 0.48 2.49 1018
1585.6 13.06 204 -0.77 3.83 1257

Tab. 3-5: Transient characteristics of the surviving channel for three probe channel
location with R1= 0.2, R2=0.3; R1=R2=0.245; R1 = 0.3, Ré =0.2and R1=R2=0.5in

the critical regime.

3.4.3 In the saturation regime

The last operational regime under study is the saturation regime. The on-
off gains of the GC-DFRAs are reported in Fig. 3-15.

As illustrated in Fig. 3-16, we observe that gain-clamping is not in effect

when the GC-DFRAs are operated in the saturation regime. In those

figures, the drop of WDM channels occurs at t = 50 ys and the addition of
channels occurs at t = 1.75 ms for F = 0.245 and at t = 750 us for F = 0.5.

49




24 1
22} 1
20}
8 18} 4
c
Q
316 T R=02R,=03 |
Z 14} — R=R,=0.245 |-
S | — R,=03R,=02
2 R=R=05 |]
. S B
10} I : 1
8l ‘ R N
$56 %65 157 1576 158 1585
Wavelength (nm)

Fig. 3-15: On-off gain of the standing-wave GC-DFRA with four FBGs reflection

coefficients configurations in the saturation regime.

8 8
7t S ——— A, =1560.0nm 7 . —ermree A =1560.0nm
A — N, A, =1572.30m ol | N A =1572.30m
N S\ \
— Ny 2,=1585.6nm o NV Y 2,=1585.6nm
5 ! ~ 5} \\‘-. '
E‘?, ne \‘\ g 4 \
i \ »
gl \ 51 o
B 3 \ . € 3 N
f s
8 14 3 1t i
o o o} o
I
A \( - l/
2 1 1 1 ‘ 1 L I 2 It 1 L " i 1. L
“o 05 . 1 1.5 2 25 3 35 0 0.5 1 15 2 25 3 35
a Time (ms) b Time (ms)
8 14
7 ’ ........ 2,=1560.0nm 12b ¢ - Ag=1560.0nm
fo - I =
ol i A =1572.3nm o e - A, =1572.30m
2,=1585.6nm ! 2,=1685.6nm
a5 o8
2,0 z
5 S ol
= -
g3 8 i
4 g 4+
£2 1 £
8 i [ 8 2,
! i |
11 0__.
0 L
L/
1 i -2
2 . . . . . 4 . .
0 05 1 15 2 25 3 35 0 0.5 1 1.5 2
c Time (ms) d Time (ms)
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) Surviving | vershoot |  Fall Gain | yndershoot | Rise
Configuration | channel A time variation time
(nm) (dB) (Hs) (dB) (dB) (Ws)
1560.0 3.91 1177 184 1.83 202
R1=0.2 -
1572.3 3.95 1020 2.95 1.37 178
R2=0.3 '
1585.6 4.42 1129 3.21 1.7 181
‘ 1560.0 3.85 1186 1.90 1.80 200
R1=0.245
1572.3 3.91 1025 2.99 1.36 177
R>=0.245
1585.6 4.37 1134 3.26 1.70 181
1560.0 3.80 1187 1.96 1.78 198
Ry=0.3
1572.3 3.87 . 1026 3.03 1.36 176
R2=0.2 _ .
1585.6 433 1137 3.30 1.70 179
1560.0 8.85 472 3.17 1.7 292
R1=R2=0.5 15723 |- 9.04 407 2.98 1.61 234
1585.6 10.68 382 1.79 2.81 274

Tab. 3-6: Transient characteristics of the surviving channel for three -probe channel
Idca’tion with R1=0.2, R2=0.3; R1=R2=0.245; R1 = 0.3, Rz =0.2and R1=Rx=0.5in

the small-signal regime.

From Table 3-6, we observe that the best transient performances are
shared between both configurations. As the GC-DFRAs operated with F =
0.245 offer the lowest overshoots, undershoots and rise times, they also
present the worst fall times in comparison to the GC-DFRA operated with
F = 0.5. As noted previously, the three configurations with a feedback level
of 0.245 present similar transient performances and we notice that the
amplifier having the highest reflection coefficient at the first FBG (R¢ = 0.3,
R> = 0.2) offers the lowest AG, overshoot, undershoot and rise time wh'en
the amplifier having the lowest reflection coefficient at the first FBG (Ry =
0.2, R; = 0.3) presents the lowest fall time. |

One remark has to be made here: in the small-signal regime, the transient

characteristics following the cut of channels have values comparable to
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those following the addition of channels. As the operational regime is
increased to the critical regime, we notice that the overshoots and the rise
times become largely greater to the undershoots and the fall times,
respectively. In the saturation regime, the increase of the overshoot over
the undershoot is amplified but the fall times become now larger to the rise

~ times. Those remarks are valid for both gain-clamping configurations.

3.5 Traveling-wave GC_DFRA vs. standing-wave GC_DFRA

In this section, we compare the transient performances of both gain-
clamping configurations: traveling-wave GC-DFRA vs. standing-wave GC-
DFRA.

In the small-signal regime, we note that the gain-clamping is efficient for
both configurations and feedback levels. However, the performances
depend on the feedback level applied to the lasing signal. If the traveling-
wave GC-DFRA offers the best transient characteristics with F = 0.245, it
is not the case when F is increased to 0.5. In that case, the best
performances are shared between the two configurations. The standing-
wave GC-DFRA has the lowest over- and undershoots when the traveling-
wave presents the lowest fall and rise times.

In the critical regime, the behaviour of both configurations is drastically
different in the case of F = 0.245. The gain-clamping is efficient to mitigate
the transient for traveling-wave GC-DFRA but fails for the standing-wave
GC-DFRA. Obviously, the traveling-wave presents the fastest fall and rise
times as gain-clamping is in effect. When F is increased to 0.5, gain-
clamping is not in effect for both gain-clamping configurations. The
standing-wave GC-DFRA offers the lowest overshoots, undershoots and

fall times but the worst rise times.
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In the saturation regime, gain-clamping is inefficient to mitigate the gain
transients for both configurations. When the feedback level is fixed to
0.245, the standing-wave GC-DFRA has the best performances in terms
of over- and undershoots and rise times as the traveling-wave GC-DFRA
presents the lowest fall times and AG. When F is increased to 0.5, the
standing-wave GC-DFRA presents the best performances for all of the
parameters except for AG.

3.6 Conclusion

In this chapter, we analyzed the characteristics of the gain transients
occurring in GC-DFRAs subject to the worst possible case of WDM

-channels addition and drop. In particular, we analyzed the performances

of two AOGC configurations. In this study, we took into account the
operational regime of the amplifiers (i.e. we vary the per channel input
power), the location of the surviving channel in the amplification band and
the feedback level of the lasing signal.

The following conclusions can be drawn from our study:

¢ when the surviving channel is located at midbahd, the transients
are less significant because the poWer it receives from the lower
wavelength channels is compensated by the power it gives to the
higher wavelength channels;

e when the gain-clamping is in effect, increasing the feedback level
enables a better control of the transients but at the expense of a
lower on-off gain;

o the efficiency of the all-optical gain clamping depends on the gain-
clamping configuration, the feedback level and on the operational

regime.
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For the. remainder of the thesis, we chose to study GC-DFRAs in the
small-signal and in the critical minus 3 dB regimes in order to ensure the

efficiency of the gain-clamping technique.
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Chapter 4. Dynamic gain variations in DFRAs subject to multi-
' channel packet traffic

4.1 Introduction

‘|n dynamic networks such as AAPN, the different packets at a given
wavelength can propagate along different paths before being collected on
a common link at the input of an amplifier. Since these packets will
experience different amplification and loss, the multi-channel packets can
exhibit randomly varying power levels at the input of the amplifier. While
the gain transients and power excursions in EDFAs subject to burst-mode
packet traffic has been studied in [73-75], no such studies exist for FRAs.

In this chapter, we study the behaviour of DFRAs fed by multi-channel
packet traffic. More precisely, we apply the gain-clamping technique in
order to determine whether it can reduce the gain transients occurring at
the output of the amplifier. We study both unclamped and gain-clamped
amplifiers in a realistic WDM situation using 64 WDM channels out which
one is non-varying. We start by investigating the influence of the standard
deviation of the input power Gaussian distribution when the amplifiers are
operated in the small-signal regime. Next, we analyze the impact of the
packet duration on the transients by using packet durations of 25 and 100
us. Finally, by increasing the per channel input power, we study the impact
of the operational regime on the gain transients characteristics.
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4.2 Simulations conditions
4.2.1 Conditions on the ampilifiers

In our investigation, we consider both unclamped and GC-DFRAs. Each
amplifier comprises 5 km of HNLF and three pumps at 1435, 1450 and
1480 nm. The use of three pumps enables amplification over 25 nm (the
amplifiers are not optimized to provide the broadest amplification
bandwidth). We use backward pumping in order to avoid any polarization

dependence of Raman gain.

The amplifiers are fed by 64 channels spaced by 50 GHz (from 1562.5 nm
to 1588.2 nm) and are operated in the small-signal regime and in the
critical minus 3 dB regime. Here, the small-signal per signal input power is
set at -30 dBm and the critical minus 3 dB per signal input power at -17.9
dBm. '

In the case of a gain-clamped amplifier, the location of the lasing signal
wavelength is important as a gain tilt can occur in comparison to the
unclamped amplifier gain. In our case, the best location of this signal is at
1625 nm [72]. In order to ensure a reasonable gain and a-large dynamic
range for gain-clamped operation, the reflection coefficients of the FBGs

R, and R, are both set to 0.31.

In order to obtain the same on-off gain spectra in the small-signal regime
for both unclamped and GC-DFRAs, the distribution of the three pump
powers must be adapted for each case. The pump powers are fixed at
0.190, 0.135 and 0.195 W for the unclamped amplifier and at 0.25, 0.20
and 0.30 W for the GC-DFRA. Each amplifier is followed by a gain
flattening filter in order to provide 16 dB gain for each channel when they
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are operated in small-signal regime. Figure 4-1 presents the on-off gain of
the unclamped and gain-clamped DFRAs before the gain flattening filter.
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Fig. 4-1: On-off gain spectra of the unclamped DFRA (a) and the GC-DFRA (b) in the
small-signal and the critical minus 3 dB regimes.

4.2.2 Framework of the simulations

Our main objective is to analyze the behaviour of a DFRA subject to multi-
channel packet traffic. In this context, one of the 64 signals is set as a
non-varying (in time) probe channel while the other 63 channels have
randomly varying input powers; see Fig. 4-2 (a). We examine the gain
transients for the probe channel located at midband (in this case, A, =
1575.2 nm). One simulation consists in the propagation of 5 packets, i.e.
the input power of the 63 channels varies 5 times. We consider two
different packet durations: 25 us and 100 us. In accordance with the
AAPN architecture and bandwidth provisioning schemes described in [6],
we assume that there is no dead time between packets. The input power
of each of the 63 channels is changed randomly and independently of the
others according to a Gaussian distribution. In order to perform a
statistical study, we run 500 simulations for one DFRA (unclamped or
gain-clamped) with a given operational regime (small-signal or critical
minus 3 dB), a given input power Gaussian distribution (with specific mean

and standard deviation), and a given packet duration.

