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Today, information is transmitted throughout the world mainly through digital com-
munication systems with a bit rate, expressed in number of transmitted bits per second,
depending on the applications. Data flow from your USB key to your computer at typi-
cal speed of 480 Mbit/s. Internet providers announce 100 Mbit/s subscriber connections
thanks to recent FTTH (Fibre-To-The-Home) deployments [5]. The optical fibres of the
SEA-ME-WE 3 cables [6], which connect 33 countries and 4 continents from Western Eu-
rope (including France) to the Far East (including Vietnam) and Australia, offer a total
capacity of 480 Gbit/s (48 wavelengths carrying 10 Gbit/s). Regardless of the position in
the networks, the bandwidth demand grows continuously, mainly due to the growth of data
traffic. The transmission capacity of the optical fibre links can be expanded by increasing
both the number of WDM (Wavelength Division Multiplexing) channels and the bit rate
per WDM channel. The base rate of the backbone networks is likely moving from 10 Gbit/s
to 40 Gbit/s [7]. The capacity limit of the present networks is set largely by the use of
electronic elements. For the generation 160 Gbit/s TDM systems, while electronic signal
processing is not available yet, many fundamental functions based on optical devices are

attracting a lot of investigations [8].

In long and ultralong haul links such as submarine intercontinental connections, the
transmitted optical signal has to be amplified periodically. For the bit rates exceeding
40 Gbit/s, deployment of only opto-electronic repeaters will increase dramatically the sys-
tem complexity, cost and power consumption. Long term solutions for signal regeneration
in future high capacity optical networks concern all-optical regeneration which could allow
optical data transmission over virtually unlimited distances. All-optical regenerators used
for future WDM networks must satisfy at least the conditions of low power consumption,
compactness, low-cost and WDM compatibility. Since many years, all-optical regenerators
and their sub-functions have been extensively studied at FOTON laboratory, where this
thesis has been realised. Some important works should be mentioned. A polarisation in-
sensitive 3R regenerator based on semiconductor based NOLM architecture which allows
a cascade of at least 1000 repeaters without any detected error has been demonstrated at
10 Gbit/s [9]. At this bit rate, a high performance WDM compatible 2R regenerator based
on a Saturable Absorber (SA) and a Semiconductor Optical Amplifier (SOA) allowing the
transmission over 11000 km with only 18 cascaded regenerators for a BER of 1074 [10]. 2R
and 3R regenerators for 40 Gbit/s operation have been also successfully developed. The 2R
regenerator, which is a combination of an SA and a fibre followed by an optical filter, allows
a distance improvement ratio of at least 3.3 among its 8 channels [11]. The regenerator
is WDM compatible and potentially low-cost. 3R regeneration using synchronous modula-
tion allows significant margin enhancements on receiver decision time and threshold to be
obtained [12]. The transmission distance has been also improved from 13000 km to 90000
km in comparison with 2R regeneration case (without the synchronous modulation). Such
3R regeneration quality could not be obtained without the Optical Clock Recovery (OCR)
consisting of a cascade of a bulk based Self-Pulsating (bulk-SP) laser and a Quantum-Dot
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Self-Pulsating (QD-SP) laser. The good timing jitter filtering of the OCR is attributed to
the QD-SP laser, which was demonstrated multi-data-rate compatible [13] and therefore
totally adequate for applications in high bit rate OTDM systems.

The key elements of the all-optical regenerators are non-linear optical gate and OCR
device. The objectives of this thesis were to develop and explore different non-linear gates
and OCRs based on semiconductor technology for optical signal regeneration at 40 Gbit/s
and beyond. As sub-functions for 2R regeneration, non-linear gates based on Semiconductor
Optical Amplifier (SOA) were considered. The high non-linearity of the SOA is its greatest
advantage for optical signal processing. Besides its cost efficiency, compactness, potential
integrability, wide spectral bandwidth and low power consumption are other features which
explain why the SOA continues to receive a lot of attention. As far as OCR devices are
concerned, different configurations using SP lasers were assessed in system environment. A

simple solution was also proposed to enhance the recovered clock quality.
The content of the thesis is divided into two parts with 4 and 2 chapters respectively.

The first part including 4 chapters is dedicated to the results of the investigations on
SOA based non-linear optical gates for 2R regeneration.

Chapter 1 outlines basic notions about optical fibre communication systems which are
used in the manuscript. The reviewed definitions are point-to-point transmission link, usual
modulation formats (RZ and NRZ), transmitter and receiver. Signal degradations during
propagation inside optical fibres are described to highlight the need for signal regeneration
and typical criteria used to specify signal quality are defined. To limit signal impairments
and increase the transmission distance, in-line repeaters are inserted periodically into the
fibre link. The repeaters could provide different regeneration capacities. The principles
of 1R (Reamplifying), 2R (Reamplifying and Reshaping) and 3R (Reamplifying, Reshap-
ing and Retiming) regenerations are described. Finally, a brief review on SOA based 2R
regenerators is presented.

Chapter 2 is devoted to a basic description of Semiconductor Optical Amplifiers and
especially their non-linear properties and high speed dynamics which are used for signal
regeneration. Under saturation by short pulses (of a few picoseconds), it is found that
ultrafast dynamics due to intraband relaxation effects could be exploited for high speed sig-
nal processing. Results of experimental study of different SOA structures are summarised.
These SOAs have been designed and manufactured by the Alcatel-Lucent Thales I1I-V Lab
in the framework of the French national project FUTUR for all-optical regeneration applica-
tions. The experimental investigations are focused on two main aspects: gain non-linearity
and gain dynamics. The results suggest that highly confined bulk based SOAs and long
quantum-dot SOAs are good candidates for operations at bit rates exceeding 40 Gbit/s. Nu-
merical investigations demonstrate that by associating the long quantum-dot liked sample

with assist techniques such as shifted filtering, operation at 160 Gbit/s without patterning
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effects could be possible.

Chapter 3 is dedicated to numerical study of the SOA dynamics. According to the
experimental results presented in Chapter 2, numerical investigations are necessary to ex-
amine the influences of ultrafast processes on the gain dynamics and consequently on the
reshaping capability of the SOA based 2R regenerator schemes. A simple phenomelogical
SOA model including intraband effects will be useful to realise these preliminary studies.
Such an SOA model, based on that proposed by [14] and then developed by [15], allows
deeper understanding of SOA gain and phase dynamics to be obtained.

Chapter 4 investigates signal reshaping capability of cascades of an SOA and a saturable
absorber. Amplitude noise compression experiments demonstrate the signal regeneration
capability of the SOA-SA regenerators. The complementary roles of the SOA and SA in the
reshaping task are clarified by analysing noise transformation effects when the two devices
operate separately. Finally, a numerical study using the SOA model developed in Chapter
3 explains how the regenerator performance changes when the device intrinsic parameters

change.

The second part including 2 chapters is devoted to the study on SP laser based OCR
devices for 3R regeneration.

Chapter 5 reviews the different roles of the clock recovery (CR) function in transmission
systems. Usual clock extraction techniques and their advantages as well as their limitations
are discussed. Especially, the principle and the state-of-the-art of the CR technique using
SP semiconductor lasers are detailed.

Chapter 6 presents all experimental assessments realised on different OCR configura-
tions. The optical clock signal extracted by the OCR based on a bulk-SP laser exhibits
insufficient quality to be used for regeneration applications. The introduction of a pas-
sive pre-filtering in front of the laser is explored to enhance the recovered clock quality.
Otherwise, a quantum-dot SP laser allows high quality clock to be obtained but such OCR
function is strongly polarisation sensitive. Therefore, polarisation sensitivity of the different
OCRs is assessed. At last, a primary study is devoted to OCR resistance to Polarisation

Mode Dispersion.
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Chapter 1

Optical fibre communication
systems and all-optical

regeneration

In this chapter, basic notions on optical fibre communication systems are reviewed. The
basics of all-optical regeneration as well as the devoted techniques are also developed. The
purpose of the chapter is to describe the thesis context and to present the essential notions
in the manuscript.

In the first section, a basic transmission link concept of optical fibre communication sys-
tems is depicted. The largely used modulation formats (NRZ and RZ) are then described.
Fundamental elements of the transmission link including transmitter and receiver are dis-
cussed. Next, we focus on the main signal degradations induced during the transmission
over fibre links. At last, typical criteria used to specify signal quality are defined.

In the second section, all-optical regeneration processes (1R, 2R and 3R) and associated
techniques are firstly developed. Secondly, reshaping devices using SOA which are studied
during this thesis are discussed. Their different operating configurations are described and

a review of literature is also presented.

1.1 Optical fibre communication systems

The optical fibre communication systems can be found in any level of the network: core
network, Wide Area Network (WAN), Metro Area Network (MAN), Local Area Network
(LAN) and access network. Long haul fibre links (thousands of kilometres) such as subma-
rine cables constitute the backbone or the core of a telecommunication network. A WAN
is usually constituted of communication links covering a broad area such as a country. A
MAN is optimized for a geographical area ranging from several blocks of buildings to entire
cities. A LAN is a network covering a smaller area such as a campus or a building. On one

hand, access network are likely in the same order as a LAN. On the other hand, the ‘access
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Figure 1.1: Point-to-point fibre links with periodic loss compensation through (a) regener-
ators and (b) optical amplifiers

network’ term refers to the last transmission links which connect final users (subscribers)
to their immediate service (telephone, television, Internet) provider. As an example of fibre
links in access network, Fibre-To-The-Home (FTTH) service has been available in France
from March 2007. All these networks can be designed by using point-to-point, point-to-
multipoint, hub, ring or star topology. However, the most practical topology varies from

one to another.