57



Input power

variations 64 WDM
N Channels

—U—LJ" A »I_\ | | Output power in time of
— A, -

a
probe > lan

channel

Power

R packet

r— duration A '
64}|—
'J._:L_LJ— 4 desired signal level

s J gain excursion/
e .
Time > power transients

§ Distribution of input

g power fluctuations

L~

* Power

a)
Packet

r duration §
T Packet maximum
& gain variation ’
S | IE
5 /\ /\
H
g | | ]
';:;:'_ - / \/ ) J |Peak-to- A
= A Maximym peak gain
6 [Average of gain variation ]

.output variatio
[ power 7
0 2 4 6
Time (x100 ps)
b)

Fig. 4.2: (a) Schematic of the system under study. (b) Output power of the probe channel

in time

We use the following parameters illustrated in Fig. 4-2 (b) to evaluate the
dynamic response of the amplifiers: the average output power (Payg) and
the three excursions i.e, the peak-to-peak gain variation (AGg), the
maximum gain variation (AGmax), and the maximum gain variation
occurring during a packet (referred to as the packet maximum gain
vériation, AGpacket). Pavg is the mean of the probe channel power during the
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propagation of the 5 packets. In order to compare the amplifiers, we obtain

the mean and variance of the distributions of these parameters.

4.3 Simulations results

We begin by examining the influence of the standard deviation of the input
power Gaussian distribution when the DFRAs are operated in the small-
signal regime with a packet duration of 25 ps. Next, we analyze the impact
of the packet duration on the transients. Finally, by increasing the per
channel input power, we investigate the importance of the operational

regime.

4.3.1 Influence of the standard deviation of the input power Gaussian
distribution and of the gain-clamping technique

In this section, we operate the unclamped and GC-DFRAs in the small-
signal regime. The amplifiers are fed by packets whose duration is fixed to
25 ps. The input powers of the 63 time-varying channels are varied
randomly for each packet according to a Gaussian distribution with a
mean value of -30 dBm and an input standard deviation (oi) of 1, 5, 10,
25 or 50% of the mean value.

Figure 4-3 presents two examples of distributions for the output power and

peak-to-peak gain variation in the probe channel for an unclamped

amplifier in the small-signal regime.
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Fig. 4-3: Distribution of the average output power (a) and of the peak-to-peak gain
variation (b) for the probe channel in an unclamped amplifier operated in the small-signal

regime and a packet duration of 25 ps.

Figure 4-4 presents the mean value and the variance of probe channel

‘parameters distributions for the unclamped DFRA. For both amplifiers, the

mean and the variance of all of the parameters increase with oj,. The
single exception is the mean of P4y that is constant and equal to -14 dBm
(which is the target value) for both amplifiers and independent of oj,. We
can also remark that AG,, presents the highest gain variation and
variance, followed by AGpacket. Statistically, AGpacket is superior to AGmax
which corresponds to the difference between the maximum output power
(in absolute value) and the initial output power v(at t = 0, when all of the
channels have the same input power). Thus, if we want to keep the
various excursions below a certain value (1 dB for example), attention

must only be paid to AGy,.

60



Average output power 10° Maximum gain variation

13 % 0.02 5
3.5 §.5
7 14
/!
3 ﬁ g 3.5'%‘
’g - éf\ ‘% @ s ‘ 13 w
=) P T B ~ =
E’-‘MD 5—E8 £ . o c 0.01 42.5 ~
g - 8 8 e 8
= R 15§ = s P §
d > / J1s &
7 q P >
A e 141
- e . -~
- 105 -7 {05
- &
R o R . : el
% 10 20 30 40 50 % 10 20 30 40 50
a Input standard deviation (%) b Input standard deviation (%)
Packet maximum gain variation Peak-to-peak gain variation
0.02 T H 0.025 ?5
/ 45 /S
14 002} 7 oa
o 35 ‘ ‘7%,
%) 7 3@ B00I5 s {039
3z e gz / e
% 001 ya 1255 5 I Y ;‘
L) V4 g Q , " Q
= Yz 12 8 = 0.01 s 62 [
] o v %
e v Py >
7 4 0.005 e 0.1
P -
p 105 s
e : e
Y = Y A . L o ) =R . A A =9
) 10 20 30 40 50 0 10 20 30 40
c Input standard deviation (%) d Input standard deviation (%)

Fig. 4-4: Means (square) and variances (circle) of the comparison parameters as function
of oy, for the unclamped DFRA operated in the small-signal regime with packet duration
of 25 ps.

Thé results of the GC-DFRAs are presented in Fig. 4-5. As for the
unclamped DFRA, the mean of Pavg is constant and equal to -14 dBm and
the other parameters increase with oi, when the amplifier is gain-clamped.
Note that the means of the different gain variations are lower when the
amplifier is gain-clamped, which confirms its efficiency in mitigating the
gain excursions. The gain-control technique also reduces the scattering of
the different gain variations as their variance is reduced compared to the
unclamped configuration, which is more notable as oy, increases. If we
consider the case AG,, using the gain-clamping technique reduces the
mean by 0.005 dB compared to that of the unclamped DFRA when the oj,
is 50%.
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Fig. 4-5: Means (square) and variances (circle) of the comparison param’eters as function
of o, for the GC-DFRA operated in the small-signal regime with packet duration of 25 ps.

Although the gain-clamping technique is efficient ‘to reduce the mean and
the variance of the excursions, the differences in performance between
the unclampéd and gain-clamped amplifiers are ‘very slight in absolute
vvvalue. For the unclamped DFRA operated in the small-signal regime, the
major gain variation is represented by AGy, when oy, is 50% and its value
is only 0.0244 dB. The same observation can be made for the variance of
the different gain variations.

We can conclude from the above observations that the unclamped DFRA
operated in the small-signal regime is practically blind to the randomly
variable packet traffic. Intuitively, we expect this kind of behaviour and the
reasoning is as follows. At the _entry of the DFRA, the power of some
wavelengths is increased while that of other wavelengths is decreased. As

a result, the total input power remains more or less constant on average
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and the observed transient will be small (this is in contrast to the worst-
case of scenarios considered in Chapters 3 and 5 following channel add
and drop). Even if the gain-clamping technique reduces the various gain
variations and their scattering, the application of this technique is useless
in the small-signal regime as the unclamped_ DFRA is insensitive to the
variable packet traffic.

4.3.2 Influence of the packet duration

In this section, we assess the impact of the packet duration on the gain

variations.

Figure 4-6 presents the results when the packet duration is 100 us and
when the unclamped DFRA is operated in the small-signal regime. As with
a packet duration of 25 s, Payg of the probe channel is equal to -14 dBm.
We also notice that the packet duration does not influence the evolution of
the parameters means and variances with o,. These observations are
also valid for the GC-DFRA fed by packets 100 ps in duration [Fig. 4-7].

Except for the mean of P,yy, the mean and variance of all parameters are
increased when the packet length' is increased. For example, for an
unclamped amplifier, the peak-to-peak gain variation increases from
0.0244 to 0.0368 dB (for oi, = 50%) when the packet duration is increased
from 25 to 100 us. If the DFRA is gain-clamped, the peak-to-peak gain
variation varies from 0.0195 to 0.0240 dB (for oi» = 50%) when the packet
duration is increased from 25 to 100 us. Furthermore, the increase of the
means and the variances with oi, is also greater when the packet duration

is increased.

Consequently, increasing the packet duration implies higher gain

variations and it also scatters the distribution of those variations for both
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the unclamped and GC-DFRAs. Only the mean of P,y is not affected by
the packet length in the small-signal regime.
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Fig. 4-7: Means (square) and variances (circle) of the comparison parameters as function
of oy, for the GC-DFRA operated in the small-signal regime with packet duration of 100
us.

4.3.3 Influence of the operational mode of the amplifiers

In this section, we increase the operational regime of the DFRAs and we
compare the results to those obtained in the two previous sections. The
amplifiers are operated in the critical minus 3 dB regime i.e. the per signal
input power is set at -20.7 dBm before launching the packets of varying
powers. The Gaussian distribution for the input power of the packets has a
mean value of -20.7 dBm and oy, is varied from 1 to 50% of the mean
value as before. We apply these conditions to the unclamped and gain-
clamped DFRAs and Figs. 4-8 and 4-10 presents the means and the
variances of the different comparison parameters distributions for the
unclamped DFRA. The results of the GC-DFRA operated in the critical
minus 3 dB regime are presented in Figs. 4-9 and 4-11.
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Fig. 4-8: Means (square) and variances (circle) of the comparison parameters as function

of o, for the unclamped DFRA operated in the critical minus 3 dB regime with packet
duration of 25 ps.

Figures 4-8 and 4-9 present the results when the packet length is 25 ps
and when both amplifiers are operated in the critical minus 3 dB regime.
The same general observations as those noticed for Figs. 4-4 and 4-5 can
be made. The increase of the amplifiers operational mode results in an
increase of the mean and variance of all of the comparison parameters.
This increase can be estimated to be at least one order of magnitude. For
example, when the DFRA is unclamped, the distribution of AG,, has a
mean of 0.0056 dB in the small-signal regime for o, = 10%. If the amplifier
is operated in the critical minus 3 dB regime, AG,, presents a mean of
0.0288 dB with the same conditions. The same behaviour is observed for
the gain-clamped amplifier.
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Fig. 4-9: Means (square) and variances (circle) of the comparison parameters as function
of gy, for the GC-DFRA operated in the critical minus 3 dB regime with packet duration of
25 ps.

However, some major behaviours are changed by increasing the
operational regime of the amplifiers. The first notable observation is about
the mean of P,y As in the small-signal regime, the gain-clamping
technique has no effect on this parameter, in the critical minus 3 dB
regime, the GC-DFRA presents a lower mean than that of the unclamped
amplifier. The gain-control technique also reduces the scattering of Payg as
it reduces the variance of its distribution.

The second difference with the small-signal regime concerns the efficiency
of the gain-clamping technique. As the GC-DFRA presents the smallest
mean and variance for the different excursions in the small-signal regime,
the situation is different when the operational regime is increased. When
oin = 1%, the unclamped DFRA presents the lowest excursions and the
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least scattering of those excursions. The GC-DFRA is totally inefficient in
controlling the gain transients. When oy, is increased to 5, 10, 25 or 50%,
the same scenario is repeated for the distributions of AG,, and AGpacket.
However for those values of o;,, the GC-DFRA presents the lowest mean
and variance for AGnax. When the amplifier is gain-clamped, the mean of
AGmax is 0.0095 dB and 0.0101 dB for o, of 5 and 10% respectively
compared to 0.0185 dB and 0.0199 dB when the amplifier is unclamped.

As far as gain variation is concerned, the scattering of the values is also

- reduced by the application of the gain-control technique.

Figures 4-10 and 4-11 present the means and the variances of the
comparison parameters distributions when the packet duration is 100 us
and the amplifiers are operated in the critical minus 3 dB regime.
Increasing the packet duration does not affect the mean of Pay
distribution. As for the 25 us packet duration case, this value is -6.29 dBm
when the DFRA is unclamped and -5.09 dBm when the amplifier is gain-
clamped. All of the other parameters are increased when the packet
duration is stretched. In comparison with the small-signal regime, all of the
comparison parameters are increased by at least one order of magnitude
and the mean of Payg is different if the amplifier is gain-clamped or not.

In the critical minus 3 dB regime, the behaviour of both amplifiers depends
on the packet duration time. When the packet duration is 25 ps, the gain-
clamping technique is unable to control the gain transients. However,
when the packet duration is increased to 100 us, the GC-DFRA presents
better transient performances in comparison to the unclamped DFRA. For

Oin = 1%, both gain-clamped and unclamped DFRAs present similar

- means of AGp, and AGmax and the gain-clamped amplifier even offers a

more scattered distribution of AG, as the variance is 1.90x10° dB?
compared to 1.58x10° dB? for the unclamped amplifier. Nevertheless,

- when g, is increased to 5, 10, 25 and 50%, there is a clear difference
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between the results of the unclamped and GC-DFRAs. In this situation,
the gain-clamping technique is efficient to reduce the different gain
variations and to reduce the scattering of those variations. However, the
different excursions and their scattering that affect the unclamped DFRA
operated in the critical minus 3 dB regime are low enough to be neglected.
The worst gain variation is represented by AG,, with oi, equal to 50% and
packet duration of 100 us. In this case, the mean of AG, is 0.1699 dB,
which is low enough to be neglected. The variance associated to AG, is
the worst observed yet is still only 0.0039 dB?.
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Fig. 4-10: Means (square) and variances (circle) of the comparison parameters as

function of gj, for the unclamped DFRA operated in the critical minus 3 dB regime with
packet duration of 100 ps. '

In the critical minus 3 dB regime, the gain-clamping technique is not a

security of having the lowest gain variations contrary to the small-signal
regime case. The efficiency of the AOGC in mitigating the gain transients
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is dependent on the packet duration. For short packet duration, i.e. 25 s,
the unclamped DFRA presents the best performances in terms of gain
variations. Otherwise, the evolution of parameters with the input standard
deviation is the same than as in the small-signal régime and the low gain
variations observed for the unclamped DFRA render unnecessary the use
of the gain-clamping technique when it enables to mitigate the gain
transients, i.e. when the packet duration is 100 ps,
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Fig. 4-11: Means (square) and variances (circle) of the comparison parameters as
function of g, for the GC-DFRA operated in the critical minus 3 dB regime with packet
duration of 100 ps.

4.4 Conclusion

In this chapter, we have studied the behaviour of DFRAs fed by multi-
channel packet traffic. In particular, we considered at the influence of the
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packet duration, the operational mode of the amplifier, and the input power

distribution on the performance of both unclamped and gain-clamped

amplifiers.

The results of our study show the following:

the mean of P,y is constant with the input standard deviation;

the mean and the variance of the various excursions increase with
the input standard deviation;

in the small-signal regime, the gain-clamping technique is efficient
to mitigate the gain transients and to reduce the scattering of the
gain variations. However, as the different excursions and their
scattering observed for the unclamped DFRA are low enough to be
neglected, the gain-clamping technique is unnecessary;

in the critical minus 3 dB regime, the efficiency of gain-clamping is
dependent on the packet duration. As in the small-signal regime,
even when the gain-clamping technique enables the mitigation of
the gain transients, its use is not necessary as the gain variations of

the unclamped DFRA are small enough to be neglected.

Our study shows that gain-clamping is not required to control the gain

transients for single DFRAs fed by multi-channel packet traffic. However,

in-line fiber amplifiers are usually used in cascades, which amplifies the

gain transients [19] (this topic will also be addressed in the following

chapter). Thus, we expect that the gain transients caused by multi-channel

packet traffic will increase with the number of amplifiers in a cascade and

will require some form of gain control.
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Chapter 5. Transient characteristics of cascaded DFRAs

5.1 Introduction

In this chapter, we theoretically analysé the dynamic response of 9
different cascades of DFRAs. As the studies described in section 2.3.3
consider only 3 cases of cascades, i.e. a cascade of all unclamped
DFRAs, a cascade of all GC-DFRAs, and a cascade where only the first
DFRA is gain-clamped with the propagation of the lasing signal through
the other DFRAs of the cascade—we consider cascades of mixed
unclamped and GC-DFRAs. The gain-clamping is an efficient technique to
mitigate the power transients but it presents the disadvantage of being
pump power consuming. Thus, gain-clamping each amplifier of the
cascade or gain-clamping the first amplifier and letting the lasing signal
propagate through the cascade requires a lot of pump power. The results
of our study are used to determine the important question of whether or
not it is necessary to gain-clamp each DFRA of the cascade to control the
transients within tolerable limits. The ability to control the transients using
only a few properly placed GC-DFRAs would present the advantage of
reducing the total pump poWer required in the cascade.

We consider a 64-channel system in which all of the channels except one
are modulated to simulate channel addition and drop. We vary the number
and the position of the GC-DFRAs in the cascade to determine whether a
cascade in which only a few amplifiers are gain-clamped (referred to as a
mixed cascade) can be as effective as a cascade comprising all gain-
clamped amplifiers for controlling the power transients within tolerable
limits (for example, 1 dB). We take into account the location of the
surviving channel and the operational regime of the amplifiers. Our results
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show that the location of the GC-DFRAs in a mixed cascade affects the
transient characteristics and that it is possible to control the transients
within tolerable limits. |

5.2 Simulations conditions
5.2.1 Conditions on the amplifiers

The design of the unclamped and gain-clamped ampilifiers is the same as
those given in section 4.2.1: each DFRA comprises 5 km of HNLF and is
backward pumped using three pumps at 1435 nm, 1450 nm, and 1480
nm, which is efficient to give amplification over 25 nm. In the case of gain-
clamping, again we set the lasing signal at 1625 nm to induce the least
gain tilt relative to the unclamped case. The reflection coefficients of the
FBGs R, and R, are both set to 0.31, which gives a feedback level hig_h

enough to ensure a reasonable gain and a large dynamic range for gain-

clamped operation.

The on-off gain of the unclamped amplifier} operated in the small-signal
and the critical minus 3 dB regimyes is presented in Fig. 4-1 (a). When the
DFRA is unclamped, the on-off gain decreases as the operational regime
increases. For example, the gain at 1575.2 nm in the critical minus 3 dB
regime is 1.40 dB smaller that that in the small-signal regime due to'the
DFRA saturation. Figure 4-1 (b) presents the on-off gain of the GC-DFRA
under the small-signal and the critical minus 3 dB regimes. When gain-
clamping is applied, the difference between the on-off gain in the small-
signal regime and that in the critical minus 3 dB regime is reduced. For
example, the gain at 1575.2 nm in the critical minus 3 dB regime is only

0.18 dB smaller than that in the small-signal regime compared to a

_ difference of 1.40 dB when the amplifier is unclamped. Each amplifier is
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followed by gain flattening filter, set to provide 16 dB gain for each WDM
signal when the amplifier is operated in the small-signal regime (the filter
is adapted to the kind of amplifier which precedes it, i.e. unclamped or
gain-clamped).

5.2.2 Conditions on the cascades

Each cascade comprises five DFRAs and each amplifier can be either
unclamped or gain-clamped (see Fig. 5-1). We place a variable optical
attenuator between successive amplifiers in the cascade to ensure the
same per signall input power in the small-signal regime. In our case, the
attenuation is set to 16 dB, which corresponds to the loss of 80 km of
single mode fiber with a typical loss coefficient of 0.2 dB/km (all WDM
channels are assumed to have the same loss coefficient).
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Fig. 5-1: Set-up of numerically simulated amplifier cascade. Each DFRA can be either
unclamped or gain-clamped.

Since we want to determine the impact of gain-clamping in a cascade of
DFRAs, we vary the number and the location of the gain-clamped
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amplifiers. We successively apply gain-clamping to 1, 2, 3, and all 5
DFRAs in the cascade. The different configurations are summarized in
Table 5-1.

Description and order

Name of amplifiers

Cascade 1
U-U-U-u-U

(all unclamped)

Cascade 2 uU-U-u-u-c
Cascade3 C-U-U-U-U
Cascade 4 U-u-u-c-C
Cascade 5 C-C-U-U-U
Cascade 6 U-u-Cc-C-C
Cascade 7 C-C-C-U-U
Cascade 8 C-U-C-U-C

Cascade 9
, Cc-C-C-C-C

(all gain-clamped)

Tab. 5-1: Composition of the different cascades. U refers to an unclamped DFRA and C
to a GC-DFRA.

We consider a 64-channel system spaced by 50 GHz where the
corresponding wavelength range extends from 1562.5 nm to 1588.2 nm.
To simulate drop and addition operations, 63 of the 64 signals are cut (at ¢
= 50 ps) and subsequently added (at t = 1 ms) to the first amplifier of the
cascade, and we analyze the transient response for different surviving
channel wavelengths, i.e. at the shortest wavelength (As = 1562.5 nm), at
midband (An» = 15675.2 nm), and at the longest wavelength (A, = 1588.2
nm). The different cascades are operated in the small-signal regime and in
the critical minus 3 dB regime. Figure 5-2 shows a typical plot of gain as a
function of per signal input power for a channel located at midband for the
GC-DFRA. Using Fig. 5-2, we fix the critical per signal input power.at -17.9
dBm. Thus, for the small-signal regime, the per signal input power chosen
at the input to the cascade is -30 dBm, and for the critical minus 3 dB
regime, the per signal input power is -20.9 dBm.
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Fig. 5-2: On-off gain of the GC-DFRA as a function of per signal input power (1, = 1575.2
nm) at the output of the ampilifier before the gain-flattering filter.

5.2.3 Framework of the simulations

One of our main objectives is to determine if each amplifier in the cascade
must be gain-controlled to mitigate the transients. Thus, we compare the
dynamic responsés of the different cascades using the same parameters
as those defined in Chapter 3: peak gain excursions (i.e. overshoot and
undershoot), rise time following an undershoot, fall time following an
overshoot, and steady-state gain variation AG, see Fig. 3-2 for an
illustration of these parameters. The peak gain excursion is defined as the
difference (in dB) between the gain at the peak following the drop
(overshoot) or the addition (undershoot) of channels and the gain of the
next sfeady-state. The rise and fall times represent the time taken to pass
between the 10% and 90% values of the gain excursions that follow the
drop or addition of channels. The steady-state gain variation AG is the
difference between the gain of the surviving channel in the case where all

channels are input to the cascade and the case where the surviving
channel is the only input signal. |

We set Cascade 1 (all unclamped DFRAs) and Cascade 9 (all GC-
DFRASs) as the reference cascades. Cascade 1 represents the case of a
cascade with no gain control where the steady-state gain variations will be
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the largest and Cascade 9 represents the cascade with the maximum
control in terms of steady-state gain variation. We compare the cascades
comprising 1, 2, or 3 GC-DFRAs to the reference cascades to determine
whether or not each amplifier needs to be gain-clamped in order to control
the transients within a specific tolerance. In the presént study, we define
the tolerance of the maximum steady-state gain variation and of the over
or undershoot that occur in a cascade of mixed amplifiers to be 1 dB and
0.25 dB respectively.