1.1.1 Transmission link description

The simplest network topology is probably the point-to-point link which is largely used
in fibre submarine connections between continents. For such long distances, two common
schemes are used to compensate for the fibre losses as shown in Figure (1.1) (reprinted
from [2]). The basic elements of a point-to-point fibre link are the transmitter, the optical
fibre, the regenerators or optical amplifiers and the receiver. The transmitter Tx emits an
optical signal which is modulated by an electrical signal carrying the information to be sent.
The optical fibre is the transmission medium. At the receiver, the optical signal is detected
and converted into an electrical signal which is used for the decoding of the transmitted
information. Before the invention of the Erbium Doped Fibre Amplifier (EDFA) in the
years ninety, the regenerators (Figure (1.1 (a))) were exclusively optoelectronic repeaters.
Arriving on the regenerator, the optical signal is converted into electrical signal by a receiver
Rx. After being treated in electronic domain, the electrical signal is converted into optical
signal to be transmitted further. Since the EDFAs have been available, fibre losses can
be compensated for by optical amplifiers (EDFA) directly in the optical domain without
any Optic/Electric (O/E) conversion (Figure (1.1 (b))). The system power consumption
and the optoelectronic regenerator cost increase rapidly with the data bit rate. In backbone
networks, the bit rate per channel is exceeding 40 Gbit/s and it is of great interest to reduce
the in-line regenerator cost and consumption. At these ultrahigh speed operations, optical
devices are likely more cost competitive and less power-consumption compared to electrical

devices. Therefore, all-optical regeneration could have a promising future.
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Figure 1.2: Example of an NRZ format signal in time (a) and in spectral domains (b)

1.1.2 Modulation formats

Signals which are transmitted in backbone links as described in Paragraph 1.1.1 rely on
digital encoding. This indicates that information is represented by sequences of ‘1’ and ‘0’
symbols called bit sequences. The value of each bit (1 or 0) is related to the transmitted
information. The data rate or bit rate is the number of bits transmitted in a time interval of
one second and expressed in bit/s. It is also called the bit sequence frequency or the modu-
lation frequency. Each bit corresponds to an elementary interval called bit duration (7jit)
which is equal to the inverse of the bit rate. Modulation formats define the association be-
tween bits ‘0" and ‘1’ and a physical parameter of the optical carrier signal. In general, they
could be amplitude modulation (ASK for Amplitude Shift Keying), frequency modulation
(FSK for Frequency Shift Keying) or phase modulation (PSK for Phase Shift Keying). The
most largely used format in current telecommunication systems is the amplitude modula-
tion. For an optical signal carrying bit streams obtained from an ASK encoding, the ‘1’
symbol is represented by presence of light and ‘0’ symbol is represented by absence of light.
The two most common formats of amplitude modulation are NRZ (Non-Return-to-Zero)
and RZ (Return-to-Zero).

1.1.2.1 NRZ format

For an NRZ format signal, the signal amplitude is maintained constant during the whole bit
duration and remains unchanged between two consecutive bits exhibiting identical symbols.
Therefore, there is no return to the zero level between two consecutive ‘1’ symbols. In other
words, a succession of several ‘1’ symbols corresponds to a constant intensity of the optical
signal during the total duration of all these bits. An example of an NRZ signal in time and

spectral domains is displayed in Figure (1.2).
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Figure 1.3: Example of an RZ format signal in time (a) and in spectral domain (b)

1.1.2.2 RZ format

For an RZ format signal, the signal amplitude is not always constant during the whole

bit duration. A ‘0’ symbol corresponds to absence of light, and a ‘1’

symbol corresponds
to presence of light exhibiting time dependent amplitude. In this case, it is said that ‘1’
symbols are expressed by optical pulses. An example of an RZ signal in time and spectral

domains is displayed in Figure (1.3).

The NRZ format appears advantageous compared to the RZ format in terms of spectral
efficiency. In other words, for the same bit rate, the RZ signal exhibits a larger spectrum
bandwidth (Figure (1.3(b))) than the NRZ signal (Figure (1.2(b))). Otherwise, RZ signals
are more robust to Polarisation-Mode Dispersion (PMD) [16]. The RZ format became more
and more attractive since the soliton transmission potential was demonstrated [17] and the
multiplexing technique in time domain was considered. The potential of the RZ format
for TDM (Time Division Multiplexing) could be explained by observing Figure (1.3 (a)).
The pulse duration is shorter than the bit duration. It is then possible to insert several
pulses of different bit streams within one bit interval. By this way, the total data rate
can be increased. A TDM signal can be obtained in optical domain (OTDM for Optical
Time Division Multiplexing) or in electrical domain (ETDM for Electrical Time Division
Multiplexing). At last but not least, another technique called WDM (Wavelength Division
Multiplexing) used for line data rate increase should be also mentioned. It consists in trans-
mitting simultaneously different optical signals, which are centred on different wavelengths,
in the same optical fibre. In the context of this thesis, all works consider RZ format signals

because it is likely the adequate format for future ultrahigh bit rate OTDM systems.

1.1.3 Transmitter

The role of an optical transmitter is to convert an electrical signal carrying data into an
optical signal carrying the same data. The generic scheme of a transmitter can be simply

depicted as shown in Figure (1.4). The two main components are the laser source and the



1.1. Optical fibre communication systems 13

Electrical data: = ------ q
signal !
A 4
Laser Optif:al data
source signal

Modulator

Figure 1.4: Generic scheme of an optical transmitter

modulator. Optical transmission systems often use semiconductor laser sources because
they exhibit a lot of advantages for optical fibre communication: compact size, high elec-
tron/photon conversion efficiency, emission in the 1550 nm wavelength range, compatibility
with the fibre optical mode dimensions and possibility of direct modulation through the in-
jection current. The most widely used semiconductor structure is the Distributed FeedBack
(DFB) laser. The laser source provides an optical carrier wave. The optical data signal is
obtained by modulating the optical carrier thanks to the modulator. In some cases, the
external modulator is not present because the output light of the semiconductor laser is
modulated directly through the injection current. The direct modulation possibility allows
the transmitter cost to be significantly reduced. However, the technique is rarely used at bit
rates exceeding 10 Gbit/s because of the instantaneous frequency changes (chirp) induced
by the laser current modulation. In addition to chromatic dispersion, this chirp limits the
propagation distance of the ultrahigh bit rate signals. Therefore, an external modulator is

used in most cases.

Two common modulator types could be found in current systems: ElectroAbsorption
(EA) modulator and LiNbO3 modulator in the Mach-Zehnder configuration. One of the EA
modulator advantages is the potential modulation speed as high as 100 GHz. But the most
attractive feature that motivates extensive investigations of the EA modulators is that they
could be easily integrated on the same chip with a semiconductor laser to achieve compact,
low cost, tunable transmitters. A high performance 40 Gbit/s transmitter with wavelength
tunability covering the whole C-band was demonstrated [18]. However, the residual chirp on
the optical signal generated by EA modulators still limit their application range. Otherwise,
the LiNbO3 modulators in the Mach-Zehnder configuration could provide chirpless optical
signal. This property, among others, explains their presence in a large number of optical
transmission systems. Another great advantage of this type modulator is high on-off ratios
(also called extinction ratios) which exceed 20 dB. They could be also modulated at high
speeds, up to 75 GHz. Recent advances allow 40 Gbit/s LiNbO3 modulator to be fabricated
with commercial compatible processes [19]. To obtain the amplitude modulation formats

described in Paragraph 1.1.2, either EA modulators or LiNbO3 modulators can be used.
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Figure 1.5: Generic scheme of a digital optical receiver

1.1.4 Receiver

Receiver and transmitter are located at the ends of transmission links. If the role of the
transmitter is to convert an electrical signal into an optical signal, the conversion from the
transmitted optical signal to an electrical signal is performed by the receiver. The generic
scheme of a receiver which is used in cases of intensity modulation with direct detection is
illustrated in Figure (1.5).

The optical data signal arriving on the receiver is launched firstly onto a photodiode.
The photodiode converts the optical data stream into a time-dependent electrical signal
which is further completely processed in the electrical domain. In general, an electrical
pre-amplifier, which is not displayed in the present generic scheme, is placed behind the
photodiode to amplify the electrical signal for further processing. The signal is next am-
plified by a high-gain amplifier (main amplifier) and filtered by a low-pass filter for noise
reduction. In our experiment, the main amplifier is a limiting amplifier which allows the
output average voltage to be maintained at a fixed level irrespective of the incident average
optical power. After being filtered, the signal is processed by a decision circuit for data
recovery. Simultaneously, a fraction of the signal is sent to a clock recovery circuit which
provides a time reference for sampling. At a regular rhythm, the decision circuit com-
pares the input voltage to a threshold (also called decision threshold) and takes a decision

concerning the detected bit, ‘1’ or ‘0.

From a standpoint of data rate growth, it appears likely that a high speed optical trans-
mitter is more difficult to be implemented than a high speed optical receiver. At 10 Gbit/s,
all the receiver components, with the exception of the photodiode, are standard electrical
components and generally integrated on the same chip. Thanks to remarkable advances in
Integrated Circuit (IC) technology developed for high speed microelectronic devices, elec-
tronic circuitry for 40 Gbit/s operations is already commercially available. An entirely
integrated ETDM receiver operating at 100 Gbit/s has been recently reported [20]. As far
as photodetection is concerned, a 100 GHz photodetector is also already commercialized [21]

and photodetector bandwidth keeps increasing [22].