5.3 Simulations results

We begih by examining the transients for a surviving channel located at
midband (A, = 15675.2 nm). Next, we analyze the influence of the surviving
channel location on the transient characteristics. Finally, we consider the
evolution of the fall and rise times after each DFRA in a cascade.

5.3.1 Study of cascades comprising 1 GC-DFRA: Cascades 2 and 3

In this section, we investigate cascades comprising only one GC-DFRA
located either at the beginning (Cascade 3) or at the end (Cascade 2).

In the small-signal regime

Figure 5-3 (a) shows the time evolution of the surviving channel gain
variation at the output of amplifier cascades for operation in the small-
signal regime. After the cut of channels (t = 50 ps), the surviving channel
experiences a steady-state gain variation (due to the increase in available
pump power) which can be reduced by introducing gain-clamping.
However, this reduction is not without consequence: as soon as one
amplifier of the cascade is gain-clamped, an overshoot following the cut of

channels appears. The addition of channels (¢ = 1 ms) is always
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accompanied by an undershoot, though the surviving channel will
eventually recover its original gain (AG = 0). Note that the evolution of the
gain variations for Cascades 2 and 3 are practically superimposed,
showing that the location of the gain-clamped amplifier is not relevant in
determining the dynamic response.
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2and3
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\‘ Cascade 1 i l
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Fig. 5-3: Gain evolution of the su'rviving channél (Am = 1575.2 nm) at the output of the

cascade 1, 2, 3, and 9 during the addition and cut of 63 channels in the small-signal (a)
and the critical minus 3 dB(b) regimes.

Table 5-2 presents the transient characteristics of the surviving channel
for these four cascades. Obviously, the largest steady-state gain variation
occurs for Cascade 1 when none of the DFRAs are gain-clamped (AG =
1.42 dB) while the smallest variation occurs for Cascade 9 when all of the
amplifiers are gain-clamped (AG = 0.13 dB). However, as remarked
earlier, gain-clamping will result in an overshoot which, in turn, increases
the fall time necessary to reach the next steady-state (from 23.6 ps for
Cascade 1 to 58.6 us for Cascade 9). A similar behaviour is observed
concerning the rise time following the addition of channels (from 18.1 us
for Cascade 1 up to 73.4 us for Cascade 9). Introducing a single gain-
clamped amplifier in the cascade reduces the steady-state gain variation
after the cut of channels from 1.42 to 1.16 dB. Although this reduction is
not as good as that of Cascade 9, Cascades 2 and 3 have significantly

smaller over and undershoots as well as a faster rise time. The over and
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undershoots of these two cascades are within the specified tolerance of
0.25 dB. The fall times are only marginally longer. Thus overall, Cascades
2 and 3 have a performance that is intermediary between the reference
cascades. Moreover, other than the rise times, they exhibit similar

performance.

After the cut of channels After the addition of channels

Cascade Overshoot | Fall time AG Undershoot | Rise time AG

Configuration (dB) (us) (dB) (dB) (us) (dB)
Cascade 1. 0.002 23.6 1.42 0.08 18.1 0
Cascade 2 0.09 59.0 1.16 0.14 37.4 0
Cascade 3 0.09 60.0 1.16 0.12 31.0 0
Cascade 4 0.19 59.1 0.91 0.22 59.2 0
Cascade 5 0.19 59.1 0.91 0.18 57.7 0
Cascade 6 0.30 59.0 0.65 0.30 65.5 0
Cascade 7 0.30 59.1 0.65 0.26 65.1 0
Cascade 8 0.30 59.0 0.65 0.28 65.3 0
Cascade 9 0.55 58.6 0.13 0.51 73.4 0

Tab.5-2: Transient.characteristics of the surviving channel (Ay, = 1575.2 nm) for the

cascades in the small-signal regime.

In the critical minus 3 dB regime

Figure 5-3 (b) presents the gain variation in time wHen the four cascades
are operated in the critical minus 3 dB regime. We notice that at t = 0 s,
the gain variation is not equal to 0 as in the small-.signal case because the
gain of each amplifier is not strong enough to compensate for the losses
coming from the attenuator located between two successive DFRAs.
Taking the example of Cascade 9, we notice a surviving channel gain
variation of -0.88 dB at t = 0 s. This non-zero gain variation is due to the
fact that the on-off gain at 1575.2 nm in the critical minus 3 dB regime is
0.18 dB smaller than that in small-signal regime (see Fig. 4-1). So, the
amplifier cannot compensate for the 16 dB attenuator losses and it results
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in a negative gain variation at the output of Cascade 9. As before,
Cascade 9 is effective for reducing the steady-state gain variations.
However, the drawbacks are even more pronounced as there are
significant over and undershoots as well as a considerably longer rise time
(which is required for the lasing signal to stabilize given the higher power
of the WDM channels). Again, by gain-clamping one amplifier in the
cascade, we can reduce the steady-state gain variations compared to
Cascade 1, though these reductions are still small compared to those
achieved with Cascade 9. Except for the fall times, which are even longer
than that in Cascade 9, Cascades 2 and 3 offer intermediary

“performances between the reference cascades.

In this operational regime, the differences between Cascades 2 and 3 are
more pronounced (see Table 5-3). While both offer similar steady-state
gain variations following the cut or addition of channels, the over and
undershoots, as well as fall and rise times are significantly different.
Cascade 2 offers better characteristics after the cut of channels: a smaller
overshoot (0.33 dB compared 0.82 dB) and slightly faster fall time. On the
other hand, Cascade 3 is better following the addition of channels: a
smaller undershoot (1 dB compared to 0.86 dB) and a much faster rise

time (53 ys compared to 31 ps).
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After the cut of channels

After the addition of channels

Cascade Overshoot | Fall time AG | Undershoot | Rise time AG
Configuration (dB) (us) (dB) (dB) (ps) (dB)
Cascade 1 0.04 234 1.24 0.91 36.2 -4.43
Cascade 2 0.33 56.2 1.02 1.00 53.6 -3.95
Cascade 3 0.82 57.2 1.02 0.86 31.0 -4.03
Cascade 4 0.75 57.7 0.80 1.17 64.9 -3.38
Cascade 5 1.65 56.5 0.80 0.92 66.0 | -3.53
Cascade 6 1.38 57.4 0.57 1.46 80.1 -2.70
Cascade 7 2.53 54.8 0.57 1.16 111.5 -2.89
Cascade 8 1.91 56.3 0.57 1.32 99.6 -2.79
Cascade 9 4.51 51.8 0.11 2.60 176.6 -0.87

Tab. 5-3: Transient characteristics of the surviving channel (Am = 1575.2 nm) for the

cascades in the critical minus 3 dB regime.

Figure 5-4 presents the lasing signal in time at the output of the first DFRA

of cascade 3 under the small-signal and the critical minus 3 dB regimes.

The time evolution of the lasing signal has the same behaviour than that of

the surviving channel. The lasing signal power increases after the cut of

channels as more pump power is available and it comes back to its initial

value when the channels are added. The cut and the addition of channels

are followed by oscillations for the lasing signal power. These oscillations

increase in time and in amplitude with the operational regime which leads

to longer rise and fall-times for the surviving channel.
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Fig. 5-4: Time evolution of the lasing signal at the output of the first DFRA of Cascade 3.

5.3.2 Study of cascades comprising 2 GC-DFRAs: Cascades 4 and 5

We now im)estigate cascades comprising two GC-DFRAs. The gain-
clamped amplifiers are located either at the last two positions in the
cascade (Cascade 4) or at the first two positions at the beginning of the
cascade (Cascade 5).' |

In the small-signal regime

Figure 5-5 (a) presents the gain variations in time for Cascades 1, 4, 5,
and 9 in the sméll-signal regime. As before, the mixed cascades have
performances somewhere between those of the reference cascades. By
using two gain-clamped amplifiers in the cascade, we can obtain even
better control of the steady-state gain variation after the cut of channels,
which is now below 1 dB and represents a reduction of 0.25 dB compared
to using only one gain-clamped amplifier. While the over and undershoots
and the rise time are now greater, they are still better than for Cascade 9.

However, the over and undershoots are still within our specified limits.
As deduced from Table 5-2, Cascades 4 and 5 have the same transient

performances after the cut of channels: an overshoot of 0.19 dB, fall times
of 59.1 us, and steady-state gain variations of 0.91 dB. However, after the
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addition of channels, Cascade 5 in which the GC-DFRAs are placed at the
beginning, offers a lower undershoot (0.18 dB) and the shorter rise time
(567.7 ps). This trend is similar to that observed for cascades comprising
one gain-clamped amplifier.
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Fig. 5-5: Gain evolution of the surviving channel (A, = 1575.2 nm) at the output of the

cascade 1, 4, 5 and 9 during the addition and cut of 63 channels in the small-signal (a)
and the critical minus 3 dB (b) regimes.

In the critical minus 3 dB regime:

Cascades 4 and 5 offer the same steady-state gain variation after the drop
of channels (0.80 dB) and also exhibit similar rise and fall times, see Fig.
5-5 (b). Cascade 4 offers a lower overshoot of 0.75 dB compared to 1.65
dB in the case of Cascade 5. However, this situation is reversed after the
addition of channels where Cascade 5 has an undershoot of 0.92 dB
compared to 1.17 dB for Cascade 4. Since the rise and fall times are
comparable, the best contrdl of the gain variation is achieved when the
gain-clamped amplifiers are located at the end of the cascade, i.e.
Cascade 4.

Table 5-3 shows that the steady-state gain variations for Cascades 4 and

5 are smaller compared to Cascades 2 and 3. However, while AG is less
than 1 dB after the cut of channels, it is still too large following the addition

83



of channels (-3.38 dB and -3.53 dB for Cascades 4 and 5, respectively).
Nevertheless, in terms of over and undershoots, they are superior to what
is obtained in Cascade 9. With respect to the fall times, those of Cascades
4 and 5 are slightly longer than Cascade 9 but the rise times are

significantly shorter (65 us compared to 176.6 us).

5.3.3 Study of cascades comprising 3 GC-DFRAs: Cascades 6, 7 and
8

In this section, we examine the performances of Cascades 6, 7 and 8 that
comprise three GC-DFRAs located at different positions. In Cascade 6,
the gain-controlled amplifiers are located at the beginning of the cascade
while they are located at the end in Cascade 7. In Cascade 8, they are
distributed uniformly along the cascade (they are located at positions 1, 3,
and 5).

In the small-signal regime:

As in the previous cases for the small-signal regime, it is impossible to
distinguish the curves corresponding to the gain variations in time for the
different mixed cascades, see Fig. 5-6 (a). From Table 5-2, the three
mixed cascades offer the same characteristics after the cut of channels:
an overshoot of 0.30 dB, fall times of 59.0 ys, and steady-state gain
variations of 0.65 dB. After the addition of channels, the results are only
slightly different with Cascade 7 providing the lowest undershoot and
fastest rise time.

Compared to Cascades 1 — 5, as expected, the presence of three GC-
DFRAs enables us to decrease the steady-state gain variation even
further at the expense of larger overshoots and longer fall times. The over
and undershoots now exceed the maximum tolerable limit of 0.25 dB.
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‘However, compared to Cascade 9, the over and undershoots are smaller
and the rise times are shorter. The fall times are still longer.
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Fig. 5-6: Gain evolution of the surviving change (Am = 1575.2 nm) at the output of the

cascade 1, 6, 7, 8 and 9 during the addition and cut of 63 channels in the small-signal (a)
and the critical minus 3 dB (b) regimes.

In the critical minus 3 dB regime:

In this regime, the three mixed cascades present the exact same steady-
state gain variation (0.57 dB) after the cut of channels and very similar fall
times of ~ 56 ps. The main difference is the overshoot. The largest
overshoot (2.53 dB) is obtained with Cascade 7 while the smallest one
(1.38 dB) is achieved with Cascade 6, see Fig. 5-6 (b). After the addition
of channels, the best results are shared between Cascade 6 (rise time of
80.1 ps and steady-state gain variation of -2.70 dB) and Cascade 7
(undershoot of 1.16 dB). Cascade 8 presents intermediary transient
characteristics. These mixed cascades have steady-state gain variations
after the cut of channels that are smaller than cascades with less than two
gain-clamped amplifiers; however, the values are still high compared to
Cascade 9 (though well within our 1 dB tolerance limit). The over and
undershoots are considerably smaller than those of Cascade 9. As in the
case of the other mixed cascades, the fall times are longer than Cascade
9 while the rise times are intermediary between those of Cascades 1 and
9.
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5.3.4 Analysis

In a dynamic network, the key point is to mitigate the overshoots,
undershoots, and steady-state gain variations, or at least control them
within tolérable limits. To obtain the least variation, it is preferable to gain-
clamp each amplifier of the cascade but in so doing, we introduce huge
over and undershoots, especially in the critical minus 3 dB regime. In the
small-signal regime, gain-clamping only two amplifiers of the cascade
allows us to maintain the gain variation below 1 dB; moreover, the over
and undershoot remain below 0.25 dB. The use of a mixed cascade does

- not affect the fall time, which is approximately the same as that of a

cascade of all gain-controlled DFRAs, but the rise time increases with the.
number of gain-clamped amplifiers. Depending on the network
requirements, the use of a mixed cascade can be interesting as it reduces
the over and undershoots. |

In the small-signal regime, the location of the gain-clamped amplifiers in a
mixed cascade does not influence the steady-state gain variation.
However, placing the gain-controlled amplifiers at the beginning of the
cascade allows us to reduce the undershoot and the rise time after the
addition of channels. On the contrary, in the critical minus 3 dB regime,
the steady-state gain variation after the addition of channels is smaller
when the GC-DFRAs are located at the end.

5.3.5 Influence of the surviving channel location
We are also interested in the influence of the surviving channel location on

the steady-state gain variation and on the transient characteristics. Tables
5-4 and 5-5 present the transient characteristics when the surviving
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channel is located at the shortest wavelehgth (As = 1562.5 nm), midband
(Am = 1575.2 nm), and at the longest wavelength (A, = 1588.2 nm) for
Cascade 9 operated in the small-signal and the critical minus 3 dB
regimes, respectively.

After the cut of After the addition of
channels channels
Surviving channel Overshoot | Fall time | Undershoot | Rise time
location (dB) (us) (dB) (us)
As = 1562.5 nm 0.70 56.9 0.67 74.1
Am=1575.2 nm 0.55 58.1 0.51 73.4
A =1588.2 nm 0.74 58.6 0.69 74.6

Tab. 5-4: Transient characteristics at the output of a gain-clamped cascade (Cascade 9)
operated in the small signal regime when the location of the surviving channel varies.

In both operational regimes, the transients are worse if the surviving
channel is at either extreme of the amplification bandwidth. On the other
hand, when the surviving channel is located at midband, the transients are
less important because the power it receives from the shorter wavelength
channels is compensated by the power it gives to the longer wavelength

channels.
After the cut of After the addition of
- channels channels
Surviving channel | Overshoot | Fall time | Undershoot | Rise time
location (dB) (ms) (dB) (us)
As = 1662.5 nm 5.57 54.2 4.22 188.1
Am=1575.2 nm 4.51 51.8 2.60 176.6
A= 1588.2 nm 5.89 52.1 3.92 184.9

Tab. 5-5: Transient characteristics at the output of a gain-clamped cascade (Cascade 9)
operated in the critical minus 3 dB regime when the location of the surviving channel
varies.
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5.3.6 Evolution of the rise and fall times along the cascades

Cascade of homogenous amplifiers

In this section, we follow the evolution of the fall and rise times at the
output of each amplifier in a homogenous cascade. Tables 5-6 and 5-7
present the results for Cascades 1 and 9 respectively, when operated in
the critical minus 3 dB regime.

_Amplifier Fall time | Rise time
location (us) (us)
Amplifier 1 243 23.1
Amplifier 2 23.8 32.9
Armplifier 3 23.6 34.1
Amplifier 4 23.5 35.6
Amplifier 5 234 36.2

Tab. 5-6: Fall and rise times of the surviving channel (Am = 1575.2.nm) at the output of

each amplifier of an all unclamped DFRAs cascade (Cascade 1) operated in the critical
minus 3 dB regime. '

Amplifier Falltime | Rise time

location (us) (us)
Amplifier 1 59.7 109.3
Amplifier 2 57.7 124.9
Amplifier 3 55.5 140.8
Amplifier 4 53.4 164.6
Amplifier 5 51.8 . 176.6

Tab. 5-7: Fall and rise times of the surviving channel (Am = 1575.2 nm) at the output of

each amplifier of an all GC-DFRAs cascade (Cascade 9) operated in the critical minus 3
dB regime.

Both cascades exhibit the same behaviour concerning the evolution of the

fall and rise times as function of the number of amplifiers: the fall time
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decreases and the rise time increase as the number of amplifiers in the
cascade increases. We notice that the fall and rise times are much more
important in Cascade 9 because the lasing sighal requires time to stabilize
following channel addition and drop. We also remark that the rate at which
the fall times decrease is higher for Cascade 9 than for Cascade 1 while
the rates at which the rise times increase are comparable for both
cascades.

Cascade of mixed amplifiers

Introducing gain-clamping changes radically the evolution of the fall and
rise times. Tables 5-8 and 5-9 present the results in the critical minus 3 dB
regime for Cascades 5 and 6.

When we replace the last three amplifiers of Cascade 9 by three
unclamped amplifiers (i.e. Cascade 5), the evolution of the fall and rise
times changes dramatically. Starting from Amplifier 3, the fall time
decreases slower compared to Cascade 9 and the rise time decreases
instead of increasing so that transient characteristics appear to be
governed by the unclamped amplifiers. As a result, the fall and rise times
tend towards the values associated Cascade 1. For this reason, the rise
time, that has a huge value (124.9 us) after the second amplifier
compared to that in Cascade 1 (32.9 us), decreases until 66 ps trying to
reach the value of 36.3 ps obtained with Cascade 1. |
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Amplifier Fall time | Rise time

location (ps) (us)
Amplifier 1 59.7 109.3
Amplifier 2 57.7 124.9
Amplifier 3 57.0 112.6
Amplifier 4 56.7 77.3
Amplifier 5 56.5 66.0

Tab. 5-8: Fall and rise times of the surviving channel (Ay, = 1575.2 nm) at the output of

each amplifier of Cascade 5 (C-C-U-U-U) operated in the critical minus 3 dB regime.

A similar behaviour is observed for the transient characteristics of
Cascade 6. In this case, the last three amplifiers of an unclamped cascade
are replaced by three gain-clamped amplifiers. Starting from Amplifier 3,
the fall and rise times will tend towards the values associated with an all
gain-clamped cascade. As a result, the fall and rise times which present
low values after the second amplifiers increase significantly as they go
towards the high values of Cascade 9.

Amplifier Fall time | Rise time

location (us) (ps)
Amplifier 1 24.3 231
Amplifier 2 23.8 32.9
Amplifier 3 N 58.6 - 62.1
Amplifier 4 58.1 72.3
Ampifier5 | 57.4 80.1

Tab. 5-9: Fall and rise times of the surviving channel (A, = 1575.2 nm) at the output of

each amplifier of Cascade 6 (U-U-C-C-C) operated in the critical minus 3 dB regime.

5.4 Conclusions

In this chapter, we analyzed the power transients of cascades of DFRAs in

the worst possible case of transients. We considered cascades comprising
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both unclamped and gain-clemped amplifiers in the worst-case scenario
where all the channels except one were cut and added to the first amplifier
of the cascade. We took into account the operational regime of the
amplifiers, the location of the GC-DFRAs in cascades of mixed amplifiers,
and the location of the surviving channel. Our results show that Cascades
2 — 8 have a performance in between those of Cascades 1 and 9 as
expected, and that it is possible to maintain the steady-state gain variation
and the over and undershoots within predefined tolerance limits (in our
case, 1 dB and 0.25 dB respectively) by gain-clamping only two amplifiers
in a cascade of 5 DFRAs. This approach enables a reduction of 0.69 W for
the total pump power compared to a cascade of all GC-DFRAs which
implies a cost reduction and it also presents the advantage of reducing the
over and undershoots compared to those observed in the case of a
cascade of all GC-DFRAs. We also found that the location of the surviving
channel is of importance. In particular, the transients are less important for
channels located at midband than for the channels at the extremities.
Finally, concerning caseades of mixed amplifiers, we established that
locating the gain-clamped amplifiers at the end of the cascade allows us to
reduce the steady-state gain-variation after the addition of channels. The
evolution of the fall and rise times along the mixed cascade can present
different behaviours and the fall and rise times tend to reach the value of a
homogenous cascade constituted of the type of amplifier located at the
end of the mixed cascade. These results should be useful in determining
the requirements of DFRAs for use in AAPNs.
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Chapter 6: Transient characteristics of hybrid amplifiers

6.1 Introduction

A hybrid amplifier is defined as the association of at least two amplifiers
using different amplification technologies. A wide diversity exists in terms
of hybrid amplifiers and numerous combinations are possible such as
hybrid EDFA/Brillouin amplifier [76], EDFA/fiber optical parametric
amplifier (FOPA) [77], EDFA/Thulium-doped fiber amplifier (TDFA) [78-
79], EDFA/Ytterbium-doped fiber amplifier (YDFA) [80], FRA/FOPA [81-
83], FRA/SOA [84], FRA/TDFA [85-87] and EDFA/FRA. Such associations
between different amplification technologies have been studied in order to
increase the amplification bandwidth, the amplification gain or to improve
the noise performances.