1.1. Optical fibre communication systems 15

A AN

Figure 1.6: Illustration of an RZ format signal at a transmitter output (a) and the signal
after a long fibre transmission (b)

1.1.5 Signal degradations

At the transmitter output, the emitted optical signal is coupled into the optical fibre.
As any transmission medium, the optical fibre induces undesirable changes of the optical
signal characteristics during the propagation, resulting into signal quality degradations.
Figure (1.6) illustrates an RZ format signal at a transmitter output (a) and the signal
having been degraded after a long fibre transmission (b). At the transmitter output (Fig-
ure (1.6 (a))), the optical signal exhibits high quality, i.e all the pulses are identical, all
pulse positions are at the centre of the bit slot and all ‘0’ bits correspondent to absence of
light (infinite extinction ratio). After the propagation in a long fibre link, the transmitted
optical signal exhibits typical degradations such as lower average power, pulse intensity fluc-
tuations, pulse duration fluctuations, pulse position fluctuations and non infinite extinction
ratio (Figure (1.6 (b))). The origins of these impairments (fibre losses, chromatic disper-
sion, polarisation mode dispersion, non-linear effects and amplified spontaneous emission

noise) are detailed in this paragraph.

1.1.5.1 Fibre losses

Fibre losses reduce the optical signal power arriving on the receiver and therefore limit the
transmission distance. As described previously in the case of a point-to-point link, signal
losses are compensated for periodically by in-line optical amplifiers. The distance between
the amplifiers is imposed by the transmission channel losses, i.e the fibre losses. Even if some
fibre links are long enough to cover the whole globe, it is always of great interest to develop
low-loss fibre to increase the transmission distance or reduce the amplifier number and
consequently the system cost. Various phenomena occurring in the fibre contribute to the
signal attenuation. The two most important causes are material absorption and Rayleigh
scattering. The material absorption includes intrinsic and extrinsic losses. The first one

corresponds to the absorption by the fibre material itself, i.e fused silica. The second one is
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Figure 1.7: Attenuation of a single-mode fibre versus wavelength (reprinted from [1])

due to the presence of impurities. The fibre imperfections and bends constitute also other
sources of losses.

The fibre losses depend on the wavelength of the transmitted light. Figure (1.7) reprinted
from [1] displays the attenuation of a single mode fibre versus the wavelength. The fibre
exhibits a loss of only 0.2 dB/km in the wavelength region near 1.55 pm. This is the
explanation of the 1.55 um wavelength region choice for telecommunications. The two
attenuation peaks around 1.24 pym and 1.4 pm correspond to the resonances of the OH ion.
The curve of Figure (1.7) is representative for typical current Single-Mode Fibres (SMF)
today.

In general, the losses of a fibre are represented by a global loss parameter called at-
tenuation coefficient. The power of the optical signal propagating in a fibre decreases

exponentially with the distance. The signal attenuation is governed by Equation (1-1).

P, (L) = Py, (0) exp (—aL) (1-1)
where « is the attenuation coefficient of the optical fibre. It is commonly referred in dB/km
and deduced by using Equation (1-2).

1 Pou
a(dB/km) = —fologm (Pt> (1-2)

Even if the attenuation coefficient is as low as 0.2 dB/km, a 100 km link exhibits an attenu-
ation of 20 dB. It is clear that the fibre losses are the first source of signal degradations. In
the undersea systems connecting North America and Europe, optical amplifiers are inserted

every 50 km to compensate for the signal attenuation [17].
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Figure 1.8: Description of pulse broadening due to chromatic dispersion

1.1.5.2 Chromatic dispersion

On one hand, the refractive index of any material, in particular the fused silica, is wavelength-
dependent. The phenomenon is called chromatic dispersion or Group Velocity Dispersion
(GVD). It implies that signals at different wavelengths (or frequencies) propagate at differ-
ent velocities in an optical fibre. On the other hand, no optical signal is ideally monochro-
matic, it has always a finite spectral bandwidth. Thus, the different spectral components
of the transmitted optical signal slide far from each other as the propagation distance in-
creases. In an SMF, the spectral components of the pulse at short wavelengths travel faster
than those at longer wavelengths. The chromatic dispersion impacts on system perfor-
mance by broadening the propagating pulses as described in Figure (1.8). When the pulse
broadening is large enough, the unwanted phenomenon - intersymbol interference (ISI), i.e
pulse overlapping, takes place. For a typical single-mode fibre, the chromatic dispersion is
mainly due to the material dispersion and the modal dispersion. The material dispersion
represents the intrinsic wavelength-dependent of the material refractive index. The modal
dispersion represents the wavelength-dependent of the propagation constant of the guided

modes.

The chromatic dispersion of a conventional SMF fibre and the relative contributions of
the material and modal dispersions are depicted in Figure (1.9). The dispersion parameter
D is expressed in ps/nm/km. In the 1.55 ym window, D is about 17 ps/nm/km. The
dispersion parameter cancels around 1.3 pm.

If the spectral width of the emitted signal is given, the pulse broadening can be estimated
at any transmission distance. The chromatic dispersion imposes a limit on the maximum
transmission distance without signal regenerating. A specific distance called dispersion
length is defined by Equation (1-3).

_ I3
| 52|

with Ty and (o are respectively the pulse duration and the second-order dispersion at the

Lp (1-3)



18 Chapter 1. Optical fibre communication systems and all-optical regeneration

30 | | | | A
-
-
-
20 Dy _~ -
z P
S 10} 77 -
E e
= e
(=% "
S o
g —— e —
2 / Dy
g 10 W Azp
- 7
20} # —
-30 l | | ] |

1.1 1.2 1.3 1.4 1.5 1.6 1.7
Wavelength (pm)

Figure 1.9: Total dispersion parameter D and relative contributions of material dispersion
Dy and waveguide dispersion Dy for a conventional single mode fibre (reprinted from [2])

signal wavelength. If a Gaussian pulse is considered, Lp is the transmission distance at
which the pulse has broadened by a factor of v/2. Equation (1-3) indicates also that when
the data rate increases, the dispersion length decreases rapidly because the pulse duration
is shorter. Similar to the signal degradations caused by the fibre losses, it appears clearly
that the signal degradations caused by the chromatic dispersion have to be compensated
for in high bit rate systems. The conventional fibre exhibits unfortunately zero dispersion
at 1.3 pum and not at 1.55 um. However, fibres exhibiting zero or nearly zero dispersion
at 1.55 pum called Dispersion Shifted Fibre (DSF) and Non Zero Dispersion Shifted Fibre
(NZ-DSF) are available. They are designed such that the modal contribution to the total
chromatic dispersion compensates for the material contribution and the zero dispersion is
shifted to an expected wavelength in 1.55 pum region. Although the use of these fibres
will enhance significantly the system performance, non-linear effects such as FWM occur
easily and become drawbacks for WDM systems. Hence, most of current links deploy
conventional single mode fibres. Another technique to mitigate the signal degradations
caused by the chromatic dispersion is using Dispersion Compensating Fibres (DCF). A
DCF is a single-mode fibre exhibiting negative dispersion. The dispersion induced by an
L-length conventional fibre (D is positive around 1.55 pm) could be compensated for by
using a DCF fibre with a length of Lpcpr which satisfies Equation (1-4).

Lsyr X Dsyr = Lper X Dper (1-4)
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Figure 1.10: Illustration of PMD effect in a polarisation-maintaining fibre

1.1.5.3 Polarisation Mode Dispersion

Optical fibres are not ideally isotropic. They exhibit a non-zero birefringence. The sources
of the fibre birefringence can be divided into two categories: intrinsic birefringence and
extrinsic birefringence induced by environmental factors. The intrinsic birefringence is in-
troduced during the manufacturing process and is due to noncircular core, non-symmetrical
stress around the core region, etc... The environmental factors such as outside fibre stress,
bends, constraints, etc... induce the extrinsic birefringence. The fibre birefringence makes
that the two polarisation modes corresponding to the two principal axes of the fibre propa-
gate with different group velocities. The phenomenon is called Polarisation Mode Dispersion
(PMD). For a polarisation-maintaining fibre without external mechanic stress, the PMD
effect could be naively described by a delay A7 between the two polarisation modes as
shown in Figure (1.10). A7 is commonly called Differential Group Delay (DGD) and in
that case, it is calculated by using Equation (1-5).

_ LAnesy

AT (1-5)

c

with L is the fibre length, c is the light velocity in vacuum and Angys is the difference
between effective index corresponding to the fibre principal axes. In a conventional single
mode fibre, the PMD effect is much more complicated than that described in Figure (1.10)
because the two principal axes change randomly along the fibre. The PMD effect results
firstly in pulse broadening. Figure (1.11) displayed experimental eye diagrams of a 40 Gbit/s
RZ format signal which has the two polarisation states exhibiting a DGD of 0 ps in one
case and of 14 ps in the other case. It is observed that the eye diagrams in the second case

are strongly distorted.

In practice, the signal degradations induced by the PMD is very difficult to be com-
pensated for because the PMD effect is a random process. The signal polarisation changes
randomly during the propagation because of the random variations of the perturbations
along the fibre. In the current long haul transmission systems where the base bit rates do
not exceed 10 Gbit/s yet, the optical pulse broadening induced by the PMD is still small
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Figure 1.11: Experimental eye diagrams of a 40 Gbit/s RZ format signal exhibiting 0 ps
DGD (a) and 14 ps DGD (b)

compared with the GVD effects. However, when the bit rate increases, the pulse dura-
tion becomes shorter and shorter, and then the PMD-induced impairments on the system

performance become also stronger and stronger.

1.1.5.4 Non-linear effects

When the intensity is high enough, the optical field can change the medium characteristics
and non-linear effects take place. The signal-medium mutual interaction modifies the signal
itself and the others propagating in the same medium. In the current systems at 10 Gbit/s,
the transmission links are managed such that they are in quasi-linear regime, i.e the signal
intensity is small enough and the non-linear effects are not yet significant. Nevertheless,
in high capacity WDM systems, optical nonlinearities will be a real problem. Interac-
tion between different WDM channels and the transmission medium leads to interference,
distortion and attenuation of transmitted optical signals. In the case of silica fibres, the
non-linear effects that occur firstly are: Brillouin and Raman scatterings, non-linear phase
modulation and Four-Wave-Mixing (FWM).