Hybrid FRAs/EDFAs are an enabling and promising technology for future
DWDM multi-terabit systems as it has been shown in recent publications
[88-91]. They were studied so as to improve their noise performances [92-
93], to maximize their gain profile [94-97] or to increase the maximum
reachable distance [98]. They have also been used to compensate for
dispersion [99]. The gain transients occurring FRAs/EDFAs were analyzed
in a few studies [100-105]. In this thesis, we define a hybrid fiber amplifier
(HFA) as a cascade of in-line amplifiers based on different technologies,

for example a cascade of one DFRA and one EDFA.

In this chapter, we propose to investigate the gain transients that occur in
HFAs in the worst-case scenario of channel addition and drop. Contrary to
our previous studies that involved 32 or 64 WDM channels, in this case,

we only consider a system involving 4 WDM channels for computational
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reasons. In particular, we analyze the possibility of mitigating the gain
- transients by the use of the AOGC technique. In our study, we take into
account the number of gain-clamped amplifiers in the HFA and their
location. We also consider the impact of the surviving channel location in
the amplification band on the transient characteristics. Figure 6-1 presents
the set-up of the numerically simulated’ HFAs and the framework of the

simulations.
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Fig. 6-1: Set-up of numerically simulated HFA. Each amplifier can be éither unclamped or
gain-clamped. '

6.2 Simulations conditions

6.2.1 Conditions on the amplifiers

Each HFA is constituted of an EDFA and a DFRA. The DFRA comprises 5
km of HNLF and is backward pumped (to avoid any polarization
dependence of Raman gain) using one pump at 1450.5 nm. The EDFA is
pumped at 980 nm and comprises 20.6 m of Erbium-doped fiber (EDF)
which has the following characteristics: '

e Erbium metastable lifetime: 10 ms;
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e numerical aperture: 0.25;
o Erbium ion density: 4x102* m™;
e core radius: 1.5 um;

e Erbium doping radius: 1.4 ym.

To induce the least gain tilt relative to the unclamped case, the lasing
signal is located at 1669.5 nm for the GC-DFRA and at 1530 nm for the
GC-EDFA. The standing-wave AOGC technique is applied to both GC-
EDFAs and GC-DFRAs. We consider a 4-channel system spaced by 400
GHz where the corresponding wavelength range extends from 1550 nm to
1559.7 nm in the C-band. OptiSystem® of Optiwave was used to simulate
the dynamic behaviour of EDFAs.

In order to carry out a fair study of the different HFAs, the unclamped and
gain-clamped EDFAs and DFRAs in the HFAs must offer similar on-off
gain spectra in the small-signal regime. We also decided to design fhe
gain-clamped amplifiers so that the GC-EDFAS and GC-DFRAs have the
same critical power. In addition to these particular design criteria, we
decided to fix the lengths of the HNLF and of the EDF, the lasing signal
wavelengths and the pump wavelengths. By adjusting the pumps power
and the FBGs reflection coefficients, it is possible to obtain a GC-DFRA
and a GC-EDFA that present the same on-off gain in the small-signal
regime and the same critical power. We target a 16 dB gain in the small-
signal regime. This is achieved by setting the pump at 0.25 W and both
FBG reflection coefficients at 44.3 % for the DFRA and the pump at 27.5
mW and both FBG reflection coefficients at 31 % for the EDFA. Figure 6-2
shows the on-off gain of the GC-DFRA and the GC-EDFA as function of
the per channel input power after a gain flattening filter for the WDM
channel located at 1553.2 nm. We notice that both amplifiers offer a 15.5
dB gain for a per channel input power of -11.2 dBm (the per-channel
critical power). As the per channel increases, we note that the GC-DFRA

94



gain décreases smoothly contrary to that of the GC-EDFA. As a result,

less input power is necessary to saturate the GC-EDFA in comparison to
the GC-DFRA.
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Fig. 6-2: On-off gain of the GC-DFRA and the GC-EDFA as function of the per channel
input power after a gain flattening filter for the WDM channel located at 1553.2 nm.

Keeping the same amplifier lengths and pump wavelengths, by adjusting
the pumps powers, we can achieve a 16 dB gain in the small-signal
regime for both unclamped EDFA and DFRA. The pump power is set at
0.245 W for the unclamped DFRA and at 7.36 mW for the unclamped
EDFA. Figure 6-3 presents the on-off gain of the unclamped DFRA and
the unclamped EDFA as function of the per channel input power after a
gain flattening filter for the WDM channel located at 1553.2 nm. We notice
that the gain decreases much more with the per channel input power in
the case of the unclamped EDFA rather than in the case of the unclamped
DFRA.
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Fig. 6-3: on-off gain of the unclamped DFRA and the unclamped EDFA as function of the
per channel input power after a gain flattening filter for the WDM channel located at
1553.2 nm.

6.2.2 Framework of the simulations

Each HFA comprises one EDFA and one DFRA and each amplifier can be
either unclamped or gain-clamped (see Fig. 6-1). We place a variable
optical attenuator between the two amplifiers to ensure the same per
channel input power in the small-signal regime. In our case, the
attenuation is set to 16 dB, which corresponds to the loss of 80 km of
single mode fiber with a typical loss coefficient of 0.2 dB/km (all WDM
channels are assumed to have the same loss coefficient).

Since we want to determine the impact of gain-clamping in a HFA, we vary
the number, the location and the type of the gain-clamped amplifiers. The
different configurations are summarized in Table 6-1.

We consider a 4-channel system spaced by 400 GHz where the
corresponding wavelengths are 1550, 1553.2, 1556.4 and 1559.7 nm. To
simulate drop and addition operations, 3 of the 4 signals are cut at t = 50

us and subsequently added at f = 4.05 ms in the small-signal regime and
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at t = 14.05 ms in the critical minus 3 dB regime, to the first amplifier of the
HFA, and we analyze thé transient response for the four surviving channel
wavelengths. Note that the times for droppihg and adding channels are
different than those considered in previous chapters. The time at which
the channels are added varies from a study to another one. Before adding
the channels, we have to wait until the amplifier reaches its steady-state
following the cut of channels. Depending on the type of amplifier, the
operational regime and the use AOGC, the time it takes for the surviving

channel to reach its steady-state after the cut of channels varies.

Name Description and order of amplifiers
HFA 1 (all unclamped) | unclamped EDFA + unclamped DFRA
HFA 2 (all unclamped) | unclamped DFRA + unclamped EDFA
HFA 3 unclamped EDFA + GC-DFRA
- HFA4 GC-DFRA + unclamped EDFA
HFA 5 GC-EDFA + unclamped DFRA
_ HFA 6 unclamped DFRA + GC-EDFA
HFA 7 (all gain-clamped) GC-EDFA + GC-DFRA
HFA 8 (all gain-clamped) GC-EDFA + GC-DFRA

Tab. 6-1: Composition of the different HFAs.

The different HFAs are operated in the small-signal regime and in the
critical minus 3 dB regime. The per signal input power is set at -30 dBm in
the Small-signal regime and at -14.2 dBm in the critical minus 3 dB regime.
Figure 6-4 shows the on-off gain of the unclamped and gain-clamped
EDFAs and DFRAs before the gain equalizing filter in those two
operational regimes. We notice that the gain of the unclamped EDFA
collapses when the amplifier is operated in the critical minus 3 dB regime
[Fig. 6-4 (c)]. In comparison, the unclamped DFRA gain only decreases by
around 0.5 dB between the small-signal and the critical minus 3 dB

regimes [Fig. 6-4 (a)]. Increasing the operational mode implies a decrease
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of around 0.2 dB in the GC-DFRA gain [Fig. 6-4 (b)] and has no impact on
the GC-EDFA gain [Fig. 6-4 (d)].
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Fig. 6-4: On-off gain of the unclamped (a) and gain-clamped (b) DFRA and of the

unclamped (c) and gain-clamped (d) EDFA in the small-signal and the critical minus 3 dB
regimes.

6.3 Simulations results

We begin by examining the transients for a surviving channel located at A

= 1553.2 nm. We vary the number, the location and the type of the gain-
clamped amplifiers within the HFAs. Finally, we analyze the influence of

the surviving channel location on the transient characteristics.
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6.3.1 Study of HFAs comprising no gain-clamped amplifiers: HFA 1
and 2

In this section, we investigate HFAs comprising two unclamped amplifiers.
The unclamped EDFA can be located either at the first position (HFA 1) or
at the second position (HFA 2).

In the small-signal regime v

Figure 6-5 shows the time evolution of the surviving channel gain variation
at the output of HFAs 1 and 2 for operation in the small-signal regime.
After the cut of channels (t = 50 us), the surviving channel will experience
a steady-state gain variation (due to the increase in available pump
power). The addition of channels (t = 4.05 ms) is also accompanied by a
steady-state gain variation, though the surviving channel recovers its
original gain (AG = 0).

Gain variation {(dB)
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Gain variation (dB)
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=
g
g
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Fig. 6-5: Gain evolution of the surviving channel (A = 1553.2 nm) at the output of the HFA
1 (a) and 2 (b) during the addition and cut of 3 channels in the small-signal regime.

Table 6-2 presents the transient characteristics of the surviving channel
for the all HFAs under study in small-signal régime. We note that there is
no gain transient following the addition and drop of channels, which is
illustrated by over- and undershoots, and fall and rise times all equal to

zero. We also notice HFAs 1 and 2 offer the same gain evolution of the
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surviving channel in small-signal regime with AG equal to 11.6x10° dB for
HFA 1 and 11.5x10° dB for HFA 2.

After the cut of channels After the addition of channels

HFA Overshoot | Fall time AG Undershoot | Rise time | AG

Configuration | (107 dB) (us) | (10°dB)| (10°dB) (us) (dB)
HFA1 | 0 0 11.6 0 0 0
HFA 2 0 0 11.5 0 0 0
HFA 3 1.2 1782 0.2 10.9 1960 0
HFA 4 11.0 1696 0.3 11.0 1897 0
HFA S 1.2 411 11.1 1.4 570 0
HFA 6 1.3 524 11.2 1.4 576 0
HFA7 12.0 1493 -0.2 12.1 1865 0
HFA 8 12.2 1765 -0.3 12.2 1857 0

Tab.6-2: Transient characteristics of the surviving channel (A = 1575.2 nm) for the HFAs
in the small-signal regime.