Brillouin scattering describes an interaction of light with acoustic waves in a transmis-
sion medium and it occurs when the optical signal power exceeds a certain threshold. In
the case of the Stimulated Brillouin Scattering (SBS) in optical fibres, new optical signals
are generated at frequencies shifted with respect to the incident signal and they propagate
only in backward direction. The frequency shift is determined by the medium and the
incident wavelength. For example, the frequency shift is in order of 10 GHz for a 1550 nm
signal propagating in silica fibres. The signals generated at lower and higher frequencies
are referred respectively as Stokes and Anti-Stokes waves. The main impact of the SBS is
the signal power transfer in the backward direction which corresponds to an attenuation of

the forward travelling wave.

Stimulated Raman Scattering (SRS) is similar to the SBS but much weaker. The main
difference is the new optical waves generated by the SRS propagate in both backward and
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forward directions. The other difference is the frequency shift is much greater in the case
of the SRS (around 10 THz for silica fibres) than in the case of the SBS. The generated

signals are also called Stokes and Anti-Stokes waves.

A high power signal does not cause only stimulated scatterings but also refractive in-
dex dependence on intensity which is known as optical Kerr effect. In a silica fibre, the
refractive index varies nearly instantaneously with the optical intensity. As the signal inten-
sity is time dependent, the optical signal phase is modulated through the refractive index
and the phenomenon is called Self-Phase-Modulation (SPM). If in the same fibre, several
signals propagate simultaneously, the refractive index modulation induced by one signal
modulates the phases of all the other channels. The phenomenon is referred as Cross-
Phase-Modulation (XPM). Both SPM and XPM induce spectral broadenings which cause
interferences between the different channels of the WDM system. System impact of the
SPM and XPM is significantly reinforced by the chromatic dispersion. The presence of the

fibre chromatic dispersion transforms spectral broadenings into time domain broadenings.

Finally, Four-Wave-Mixing (FWM) should be mentioned. The FWM is another phe-
nomenon due to the optical Kerr effect. The FWM occurs when two optical signals interact
through the third-order electric susceptibility of the optical fibre and a phase matching
condition is satisfied. The beating of the two signals at frequencies f;, f; creates new tones

at frequencies fi, fn, satisfying Equation (1-6).

et fm=fit+f; (1-6)

An illustration of the FMW effect in a silica fibre is given in Figure (1.12). The spectrum
was obtained at the output of a 10 km Dispersion shifted Fibre. The two incident signals
were at 1550.4 nm and 1551.4 nm. Numerous conjugated waves generated by the FWM
can be observed.

In WDM systems exhibiting equally spaced channels, all the conjugated waves generated
by the FWM within the system bandwidth fall at the channel frequencies and give cross-
talks between the channels. The two common techniques deployed to lighten the FWM

impairments are the use of unequal channel spacing and dispersion management.

1.1.5.5 Amplified spontaneous emission

As described previously in Paragraph 1.1.1, a transmission link is constituted of numerous
fibre sections, optical amplifiers (EDFA) and/or optoelectronic repeaters. The optical am-
plifiers are used to compensate for the fibre losses. Amplification of an optical signal relies
on stimulated emission mechanisms. Unfortunately, it is always accompanied spontaneous
emission. The spontaneous emission light is also amplified during the propagation inside

the amplifiers and is considered as a noise source for the transmitted signal. The amplifiers
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Figure 1.12: Tlustration of FWM in a 10 km Dispersion Shifted Fibre

enhance the signal quality in terms of power but they could also degrade the signal quality

by adding Amplified Spontaneous Emission (ASE) noise.

1.1.6 Transmission quality criteria

Various quality criteria are used to specify the quality of an optical transmission. The most
common criteria are probably Optical Signal to Noise Ratio (OSNR), eye diagrams, quality
factors and Bit Error Rate (BER). In laboratory, pseudo Random Bit Sequences (PRBS)
are emitted to test a transmission link with new modulation formats, new fibres, or new
signal processing devices, etc... These criteria are applied to the transmitted signal arriving
on the receiver to estimate the performance of the interested transmission. The OSNR
is measured in the optical domain. The signal eye diagrams could be considered both in
optical and electrical (after detection) domains. The quality factors are generally evaluated
in electrical domain (after the detection). And BER measurements are performed on the

detected data sequence exclusively in electrical domain.

1.1.6.1 Optical Signal to Noise Ratio

At the receiver, the optical signal is detected and the electrical signal is expressed in voltage.
During the detection, beatings between photons of the ASE noise generated by the amplifiers
and the transmitted signal take place and add noise to the electrical signal. In amplified
transmission systems such as undersea links, the ASE noise of the in-line amplifiers is
dominant and the receiver noise can be neglected. The electrical signal noise is partially
attenuated by the electrical low-pass filter of the receiver, but the residual noise causes
always impairments to the electrical signal quality. Thus, to quantify the ASE noise ahead
of the receiver, the Optical Signal to Noise Ratio (OSNR) is used. OSNR is defined as the
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Figure 1.13: Principle of OSNR measurement using OSA

ratio of the signal power to the noise power measured over a given spectral bandwidth and

calculated by using Equation (1-7).

P .
OSNR = —Signal (1-7)

Pnoise

The OSNR over a spectral band of width B can be measured by using an Optical
Spectrum Analyser (OSA). Principle of the measurement is described in Figure (1.13).

The power integrated within the signal bandwidth B (zone 1) includes both signal and
noise power contributions and thus corresponds to Ps;gnal + Proise- The power integrated
within zone 2 (spectral bandwidth of B) corresponds to the noise power P,;se only. If the
measured powers are expressed in dBm and the OSNR is expressed in dB, their relations

are given by Equation (1-8).

(1-8)

(Psignal+Pnoise)dBm7(Pnoise)dBm
-1

OSNRC[B =10 loglo <10 10

If Pgignar >> Phoise; then ONSR could be approximated by Equation (1-9). However,
this approximation is reliable only if OSN Ry > 13dB.

OSNRdB - (Psignal + Pnoise)dBm - (Pnoise)dBm (1'9)

1.1.6.2 Eye diagrams

An eye diagram is the superposition of all the waveforms corresponding to all the possible bit
sequences. In general, signal eye diagrams are achieved in the electrical domain after being
detected by a photodiode, and are observed thanks to an electrical sampling oscilloscope.

The electrical eye diagrams are representative for the optical signal only if the photodiode
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speed is high enough, i.e its bandwidth is at least equal to half the bit rate (Nyquist
criterion [23]). In practice, a photodiode bandwidth exceeding this value is necessary. Since
a few time, high performance (time resolution of 1 ps) Optical Sampling Oscilloscopes
(OSO) have been available. Figure (1.14) displays the electrical (a) and optical (b) eye
diagrams of an RZ format optical signal. The quality of the electrical eye diagrams is
limited by the photodiode bandwidth which is around 50 GHz. By using the OSO, the
visualisation quality is clearly better.

The observation of signal eye diagrams can provide a qualitative estimation of signal
degradations such as intensity fluctuations, timing jitter and intersymbol interference. The
lower the signal quality is, the more closed the eye diagram is. A quantitative estimation
of the signal quality which could be deduced from the electrical eye diagrams is the signal
extinction ratio (ER). ER is defined by Equation (1-10).

ER=—
Vo

(1-10)

with Vj and V) are average values of the detected voltages corresponding to the ‘0’ and ‘1’

bits at the decision instant.

1.1.6.3 Quality factors

The signal quality in terms of intensity fluctuation and timing jitter could be referred
quantitatively by the corresponding quality factors.

The intensity fluctuations of the optical signal induce amplitude fluctuations of the
electrical signal entering the decision circuit. The sampled value V fluctuates from bit to
bit around a conditional average value Vj or V;, depending on whether the bit corresponds
to ‘0" or ‘1’ in the bit stream. Figure (1.15) depicts schematically the fluctuating signal
received by the decision circuit. If the conditional variances of the detected voltage are o2
and 0%, then the amplitude quality factor(Q,) of the transmitted optical signal is defined

by Equation (1-11).
Q. = i—-W (1-11)

o1+ 09

In order to take into account the timing jitter of the transmitted optical signal, the
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Figure 1.15: Illustration of amplitude fluctuation on electrical eye diagrams and detected
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quality factor in time @ is defined similarly to @, as shown in Equation (1-12).

Q=1L (1-12)
or +or

with T and T, are average time positions corresponding to the trailing edge and the leading

edge of the pulses at the decision threshold voltage. The variances of these positions are

U% and 0'%. Figure (1.16) gives an illustration of electrical eye diagrams of an optical signal

exhibiting timing jitter and the corresponding histogram. The quality factors are sometimes

expressed in dB by using Equation (1-13).
(Qa,t)gp = 201ogo (Qa,t) (1-13)

1.1.6.4 Bit Error Rate

Bit-Error-Rate (BER) is the ultimate criterion used to quantify the quality of an optical
transmission and is related to the error probability Pg. The error probability is defined
as the probability of incorrect identification of a bit by the decision circuit of the receiver.
In laboratory, error detectors are used to measure the BER at the receiver. The BER
measured by error detectors are calculated by dividing the number of errors to the total
number of transmitted bits. For example, a BER of 5.1073 corresponds to on average 5
errors per one thousand bits.

Bit detection is performed by the decision circuit of the receiver. At each decision instant
(determined by the clock recovery), the decision circuit compares the detected voltage V'
to a threshold Vg. If V' > Vg, the transmitted bit is considered as being ‘1’ and if V < Vg,
the transmitted bit is considered as being ‘0’.
transmitted bit is ‘1’, and V' > Vg while the transmitted bit is ‘0’, and is due to noise. The
error probability (Pg) is defined by Equation (1-14).

An error occurs when V < Vg while the

Pp=p1)P(0[1)+p(0) P(1]0) (1-14)
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Figure 1.16: Illustration of timing jitter on electrical eye diagrams and corresponding his-
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where p (1) and p(0) are the probabilities of ‘1’ and ‘0’ in the transmitted data stream,
respectively, P (0]1) is the probability of deciding ‘0’ when ‘1’ has been sent, and P (1]0) is
the probability of deciding ‘1’ when ‘0’ has been sent. A common approximation describes
noise in optical transmission as Gaussian, then P (0|1) and P (1]0) can be calculated by
Gaussian statistics. Moreover, ‘0’ and ‘1’ symbols seem to occur in the real messages
with the same probability, then p(1) = p(0) = 1/2. Finally, the error probability can be
expressed by Equation (1-15).

Py (Vs) = i [erfc (2;};) +erfe <V§O—¢;/o>] (1-15)

erfc is the complementary error function which is defined by Equation (1-16).

+oo
erfe(x) = ;7? ! exp (fy2) dy (1-16)

Pg is minimal if

V. = (V101 +VE)00> (1-17)
o1+ 09

and in that case, its value is given by Equation (1-18).

Po= e (=0 -

It is interesting to note that in case of Gaussian distribution assumptions, the BER,

which is representative for Pg, and the amplitude quality factor are related by Equation (1-

v ot ere ()] -
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Figure 1.17: Examples of BER vs input receiver power curves

In actual telecommunication systems, a BER of 107'2, which corresponds in average to
one error per thousand billion of transmitted bits, is commonly required by network opera-
tors. However, the implementation of the recently reported Forward Error Correction Codes
(FEC) [24] allows a 10 dB gain for the required Q,(to achieve BER=10713) to be obtained.
In laboratory, a transmission (without FEC) exhibiting BER=107 is considered as reliable.

The performance of a receiver is characterised by the measured BER as a function of the
average optical power arriving on the receiver. The obtained curve is sometimes referred
as the ‘receiver semsitivity curve’. The required optical power to obtain BER=10"? is
defined as the receiver sensitivity. It is also possible to evaluate the sensitivity degradation
resulting from signal propagation inside a fibre link. The studied fibre link could include
optical fibres, optical amplifiers and regenerators. The procedure is described as follows.
Firstly, BER is plotted versus the input receiver power in the back-to-back configuration, i.e
the transmitter and receiver are connected directly, without the fibre link under study. The
obtained curve is commonly called the reference curve. Then, the fibre link under study is
inserted and BER is plotted again versus the input receiver power. The additional power
required in front of the receiver to obtain BER=10"? is called the penalty and it is usually
used to quantify the signal degradations induced by the studied transmission. Figure (1.17)
shows examples of receiver sensitivity curves of a back-to-back transmission (circles) and of
two other cases (triangles and squares).

The inserted transmission links lead to different penalties on the receiver sensitivity. The
induced penalties at BER=10"? of the transmissions n°1 and n°2 are respectively about
3 dB and 8 dB. This difference indicates that the transmission n°2 degrades the optical
signal quality stronger than the other one. In other words, the performance of transmission

n°1 is better. Moreover, it could be observed that the signal degradations induced by the



28 Chapter 1. Optical fibre communication systems and all-optical regeneration

transmission n°2 are so important that the BER of 107!° would be unreachable because an

error floor appears at a BER superior to 10710,
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1.2 Signal regeneration and all-optical techniques

1.2.1 Signal regeneration

As described in Paragraph 1.1.5, the signal propagating in a fibre undergoes several impair-
ments. These degradations can be classified into three categories: attenuation of average
power signal, amplitude noise and timing jitter. A bad quality will be associated to a high
bit error rate. Thus, signal impairments have to be reduced or compensated to avoid errors
at the receiver. A solution to limit the signal impairments and increase the possible trans-
mission distance is the introduction of in-line regenerators. They are inserted periodically
into the fibre link to compensate for degradations induced during the signal propagation.
Three levels (1R, 2R and 3R) of signal regeneration are illustrated in Figure (1.18). The
1R regeneration (Reamplifying) compensates for attenuation of the signal average power.
The 2R regeneration (Reamplifying and Reshaping) compensates for the attenuation of the
signal average power and reduces the amplitude noise. The 3R regeneration (Reamplify-
ing, Reshaping and Retiming) compensates for the attenuation of the signal average power,

reduces the amplitude noise and synchronises all transmitted symbols.

Reamplifying Reshaping Retiming

Figure 1.18: Illustration of three regeneration levels: reamplifying, reshaping and retiming
of an RZ format signal

These regeneration processes are especially implemented in point-to-point links of the
long haul transmission systems. The wide use of optoelectronic repeaters illustrates clearly
the maturity of the solution and its advantages for 10 Gbit/s operation. The main principle
of optoelectronic regeneration is to treat the degraded signal completely in electronic domain
as described in Paragraph 1.1.1. The existing WDM transmission systems do not use any in-
line optical regenerator: they use amplifiers, and optoelectronic regeneration is carried out
at the ends of the link. However, such a design is probably not adequate for future optical
networks at 40 Gbit/s and beyond because the reach of the transmission systems decreases
rapidly when the bit rate increases. Insertion of all-optical regenerators inside fibre links
will enhance the transmission distance. An all-optical solution will be attractive if the
following conditions are satisfied: low-cost, low power-consumption, small size, high speed
operation, polarisation independent and WDM compatible. In the rest of this paragraph,

the basic principles of optical 1R, 2R and 3R regeneration are presented.
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Figure 1.19: Principle of 1R regeneration

1.2.1.1 1R regeneration

1R regeneration, for ‘Reamplifying’, consists in amplifying the transmitted optical signal to
compensate for fibre losses. Figure (1.19) depicts principle of the 1R regeneration. Optical
1R regeneration uses optical amplifiers. In this context, the amplifier must exhibit a high
gain, a high linearity, a wide spectral bandwidth and a low noise figure. Despite its high
gain and potential integrability [25], semiconductor optical amplifiers (SOAs) are not used
as in-line amplifiers because of their high gain non-linearity and high gain-phase coupling.
The most used optical amplifier used for 1R regeneration is the EDFA. In general, EDFAs
provide typical optical gain of 18 dB, large spectral bandwidth (from 1530 nm to 1565 nm),
polarisation independent and long response time (>1 ms). This last characteristic allows
linear amplification (at actual and higher bit rates) to be achieved.

The other type of optical amplifiers, Raman amplifiers, is currently used for 1R regen-
eration. They exhibit high gain, low noise [26] and therefore appear very suitable for in-line
amplification. Furthermore, their amplification bandwidth in the optical telecommunica-

tion window is as large as 104 nm.

The 1R regeneration allows signal attenuation to be compensated, and thus transmission
distance to be increased. However, the amplitude fluctuations and timing jitter remain and
cause detection errors. Furthermore, the ASE noise of optical amplifiers is unavoidable.
In general, the ASE of in-line amplifiers is far from negligible. Consequently, the signal
OSNR is degraded after each amplifier. In the transmission links where optical amplifiers
are cascaded, the ASE noise accumulates and increases significantly the amplitude noise as
well as the timing jitter. These signal degradations could be reduced thanks to 2R or 3R

regeneration.

1.2.1.2 2R regeneration

2R regeneration, for ‘Reshaping Reamplifying’, compensates for fibre losses, reduces the
amplitude noise and increases extinction ratio. An optical 2R regenerator is usually con-
stituted of an optical amplifier and a non-linear optical gate. The non-linear gate performs

the reshaping task (amplitude noise reducing and extinction ratio increasing) of the 2R
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regenerator. If the characteristic function is defined as the relation between the output
power and the input power, then the best non-linear gate exhibits a step-like characteristic
with two non-linearities as shown in Figure (1.20). The two nearly flattened floors of the
characteristic curve allow the amplitude fluctuations of ‘0" and ‘1’ symbol levels (sometimes
referred as ‘space’ and ‘mark’ levels) to be compressed. Moreover, if the distance between

the two floors is large enough, a signal extinction ratio improvement is also performed.

out

Output signal

Input signal

Figure 1.20: Reshaping principle with step-like characteristic function

The two typical configurations of 2R regenerators are self-modulation and cross-modulation

regimes. The generic scheme of a 2R regenerator in self-modulation regime is displayed in
Figure (1.21). The degraded signal, after being reamplified, is injected into the non-linear
gate and transformed through its transfer function. At the gate output, the regenerated sig-
nal is achieved. In this case, the regenerated signal exhibits usually an improved extinction
ratio.

The generic scheme of a 2R regenerator in cross-modulation regime is displayed in
Figure (1.22). On one hand, the degraded signal is always injected into the non-linear gate,

after having been amplified, to drive the non-linear transfer function. On the other hand, a

Degraded signal Regenerated signal

A P+

Non-linear gate

Figure 1.21: Generic scheme of 2R regenerator in self-modulation regime



32 Chapter 1. Optical fibre communication systems and all-optical regeneration

Degraded signal

Regenerated signal
Ampli

A

— {7

Probe

v

Non-linear gate

Figure 1.22: Generic scheme of 2R regenerator in cross-modulation regime

continuous light at another wavelength, called the probe signal, is simultaneously launched
into the gate. This signal is non-linearly modulated inside the gate and the regenerated
signal is achieved at the output. A wavelength conversion is hence performed during the
reshaping process. By passing through the regenerator, the transmitted data is transferred
from an initial carrier, at the degraded signal wavelength, to another carrier, at the probe
signal wavelength. In some cases, the wavelength conversion could be useful for network
routing. In another case as in point-to-point links, it could be a drawback, because a second
regenerator is required to reconvert to the initial wavelength.