In the critical minus 3 dB regime

Figure 6-6 presents the gain variation in time when the two HFAs are
operated in the critical minus 3 dB regime. We notice that at { = 0 s, the
gain variation is not equal to 0 as in the small-signal case because the
gain of each amplifier is not strong enough to compensate for the losses
coming from the attenuator located between the two amplifiers constituting
the HFA. Taking the example of HFA1, we notice a surviving channel gain
variation of -8.207 dB at { = 0 s. This non-zero gain variation is due to the
fact that the on-off gain at 1653.2 nm in the critical minus 3 dB regime is
smaller than that in the small-signal regime for both the DFRA and the
EDFA (see Fig. 6-4). So, the amplifier cannot compensate for the 16 dB
attenuator losses and it results in a negative gain variation at the output of
HFA 1. As in the small-signal regime, HFAs 1 and 2 suffer from no over-
and undershoots following the drop and addition of channels, respectively.
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Fig. 6-6: Gain evolution of the surviving channel (A = 1553.2 nm) at the output of the HFA
1 (a) and 2 (b) during the addition and cut of 3 channels in the critical minus 3dB regime.

In this operational regime, the differences between HFAs 1 and 2 are
more pronounced (see Table 6-3). We note that AG is around 6 times
larger when the EDFA is second (HFA 2) compared to that when it is
located first (HFA 1). This difference is due to the fact that the unclamped
EDFA saturates much faster with the total input power than the unclamped
DFRA (see Fig. 6-3). When the channels are cut, the total input power
decreases at the entry of the first amplifier, which results in a higher gain
for the surviving channel. When the EDFA is first (HFA 1), the gain
variation that follows the cut of channels is important because the EDFA
saturates strongly with the input power, but the DFRA is able to mitigate
this gain variation because it saturates slowly. When the EDFA is second
(HFA 2), the gain variation produced by the unclamped DFRA is worsened
by that created by the EDFA. As a result, AG is higher when the

unclamped EDFA is located second.
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After the cut of channels After the addition of channels

HFA Overshoot | Fall time AG | Undershoot | Rise time AG

Configuration (dB) (ms) (dB) (dB) (ms) (dB)
HFA 1 0 0 0.074 0 0 -8.207
HFA 2 0 0 0.418 0 0 -8.103
HFA 3 0.08 2100 0.001 0.07 2300 -8.123
HFA 4 0.29 5433 0.116 0.26 3649 -8.279
HFA 5 0.10 484 -0.370 0.09 700 -0.479
HFA 6 0.12 484 0.367 0.08 528 -0.514
HFA 7 0.38 8035 0.120 0.34 3000 -0.115
HFA 8- 0.37 8028 | 0.115 0.33 3150 -0.151

Tab.6-3: Transient characteristics of the surviving channel (A = 1575.2 nm) for the HFAs

in the critical minus 3 dB regime.

6.3.2 Study of HFAs compriéing one GC-DFRA: HFA 3 and 4

We now investigate HFAs comprising one GC-DFRA. The gain-clamped
amplifier is located either at the first position in the HFA (HFA 4) or at the
last position in the HFA (HFA 3).

In the 'small-signa/ regime

Figure 6-7 presents the gain variations in time for HFAs 3 and 4 in the
small-signal regime. The cut of signals (t = 50 ps) is followed by an
overshoot and a steady-state gain variation. The addition of channels (f =
4.05 ms) is always accompanied by an undershoot, though the surviving
channel recovers its original gain (AG = 0). The evolution of the gain
variations in time for HFAs 3 and 4 are practically superimposed, showing
that the location of the gain-clamped amplifier is not relevant in
determining the dynamic response.
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Fig. 6-7: Gain evolution of the surviving channel (A'= 1553.2 nm) at the output of the HFA
3 (a) and 4 (b) during the addition and cut of 3 channels in the small-signal regime.

From Table 6-2, we notice that HFA 3 (GC-DFRA as second amplifier)
presents the worst transient performances even if all of the parameters
are close between HFAs 3 and 4. However, as the difference between

‘both configurations is slight, we canhot conclude that one HFA is superior

to the other one.

In the critical minus 3 dB regime

Figure 6-8 shows the gain evolution in time of the éurviving channel for
HFAs 3 and 4 in the critical minus 3 dB regime. We note a difference in
the behaviour of both amplifiers. HFA 3 presents a typical response of a
gain-clamped amplifier and HFA 4 offers the behaviour of an ampilifier in
which gain-clamping is not in effect.
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Fig. 6-8: Gain evolution of the surviving channel (A = 1553.2 nm) at the output of the HFA
3 (a) and 4 (b) during the addition and cut of 3 channels in the critical minus 3 dB regime.

The previous observation is confirmed by the transient characteristics
presented in Table 6-3. HFA 4 presents over- and undershoots 3.5 times
higher than HFA 3. This important difference in overshoot comes from the
fact that only HFA 3 presents a gain-clamping in effect. When HFA 4 is
operated in this regime and when all channels are loaded in the ampilifier,
there is not enough pump power to create the lasing signal. After the cut
of channels, there is now enough pump power to create the lasing sign‘al
but this process takes time. During that time, the surviving channel
experiences an important overshoot. The difference in AG following the
cut of signals is particularly notable: 0.0116 dB for HFA 4 compared 0.001
dB for HFA 3. This difference can be explained by the fact that the input
power at the entry of the GC-DFRA in HFA 3 is lower than that in HFA 4
because of the saturation of the unclamped EDFA in HFA 3.

6.3.3 Study of HFAs comprising one GC-EDFA: HFA 5 and 6
We now consider HFAs comprising one GC-EDFA. The gain-clamped

amplifier is located either at the first position in the HFA (HFA 5) or at the
last position in the HFA (HFA 6).
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In the small-signal regime

Figure 6-9 presents the gain variations in time for HFAs 5 and 6 in the
small-signal regime. We obtain similar gain evolution for both
configurations. We observe that the gain-clamping is in effect and that
oscillations follow the cut and the addition of signals, which are due to the
lasing signal in the GC-EDFA.
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Fig. 6-9: Gain evolution of the surviving channel (A = 1553.2 nm) at the output of the HFA
5 (a) and 6 (b) during the addition and cut of 3 channels in the small-signal regime.

From Table 6-2, we notice that AG following the drop of signals for HFAs 5
and 6 is close to that of HFAs 1 and 2 contrary to HFA 3 and 4 for which
AG was much smaller then that of the unclamped HFAs. This proves that
gain-clamping the EDFA is less efficient in controlling the steady-state
gain variation than gain-clamping the DFRA. However, HFAs 5 and 6
present better gain transient performances in term of over- and
undershoots, and of fall and rise times in comparison to HFAs 3 and 4. the
over- and undershoots are reduced by one order of magnitude and the fall

and rise times by 4 times. Amongst HFAs 5 and 6, HFA 5 presents the

best performances except for the fall time following the addition of signals.

In the critical minus 3 dB regime
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Figure 6-10 shows the gain variations in time for HFAs 5 and 6 in the
critical minus 3 dB regime. We obtain similar behaviour than in the small-

signal regime with larger transient characteristics.
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Fig. 6-10: Gain evolution of the surviving channel (A = 1553.2 nm) at the output of the
HFA 5 (a) and 6 (b) during the addition and cut of 3 channels in the critical minus 3 dB
regime.

From Table 6-3, we note that HFAs 5 and 6 (presenting one GC-EDFA)
are not anymore more efficient than HFAs presenting one GC-DFRA as in
the small-signal regime. In fact, HFA 4 presents better transient
characteristics rather than HFA 5 and 6, except for the fall and rise times
(gain-clamping is not in effect in HFA3). Amongst HFAs 5 and 6, the best

performances are shared between both configurations.

6.3.4 Study of HFAs comprising two gain-clamped amplifiers: HFA 7
and 8 |

We finally consider HFAs compri>sing two gain-clamped amplifiers. The

GC-EDFA is located either at the first position in the HFA (HFA 5) or at the
last position in the HFA (HFA 6).
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In the small-signal regime
Figure 6-11 presents the gain variations in time for HFAs 7 and 8 in the

small-signal regime. We see that the gain-clamping is in effect in both
amplifiers.
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Fig. 6-11: Gain evolution of the surviving channel (A = 1553.2 nm) at the output of the
HFA 7 (a) and 8 (b) during the addition and cut of 3 channels in the small-signal regime.

HFAs 7 and 8 have similar behaviour in the small-signal regime as we can
see with the transient characteristics given in Table 6-2. Even if both
configurations present similar transient parameters, we note that HFA 7

(having the GC-EDFA as first amplifier) present better performances
except for the rise time.

In the critical minus 3 dB regime ,
Figure 6-12 shows the gain evolution in time of the surviving channel for
HFAs 7 and 8 in the critical minus 3 dB regime. We note that the gain-
clamping is not in effect in both amplifiers.
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Fig. 6-12: Gain evolution of the surviving channel (A = 1553.2 nm) at the output of the
HFA 7 (a) and 8 (b) during the addition and cut of 3 channels in the critical minus 3 dB
regime.

The failure of the gain-clamping is confirmed by the very long fall and rise
times (see Table 6-3). |

6.3.5 Analysis

The target point is to mitigate the overshoots, undershoots, and steady-
state gain variations, or at least control them within tolerable limits. In the
small-signal regime, each HFA presenting at least one gain-clamped
amplifier is able to mitigate the gain transient of the surviving channel. The
gain-clamped HFAs present better transient performances (except the rise
time) when the EDFA is located at the first place. This is due to the fact
thét gain-clamping is more efficient in the EDFA rather than in the DFRA
(see Fig. 6-2). In this regime, the HFAs 5 and 6 (presenting one GC-
EDFA) offer the lowest over- and undershoots, and fall and rise times to
the detriment of AG. However, as AG is low (= 10 dB), we can conclude

that only gain-clamping the EDFA is the best configuration to mitigate the
transient. '

In the critical minus 3 dB regime, gain-clamping is in effect in only three

configurations: HFAs 3, 5 and 6. HFA 4 is unable to control the gain
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transients because the gain-clamping in the GC-DFRA under the critical
minus 3 dB regime is not in effect. When the GC-DFRA is located as
second amplifier (HFA 3), gain-clamping is in effect. This is due to the
saturation of the EDFA located at first position. As the unclamped EDFA
saturates in this regime, it offers a lower gain to the signals, which result in
a lower input power at the entry of the GC-DFRA. As the DFRA is
operated in a lower regime than the critical minus 3 dB regime, there is
now enough pump power to create the lasing signal when all of the
channels are loaded in the GC-DFRA. Thus, the gain-clamping is in effect
in HFA 3 and not in HFA 4.

We note that both configurations having 2 gain-clamped amplifiers fail to
control the gain transients because gain-clamping is not in effect in the
GC-DFRA. Contrary to HFA 3 in which the unclamped EDFA permits to
reduce the input power at the entry of the GC-DFRA, the GC-EDFA
located at the first position in HFA 7 keeps high the amount of input power
at the entry of the GC-DFRA and gain-clamping is not in effect in the
presence of the 4 channels.

The best performances are shared between the HFAs having one GC-
EDFA (HFAs 5 and 6) and the HFA having one GC-DFRA as second
amplifier (HFA 3). As HFAs 5 and 6 offer the lowest fall and rise times,
and AG after the addition of channels, HFA 3 presents the lowest over-
and undershoots, and AG after the cut of signals. Amongst HFAs 5 and 6,
it is preferable to place the EDFA in first position as in the small-signal
regime.