Among various criteria for 2R regenerators, the response time of the non-linear gate is a
key requirement. The gate must be able to follow the instantaneous signal power variations,
which requires a gate recovery time usually much shorter than the bit duration. Finally,
the 2R regeneration is efficient to reamplify the attenuated signal and reduce the amplitude
noise. Nevertheless, the signal timing jitter is not considered yet. To overcome the timing

jitter problem, a complete regeneration is necessary, 3R regeneration.

1.2.1.3 3R regeneration

The generic scheme of 3R regeneration, for ‘Retiming Reshaping Reamplifying’, is shown
in Figure (1.23). Besides the optical amplifier and non-linear gate used for reamplifying
and reshaping tasks, a 3R regenerator requires in addition a clock recovery for signal resyn-
chronisation. A fraction of the transmitted signal is extracted for the clock recovery device.
The clock recovery generates an optical (or electrical) clock which is synchronised with the
arriving signal. The extracted clock contributes to the non-linear gate control and allows
the timing jitter suppression to be performed. Details on clock recovery device operation as

well as different clock recovery techniques are discussed in Part 2 of the current manuscript.

Regenerators do not allow the bit error rate to be reduced because they do not correct
errors. The regenerators compensate for the signal power losses and reduce the fluctuations
in amplitude and in time. By that way, they limit the accumulation of signal degrada-

tions occurring during the propagation and increase the optical reach in comparison with
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Figure 1.23: Generic scheme of 3R regeneration

a transmission without any regeneration. In general, regenerators are inserted periodically

in a transmission link and thus, signal degradations are mitigated regularly.

1.2.2 Techniques for all-optical 2R regeneration

The current thesis focuses on two sub-functions for 2R and 3R regenerations: non-linear
optical gate and clock recovery. Chapter 5 and Chapter 6 are entirely devoted to clock
recovery. In this paragraph, a brief review of literature on techniques for all-optical 2R
regeneration is presented. The purpose is to provide some outlines of the most popular
techniques and thus clarify the position of the solution studied in this work. There are
many non-linear media in which non-linear processes could be exploited for 2R regeneration.
Almost 2R regenerators reported in the literature exploit reshaping gates which are based

on optical fibre, semiconductor optical amplifier or microcavity saturable absorber.

1.2.2.1 Fibre based devices

Non-linear Optical Loop Mirror (NOLM) was proposed for the first time in [27] as a
switching device. Later, 2R regenerators using NOLM structure were successfully demon-
strated [28], [29]. The operating principle is based on non-linear phase induced by Self-
Phase-Modulation (SPM) in a fibre in an interferometric Sagnac configuration. In 2R
regenerators, the NOLM is usually used as non-linear gate in self-modulation. A simplified
scheme of a NOLM is shown in Figure (1.24).

The arriving data signal is divided into two counter-propagating waves by the asym-
metric coupler. The polarisation controller PC adjusts the polarization states. The two
counter-propagating waves travel in the loop and recombine in the coupler where inter-
ferences occur. The input signal power is controlled to obtain SPM effects in the Highly
Non-Linear (HNL) fibre. The propagation effect is not identical for the two waves because
the phase velocity is intensity dependent and the coupler is asymmetric. Thus, the device
responds to phase shifts between the two counter-propagating waves. Thanks to the ultra-
fast nature ( fs range) of the Kerr effect, the regenerators using NOLM demonstrated high
performance at ultrahigh bit rates. NOLMs were assessed as in-line 2R regenerators and

allowed an error-free transmission of 10 Gbit/s bit streams over 100000 km [28]. 2R regen-
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Figure 1.24: Generic scheme of fibre based NOLM

eration performance at 40 Gbit/s was also demonstrated in loop experiment [29]. The fibre
based NOLM are passive and partly WDM compatible solutions for 2R regeneration. Oth-
erwise, the main drawbacks of the fibre NOLM gates should be their polarisation sensitivity
and the peak power x length product requirements. However, new highly non-linear fibres
which have been intensively investigated could allow to decrease significantly the operating

power.

The Mamyshev regenerator is another popular fibre device. The solution was first
proposed by Mamyshev in [3]. The regenerator operation relies on the SPM effect in a
fibre with a subsequent optical filtering at a wavelength which is shifted with respect to the
input signal carrier wavelength. The method suppresses both the noise in ‘0’ and amplitude

9

fluctuations in ‘1’ of RZ optical data streams. The schematic diagram of the regenerator

(reprinted from [3]) is shown in Figure (1.25).
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Figure 1.25: Schematic diagram of Mamyshev regenerator (reprinted from [3])
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The generic idea of the method can be described as follow. The input signal (at pulsation
wp) power is adjusted such that the SPM effect takes place inside the fibre. The pulse
spectrum are therefore broadened. The optical filter which follows the fibre is shifted (to
pulsation wy) with respect to the input signal carrier. If the spectral broadening of a pulse is
small enough, the pulse is rejected by the filter. This happens when the pulse intensity is too
small which corresponds to noise of ‘0’ symbols. If the pulse intensity is high enough, a part
of the SPM-broadened spectrum passes through the filter. It is important to note that the
intensity of the output pulse could be independent of the input pulse intensity. The major
advantage of Mamyshev regenerators is the ultrafast response of non-linearity similar to
the NOLM. Otherwise, the wavelength conversion (wg to wy) could be undesirable in some
cases. However, wavelength-conversion-free schemes are available by using a bidirectional
configuration [30]. The proposed 2R regenerator allowed an ER improvement as large as
24 dB at 10 Gbit/s. WDM compatibility of a Mamyshev 2R regenerator scheme was also
demonstrated [31]. The regenerator allowed simultaneous 2R regeneration of two 40 Gbit/s
WDM optical streams without XPM- and FWM-induced interference. High performance
operations up to 130 Gbit/s of the same regenerator have been recently obtained and
reported [32].

1.2.2.2 Semiconductor Optical Amplifier based devices

SOA-based optical gates are not as fast as fibre-based ones, but they are much more com-
pact. At high bit rates, exceeding 10 Gbit/s, the use of simple cross gain modulation is
limited by the gain recovery time of the SOA. Consequently, most of the reported work on
SOA optical gates is based on interferometric configurations, using both phase and ampli-

tude self- or cross-modulation effects.

SOA-based Mach-Zehnder interferometers (SOA-MZI) appear as one of the most effi-
cient non-linear gates for both 3R and 2R regenerations. Such a regenerator consists of one
fibre Mach-Zehnder interferometer in which one or two SOAs are inserted in one or both
arms of the interferometer. An SOA-MZI in differential configuration allows the highest
operation bit rates. The scheme of an SOA-MZI in differential configuration is depicted in
Figure (1.26). Two SOAs are inserted in both interferometer arms. The waves propagat-
ing in the two arms are delayed by using an optical delay line. The regenerator operation
can be described as follow. Initially, the interferometer is set for ‘low’ transmission of the
probe signal. Then a pump pulse (extracted from the degraded signal to be regenerated)
is coupled into one SOA which changes the gain and refractive index of the SOA. These
changes unbalance the interferometer and switch it to ‘high’ transmission. The gate is
hence opened. To obtain the gate switch-off, a second pulse (delayed pulse) is fed to the
other SOA with a energy amount necessary to change its gain and refractive index back

to the interferometer ‘low’ transmission conditions. 2R regeneration is obtained by using a
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Figure 1.26: Principle scheme of an SOA Mach-Zehnder Interferometer in differential con-
figuration

continuous light for the probe signal. The amplitude noise reduction is achieved thanks to
the non-linear interferometer transmission response with respect to data power.

The greatest advantages of SOA-MZI gates should be their high non-linearity and inte-
gration capability. Different possibilities using SOA MZI gates allow efficient 2R regenera-
tions for NRZ signal at 10 Gbit/s [33] and RZ signal at 40 Gbit/s [34].

SOAs could be also used in other interferometer types such as NOLM and Delay Inter-
ferometer (DI). In [35], the SOA is inserted into a NOLM to play the role of the non-linear
element. Significant improvement in both pulse waveform and extinction ratio were achieved
for a 10 Gbit/s NRZ format signal. In [36], the wavelength converter using SOA combined

DI was demonstrated to exhibit power equalization and 2R regeneration capability.

2R regeneration solutions which exploit SOA non-linearity but do not require any in-
terferometric configuration are possible. An SOA followed by a filter is a simple scheme for
both 2R and 3R regenerations [37]. The non-linear gate operating principle relies on the
combination of XPM effect in the SOA and the very sharp frequency response of the filter.
The regenerator scheme allowed a 20000 km transmission of a 10 Gbit/s RZ format signal.
Other 2R regenerator scheme based on cross gain compression in SOA was proposed [38].
The regenerative properties of cross gain compression between to logical inverted signals in
an SOA were demonstrated at 40 Gbit/s for both RZ and NRZ format signals [39]. More-
over, the regenerator scheme is wavelength preserving, polarization insensitive and exhibits

on-chip integrable potential.

1.2.2.3 Microcavity Saturable Absorber based devices

Regeneration capability of Microcavity Saturable Absorber (SA) has been largely demon-
strated [40], [11]. The non-linear phenomenon exploited in an SA is the saturation of the
absorption. When the SA is illuminated with an optical signal with low peak power, the
SA absorption is high end the device is considered as opaque to the signal. Above a cer-
tain threshold, the SA transmittance increases rapidly with the signal power and saturates

toward a transparency. Such a non-linear function makes the SA possible to reduced noise



1.2. Signal regeneration and all-optical techniques 37

on the ‘0’ level, resulting in a higher contrast between ‘1’ and ‘0’ levels.

SAs do not suppress amplitude noise on the ‘1’ level, which makes it incomplete for a
regenerator. Various complementary devices have been proposed to be combined with an
SA for a complete 2R regenerator solution. One passive scheme is using optical filtering of
non-linear (soliton) pulses for ‘1’ noise suppression [41]. In the absence of chirp, a pulse
intensity increase or decrease corresponds to a spectral broadening or narrowing. An optical
filter will cause higher loss when intensity increases, and lower loss when intensity decreases.
Thus, the filter plays the role of a power control or power equalisation function. The 2R
regenerator scheme was demonstrated its efficiency at 40 Gbit/s in loop experiment [41].
It allows the transmission distance to be increased from 1300 km (without regenerator) to
7600 km (with regenerator) for a Q-factor of 13 dB. The first advantage of such regenerator
is that it is totally passive. Moreover, the solution is WDM compatible, it demonstrates
efficient 2R regeneration over a 13 nm wavelength range in the 1550 nm window [11].
Another solution is using SOA for ‘1’ level noise suppression. 2R regeneration at 10 Gbit/s
and WDM compatibility of the SOA-SA regenerator has been proven [10]. The regenerator
scheme is fully compatible with photonic integration and hence promises compact, low-cost
WDM 2R regeneration. Recently, novel saturable absorber which treats the high power
levels was proposed [42] and cascaded with the classical saturable absorber to constitute a
complete 2R regenerator scheme [43]. The dual-stage SA gate demonstrates its regenerative
properties at 40 Gbit/s. The two SAs are based on the same technology which promises

compact, low-cost, passive solutions for high speed 2R regeneration.
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1.3 Chapter summary

This first chapter presented the context of the thesis and introduced the basic notions of

optical fibre communication systems.

Our studies rely mainly on the point-to-point link type which is described in the first
section. The functional blocks used to emit and receive the transmitted optical signal as
well as the common modulation formats (RZ and NRZ) are described. Signal degrada-
tions occurring during the propagation are also developed to show the necessity of signal
regeneration, especially for long and ultralong haul transmissions. Fibre losses are the first
factor that leads to signal degradations and limits the transmission distance. When the bit
rate increases impairments caused by chromatic and polarisation mode dispersions become
rapidly critical factors. Non-linear effects and ASE accumulation are other sources of signal
degradations which could not be neglected. Finally, various criteria which are employed to
estimate the performance of a transmission are presented. Signal quality could be evaluated
qualitatively by observing electrical and/or optical eye diagrams. Quantitative criteria such
as the optical signal to noise ratio, quality factor and bit error rate are used to specify the

signal quality and estimate the system performance.

In the second section, regeneration processes (1R, 2R and 3R) and their principles are re-
viewed. It seems likely that all-optical regeneration solutions are more adequate for future
ultrahigh speed transmission systems rather than complex and ‘power hungry’ optoelec-
tronic solutions. A brief review of literature on 2R regeneration techniques is presented.
Fibre-based devices are advantageous for ultrahigh bit rate systems thanks to the ultrafast
response of the Kerr effect. Otherwise, semiconductor based devices could provide entirely

integrable and low cost solutions for 2R regeneration.



Chapter 2

Experimental characterisation of
different SOA structures

2.1 Semiconductor Optical Amplifiers for optical signal pro-

cessing

When monomode fibre imposed as the main information transporter in backbone network,
signal attenuation became the first factor that limited transmission distance. Optical am-
plifiers based on semiconductor or erbium-doped fibre were studied and developed with
the first goal of amplifying optical signal and thus improving the link budget. The Erbium
Doped Fibre Amplifier (EDFA) was invented in 1985 and led to a revolution in optical com-
munication systems in association with Wavelength Division Multiplexing (WDM). Only
in the 90s, optical amplifiers began being introduced in commercial transmission system,
firstly in terrestrial links. Nowadays, EDFA found their place in long haul links inside the
1550 nm window as linear amplifier.

First Semiconductor Optical Amplifiers (SOAs) were studied nearly at the same time
as the invention of semiconductor laser in the sixties. SOAs began attracting particular
interest for functional applications since the late of the eighties when InP/InGaAsP SOAs
designed to operate in the 1300 nm and 1550 nm windows appeared [25] and progress in anti-
reflection coating technology enabled fabrication of true travelling-wave amplifiers [44]. The
main applications of SOAs in current advanced optical communications could be divided
into 2 categories: booster amplification and non-linear signal processing applications.

There is an increasing interest in using SOA for booster amplification, particularly in
Metro and Access Networks. In this type of applications, a medium gain SOA is acceptable
as it is used to compensate for the loss of tens of km of SMF fibre. Broad optical band-
widths (up to 80 nm [45]) of SOA exhibit also advantage as an amplifier in transparent
network. Another type of SOA called Reflective SOA (R-SOA) finds its place in reflective
WDM-PON architectures, where the R-SOA is used as an amplifying modulator within a

‘colourless’ optical network unit.
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For many years, our laboratory has been working on optical functions for backbone
networks, such as all-optical regeneration and wavelength conversion. SOA with its poten-
tial in non-linear applications does not escape from our interest. The reason why EDFA,
not SOA, is chosen for long haul optical communications systems is also the reason why
SOA, not EDFA, is the active element of choice for optical signal processing: combination
of non-linearity and response time. Fibre amplifiers exhibit negligible non-linearities while
SOASs’ non-linearities can be severe. This fact makes that SOAs are much more suitable for
optical signal processing than fibre based amplifiers. The difference of response times be-
tween EDFA and SOA (from several milliseconds down to tens of picoseconds respectively)
is another reason. Amplification of an optical signal consumes carriers. When a modulated
light is injected into an amplifier, its gain is not maintained constant but passes transiently
by saturating state where the gain is depleted. If the amplifier does not provide the same
gain for all the data bits, patterning effects take place and quality of the optical data signal
is significantly degraded. To avoid distortion of the signal, the magnitude of gain satura-
tion must be sufficiently small, or the amplifier must be fast enough such that transient
gain changes do not affect the following bits. In the case of an EDFA, the gain recovery
time is typically in the millisecond region. For data rates of several Gigabit-per-second
regime (typical in point-to-point links of backbone networks), EDFA operates in the regime
of mean power saturation. The recovery time is much longer than the bit period (around
hundreds picoseconds) so that the amplifier effectively averages the power over very long
bit sequences. On the other hand, the order of magnitude of the carrier lifetimes in a SOA
is between some nanoseconds and some tens of picoseconds, which is much shorter than
those of an EDFA and are comparable to bit time slot for data rates of several Gbit/s.

Such dynamics of SOAs promise a potential for bit-by-bit signal processing.

The main goal of this chapter is to present experimental characterisation results of
different SOA structures. These SOAs are designed and fabricated by the Alcatel-Lucent
Thales III-V Lab in the frame work of the project FUTUR in order to perform functions
of optical regeneration and wavelength conversion at 40 Gbit/s and up to 160 Gbit/s.
As far as bulk based SOAs, two chips with a same waveguide length but with different
confinement factors are studied. As far as quantum-dot based SOAs are concerned, two
chips with different waveguide lengths are analysed. A quantum-dash SOA is also studied.
Our experimental studies concentrate on two mains aspects: gain non-linearity and gain
dynamics. All results are given in Sections 2.2 and 2.3. In the following of this section 2.1,
we remind briefly some basic descriptions of an SOA and some essential backgrounds about
gain saturation and SOA dynamics behaviour. These basic descriptions are principally
based on those of [46], [47], [48].
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Figure 2.1: Picture of an SOA (a) and cross-section scheme of a buried heterostructure (b)

2.1.1 SOA basic description

A typical SOA is essentially a semiconductor laser without laser cavity, i.e. SOA facets are
anti-reflection (AR) coated to suppress cavity effect. SOA amplification mechanism relies
on stimulated emission of radiation.

Our studied SOA structures are quaternary III-V travelling-wave semiconductor optical
amplifiers. They consist in double heterojunctions (DH) constituted of an intrinsic semicon-
ductor material for active region inserted in ‘sandwich’ between two doped semiconductor
materials: one n-type and one p-type for cladding regions. Concerning the bulk material
device’s active region, InGaAsP is used as its bandgap corresponds exactly to telecommu-
nication wavelength regions. Moreover, InGaAsP is a direct bandgap material. In such a
material the Valence Band (VB) maximum and the Conduction Band (CB) minimum en-
ergy levels have the same momentum vector. In such situation, the probability of radiative
transitions from the CB to the VB is much greater than in the case of indirect bandgap
material. This leads to a greater device efficiency, i.e. a higher conversion efficiency of in-
jected electrons into photons. The ‘sandwich’ exploited in our SOAs is InP/InGaAsP /InP
as the InGaAsP material is lattice matched with the largely used substrate InP. Most of
SOA structures are ridge waveguide or buried heterostructure type. The SOAs studied in
our work belong to the second type as shown in Figure (2.1) (reprinted from [48]). Active
region has a thickness and a width of typically 0.5 and 1 um respectively and a length varies

from 1 mm up to 6 mm.