6.3.6 Influence of the surviving channel location

We are also interested in the influence of the surviving channel location on

the steady-state gain variation and on the transient characteristics. Tables
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6-4 and 6-5 present the transient characteristics when the surviving
channel is located at the following wavelength: A = 1550, 156563.2, 1556.4
and 1559.7 nm for HFA 3 and 5 operated in the small-signal regime.

After the cut of After the addition of
channels channels
Surviving channel | Overshoot | Fall time | Undershoot | Rise time

location (107 dB) (us) (107 dB) (us)

A =1550.0 nm 11.1 1742 11.0 1881
A =1553.2 nm 11.2 1782 10.9 1960
A = 1556.4 nm 110 | 1768 10.9 1898
A =1559.7 nm 10.6 1786 10.4 1896

Tab. 6-4: Transient characteristics at the output of HFA 3 operated in the small signal
regime when the location of the surviving channel varies.

We notice that no survivingy channel location offers the lowest transient
characteristics. The best performances are shared randomly between the
different wavelengths contrary to DFRAs in which the transients are less
important when the surviving channel is located at midband. In DFRAs,
WDM channels exchange power through SRS. A WDM channel located in
the middle of the amplification band receives power from WDM channels
Iocéted at the shorter wavelengths and gives power to WDM channels
located at the higher wavelengths. This power exchange between WDM
channels does not exist in EDFAs in which the best transient
performances are randomly shared between the different surviving
channel Ibcations. As a result, the location of the surviving channel is not
of importance in HFAs.
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After the cut of After the addition of
| channels channels
Surviving channel | Overshoot | Fall time | Undershoot | Rise time
location (10%dB) | (us) | (10°dB) (us)
A = 1550.0 nm 1.29 402 1.64 501
A =1553.2 nm 1.24 411 1.45 570
A =1556.4 nm 1.24 409 1.31 543
A =1559.7 nm 1.19 404 1.20 503

Tab. 6-5: Transient characteristics at the output of HFA 5 operated in the small-signal
regime when the location of the surviving channel varies.

6.4 Conclusions

In this chapter, we analyze the power transients of HFAs in the worst
possible case of transient. We consider HFAs comprising both unclamped
or gain-clamped EDFAs and DFRAs in the worst-case scenario where all
the channels except one were cut and added to the first amplifier of the
cascade. We take into account the operational regime of the amplifiers,
the location, the number and the type of the gain-clamped amplifiers in
HFAs, and the location of the surviving channel. In the small-signal
regime, our results show that all of the HFAs presenting at least one gain-
clamped amplifier can mitigate the gain transients and ‘that HFA 5
(presenting one GC-EDFA in first position) represent the best trade-off. In
the critical minus 3 dB regime, only three HFAs enable the gain-clamping
to be efficient: HFAs 4, 5 and 6. However, it was impossible to determine
which HFA is the best, as the best transient characteristics are shared
between the three configurations. Finally, we find that the location of the
surviving channel is not relevant as it was impossible to find a location
where the gain transients are less important, contrary to cascades of
DFRAs.
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Chapter 7: Conclusion

In this thesis, we studied the dynamic behaviour of DFRAs for their use in
dynamic networks such as AAPN. In particular, a design achieving optical
feedback through the use of FBGs has been investigated to mitigate the

gain transients that occur when an amplifier is faced with a dynamic traffic.

We first explored the dynamic behaviour of single DFRAs in the context of
addition and drop of all of the WDM channels except one and also in the
- context of multi-channel packet traffic. In the first study, we analyzed the
performances of two AOGC configurations. We took into account the
operational regime of the amplifiers, the location of the surviving channel
in the amplification band and the feedback level of the lasing signal. We
demonstrated that a GC-DFRA has to be operated in a regime below the
critical regime to ensure the gain-clamping technique to be fully in effect
and the gain transients are less significant when the surviving channel is
located at midband, because the power it receives from the lower
wavelength channels is compensated by the power it gives to the higher
wavelength channels.

Concerning the second study of single DFRAs, we examined the
behaviour of DFRAs fed by multi-channel packet traffic. In particular, we
considered the influence of the packet duration, the operational mode of
the amplifier, and the input power distribution on the performance of both
unclamped and gain-clamped amplifiers. We concluded that the efficiency
of the gain-clamping technique is dependent on the operational regime
and on the packet duration. As the gain-clamping technique is efficient to
reduce the gain transients in the small-signal regime for any packet
duration, this technique is not in effect in higher operational regime for
short packet durations. However, even when the gain-clamping technique
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enables the mitigation of the gain transients, its use is not necessary as
the gain variations of the unclamped DFRA are small enough to be
neglected. Such a conclusion is true for a single DFRA, however, in-line
fiber amplifiers are usually used in cascades, which amplifies the gain
transients. Thus, we expect that the gain transients caused by multi-
channel packet traffic will increase with the number of amplifiers in a

cascade and will require some form of gain control. In the future, a

‘thorough study of cascades of DFRAs fed by multi-channel packet traffic

could tell if the gain control is necessary or not.

The second part of this thesis focuses on multiple amplifiers: Chapter 5
considers cascades of DFRAs while Chapter 6 examines the dynamic
behaviour of HFAs. In the case of cascaded DFRAs, we considered
cascades comprising 5 DFRAs that could be either unclamped or gain-
clamped amplifiers in the worst-case scenario of channels addition and
drop. We took into account the operational regime of the amplifiers, the
location of the GC-DFRAs in cascades of mixed amplifiers, and the
location of the surviving channel. We demonstrated that it is possible to
maintain the steady-state gain variation and the over and undershoots
within predefined tolerance limits by gain-clamping only two amplifiers in
the cascade. Concerning cascades of mixed amplifiers, we established
that locating the gain-clamped ampilifiers at the end of the cascade allows
us to reduce the steady-state gain variation after the addition of channels.
In a cascade of mixed DFRAs, the fall and rise times tend to reach the
value of a homogenous cascade constituted of the type of amplifier
located at the end of the mixed cascade.

In Chapter 6, we analyzed the power transients of HFAs in the worst
possible case of transients. We considered HFAs comprising both
unclamped or gain-clamped EDFAs and DFRAs in the worst-case
scenario where all the channels except one were cut and added to the first
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amplifier of the cascade. We take into account the operational regime of
the amplifiers, the location, the number and the type of the gain-clamped
amplifiers in HFAs, and the location of the surviving channel. In the small-
signal regime, our study showed that gain-clamping at least one amplifier
of the HFA is enough to control the gain transients. In the critical minus 3
dB regime, only a few configurations enable the gain-clampihg to be fully
in effect and the best transient characteristics are shared between those
configurations. Finally, contrary to single and cascaded DFRAs, the
location of the surviving channel is not relevant as it was impossible to find

a location where the gain transients are less important.

Our work demonstrates that it is possible to control the gain transients in
DFRAs using the AOGC technique. This technique presents the
advantage of being cost effective and simple and makes DFRAs suitable
for dynamic networks, such as AAPN. However, the role that DFRAs could
play in such networks has to be defined. DFRAs can be used as pre-
amplifier, in-line amplifier or booster. As it is clear that FRAs will not
replace EDFAs in the traditional C- and L- bands, the future of DFRAs
probably lies in the use of new telecommunications band, such as the S-

band, where doped-fiber amplifiers are inefficient. |

The development of photonic crystal fibers will probably influence the
future of FRAs. Such fibers have the capacity of presenting very high
Raman gain coefficients, which will permit to reduce the fiber length of the
amplifiers. The transient times occurring FRAs will be reduced as they are .
directly related to the amplifier length.
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APPENDIX A: HNLF parameters

This section presents the attenuation coefficient a and effective Raman

gain parameter gr/ Aef.

Effective Raman gain parameter gr/ Aes:

Figure A-1 presents the effective Raman gain parameter used in the
simulations has a peak value of approximately 6 [km™-W™"] which is similar
to that of commercially HNLF.

x10° ' Effective Raman Gain vs. Frequency Seperation
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Fig. A-1: Effective Raman gain of the HNLF.
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Attenuation Coefficient a:

The attenuation coefficient shown in Fig. A-2 was used, which roughly
corresponds to the loss in certain HNLF.

: Fiber Attenuation
09 T T T T T

0.85

0.8

0.75

o
2

Loss {dB/km}

0.65

0.6

055 ' ' -

DS 1 3 I ]
1.35 1.4 1.45 1.5 1.55 16 1.65

Wavelength (m) Cx10®
Fig. A-2: Attenuation coefficient of the HNLF
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APPENDIX B: Average power analysis

Following [18] but not taking into account the ASE or the Rayleigh
scattering, we start from Eq. (2.5) and first reorganize the equations by
defining the following terms A(z,t,v) and B(z,t,v):

g v-u)
A(Z,t,l/)=Pi(Z,l‘,V)Z—-R—[Pi(Z,t,,U)+P;(Z,t,,U)]
wyv eff “Teff
Equation B.1
~ g (u-v) .
B(z,t,v) = P*(2,1,)Y 2 [P*(z,t, 1) + P¥ (2,1, 1)

ulv H eff Aeﬁ”

The propagation equations then become

OP*(z,t,v) - 1 OP*(z,t,v)
Oz v, (v) ot Equation B.2
=[FaW) + A(z,t,v) - B(z,t, V) |P* (z,1,v)

After dividing the fiber length into N sections of equal size Az, we split the
DFRA round trip into a concatenation of N segments of size A¢, where Az

~and At are related through Az =At-v,. Provided the time step is small

enough, a steady-state power distribution can be assumed in Ar as well
as in Az, so that optical powers in each space and time step match the

following relations:

P (2,15t,V) =P (z,,t,,v).G(2,,t,,V)

Equation B.3
P (z,sthsV) =P (2,,t,,V)G(z,,t,,V)

n+l?
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where subscripts m and n denote the m" and n" sections of distance and

time, respectively, and G(z,,,¢,,v) is the step gain within [z,,,z,.,]:
G(z,,t,,v) = exp[(A(zm »t,,v)—B(z,,t,,v)- a(v))Az] Equation B.4

Since we know the power of all the signals at each z at the initial time
t=0, we calculate all the powers at the next time step ¢=Ar using
equations B.3 and B.4).

At this point, we use the average power analysis to reduce the error

implied by the above simple solving method. The first step is to calculate
the average powers (P(v)) = PEW)GW)-1)/InGWw) using the powers and
the gains obtained for 1 = Ar where P} (v) represents the sum of the co-

propagative and counter-propagative powers at frequency v. The second

step is to determine the average géin defined as G(v) by calculating the
coefficients A(z,2,v) and B(z,t,v) using the average powers (P(v)). We
repeat these two steps until the convérgence of G(v). Replacing G(v) by

G(v) and using Eq.B.3, we obtain all poWers at ¢t = At for each z. Finally,

we integrate from ¢ = Ar to ¢ = 2.A¢ and begin the process over.
Our developed time-domain average power method reduces the

calculation time by more than one order of magnitude compared with a
RK4 method and the results are within 2%.
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