The basic amplifier operating principle can be described as follows. The combination
of a ‘sandwich’ InP/InGaAsP /InP creates a lower bandgap in the active region compared
to surrounding layers. By applying a forward bias over the structure, electrons from n-
type material and holes from p-type material are forced to diffuse toward the active layer
where they recombine. The active layer plays the role of a low bandgap potential well
and electrical carriers are trapped and accumulate inside. If the applied currents are large
enough, large concentrations of electrons and holes are obtained and population inversion
can be achieved. Once the population inversion is set-up, injected photons with appropriate

energies passing through the active region can stimulate radiative recombination of the car-
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riers, resulting in amplification of the light. This effect called stimulated emission enables
the structure to act as an optical amplifier. Simultaneously, other photons originate from
spontaneous emission phenomenon are also produced. These photons are not coherent with
the incident signal but are also amplified during propagation in waveguide. This is called

Amplified Spontaneous Emission (ASE) and considered as noise of the optical amplifier.

Waveguide: In a BH structure, light guiding is obtained in a dielectric waveguide. The
InGaAsP material which constitutes the active region has a higher refractive index than the
surrounding InP region which acts as the waveguide cladding. The structure can be there-
fore considered as a dielectric waveguide with a rectangular cross-section. This waveguide
configuration enables the light to remain confined when travelling along the device in the
active region and thus optimises amplification efficiency. If the cross section dimensions of
the waveguide are sufficiently small, it will only support a single fundamental transverse
mode with two possible polarisation states, the transverse electric mode (TE) and the trans-
verse magnetic mode (TM). If the mode is not too much confined, single transverse mode
operation allows to reduce the modal gain dependency and to make easier the coupling from

the device to the optical fibre.

Gain ripple: As mentioned above, the SOA uses the same gain medium (active region)
as a semiconductor laser but without any cavity. Nevertheless, the existence of partially
reflected light will cause cavity resonances. Certain photons at frequencies corresponding to
cavity resonance will be strongly amplified thanks to interference phenomenon while photons
at the other frequencies will be less amplified. This fact results in a gain inhomogeneity
across the whole amplifier optical bandwidth. This phenomenon is so-called gain ripple. It
can be easily observed on SOA ASE spectrum. An example of ASE spectrum with strong
ripple is shown in Figure (2.2).

Travelling wave operation in a SOA requires suppression of all feedback of light or in
other words of all reflections on facets. Main techniques employed to suppress reflections
and hence reduce the gain ripple are: antireflection coatings, tilted waveguide and mode
taper. Recent SOA generations use the combination of these three techniques as depicted

in Figure (2.3) [49]. Consequently excellent reflectivity as low as 1075 can be obtained.

New material for new SOA generations: for the last twenty five years, quantum
materials have been a hot topic for researchers and were the source of advanced technology
investigations. In the last recent years, most of attentions have been paid to quantum-dot
devices with outstanding progresses. Research on QDs based optical devices has been fo-
cused firstly on lasers. Theory predicts distinguished features for semiconductor lasers with
QDs based active region: ultralow threshold current, temperature-insensitive operation,
narrow spectral linewidth, and large modulation bandwidth [50]. Among the numerous

contributors on QD devices technology, our partner from Alcatel-Lucent Thales I1I-V Lab
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Figure 2.2: Amplified spontaneous emission spectrum of an SOA. In the inset, ripple is
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Figure 2.3: Different techniques using for SOA ripple suppression

should be mentioned, from whom we received sophisticated types of semiconductor lasers
and optical amplifiers. Today, the technology of self-assembled semiconductor QDs reaches

a certain maturity and QD lasers exhibit almost predicted characteristics [51].

Density of states and gain characteristics: To have a first understanding about the
strong ‘seduction’ given by quantum materials, we can begin with their energy band struc-
tures of electronic carriers. Semiconductors that present one, two or three dimensions of the
order of nanoscale are called quantum-well (QW), quantum-wire (QWR) and quantum-dot
(QD) structures respectively. A schematic description of the density of states for regular
bulk semiconductor and different quantum structures is displayed in Figure (2.4(a)) [4]. For
a bulk material, the density of states versus energy is continuous with a nearly parabolic
form. In a QW material, the density of states is divided into subbands with sharp steps. In
a QWR material, the density of states attains sharp maxima at each position of different
discrete energy states. At last, in a QD structure, where electron motion is quantified in

all directions, the density of states is high only for the possible discrete energy states and
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Figure 2.4: On the left, densities of states of electron with the increase of the quan-
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can be expressed by delta functions. In practice, the QW and QWR density of states are
not so sharp. They are broadened by intraband carrier relaxation by scattering. For a QD
material, the density of states is also broadened because of the distribution of dot sizes and

interactions with surrounding material.

For simplicity, the following description will be focused only on characteristics of QD
structures and will save any detail about QW and QWR structures features. Corresponding
to these band structure descriptions, calculations derived from density-matrix theory give
gain spectra as shown in Figure (2.4(b)) reprinted from reference [4]. All gain spectra
are calculated at 300 K, at a constant carrier density, N, of 3.10'® ¢cm™2 and with an
intraband relaxation time 75, of 1.107 s. Except for the bulk structure, the thickness of
quantum-confined direction was set at 100A°. QDs structure gain spectra present higher
peak of material gain and narrower gain bandwidth. This fact is assumed as results of
an increase of the quantum confinement from bulk to quantum-dot structure. This figure
also implies that the differential gain is drastically improved in the QD due to important
peak gain and the improvement is more accentuated with a narrow gain bandwidth. The
first consequence of a great differential gain is a low threshold current density. The second
consequence consists in an expected linewidth enhancement factor of nearly zero. For lasers,
that means smaller spectral linewidth of emission. High differential gain can also result in

enhancement of dynamic characteristics.

SOAs with QD gain material promise broadband gain, low noise figure (NF), high
saturation output power and ultrafast gain dynamics [52]. Due to the concentration of

the injected carriers into small QDs, the Fermi level at the maximum of current density,
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which is limited by the thermal effect, is significantly increased. Direct consequence of this
phenomenon is the expansion of gain wavelength range [46], [47]. High saturation output
power and low NF result from a combination of a highly filled carrier reservoir (assigned
to wetting-layer) and a small overlap between the optical field and the QDs [53]. A general
description of ultrafast gain dynamics of QD SOA will be presented later in Section 2.1.3.
QD SOA with record widest bandwidth of 120 nm and high output saturation power higher
than 19 dBm was demonstrated [52], a low NF close to 5 dB was achieved [52], [51]. Ultrafast
dynamics of QD SOA also make effective all-optical signal processing without important
patterning effects possible at ultrahigh bit rates of 40 Gbit/s and 160 Gbit/s [54], [55].

2.1.2 (Gailn saturation

If a large enough forward current is applied to a SOA, a population inversion in active region
can be achieved. The SOA presents a gain for optical signals satisfying the Bernard and
Duraffourg condition (Equation (2-1)), i.e. if the photon energies are larger than the energy
bandgap between the conduction and the valence bands and smaller than the gap between

their Fermi levels, which are representative of how the bands are filled with carriers.
E, < E <AEF (2-1)

E is the photon energy
E, is the bandgap

AFEF is the distance between the Fermi levels of the conduction and valance bands

Amplification of light consumes carriers as it relies on electron-hole recombinations by
stimulated emission. The amplification of an optical signal therefore decreases the density
of carriers. If the optical signal power is large enough such that consequent stimulated
emission consumes more carriers than that could be supplied by injected bias current, then
the presence of optical signal leads to a drop of total carrier density or in other words a de-
crease of overall-optical gain. The phenomenon is called gain saturation. When the injected
light is a modulated signal, i.e. a pulse stream, the gain saturation varies in time and the
phenomenon is rather called gain compression or dynamic gain saturation. This dynamic
gain saturation of an SOA will be discussed in details in Section 2.1.3. In this section, we
consider the gain saturation by an injected continuous optical signal. In this case the SOA
gain is in a steady state, and gain saturation analysis provides primary information about

the non-linearity provided by SOAs.

There are a lot of SOA models with varying complexity [56], [57], [15], [58]. To describe
the gain saturation in a steady state, we use the model presented by [56] which appears as
one of the simplest models while providing a clear understanding about gain saturation.

The model considers an optical signal propagating along a travelling-wave SOA. It

is assumed that the width w and the thickness d of the active region are small enough
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compared to the scattering length to consider the carrier density as nearly uniform along
the transverse dimensions. In practice, our SOA are in order of 1 ym of width and 0.5 pm
of thickness, the assumption is then verified. By averaging over the active region, carrier

density evolution is given by the differential Equation (2-2):

ot qV T hwo

oM I M g(M) AP (22

M is the carrier density

I is the injected current

V is the volume of the active region

Ts is the carrier relaxation time

h is the reduced Planck constant

wy is the signal pulsation in vacuum

A (z,t) is the slowly-varying envelope associated with the optical field
t is the time

z is the spatial variable along the amplifier length

g (M) is the intrinsic gain of the SOA

On the right side of Equation (2-2), the first term represents the carrier density supplied
by external injected current. The second one represents the loss of carrier density due to
interband relaxation and the last one represents the drop of carrier density due to stimulated
emission. In a static regime, the carrier density M is a constant; the left side of Equation (2-

2) cancels. The carrier density value satisfies Equation (2-3):

I M g(M)

— AP =0 2-
qV T hwo 4] (2-3)

The intrinsic gain is a function of carrier density and defined by Equation (2-4):
g (M) =Ta (M — My) (2-4)

I' is the confinement factor
a is the material gain coefficient

My is the carrier density required for transparency

If we define the saturation energy Fgq and the small-signal intrinsic gain go by (2-5)

and (2-6): .
wWoo

Eor = Y (2-5)
I
go = I‘aMO — -1 (2_6)
Iy
with the mode cross section:
wd
o= — (2-7)
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the current at the transparency

V M
Iy =120 (2-8)
Ts
and the power of the optical signal:
P =|A] (2-9)
then, Equation (2-3) can be written as Equation (2-10):
go—9g 9P
_ =0 2-10
Ts Esat ( )

Equation (2-10) can be resolved directly to obtain Equation (2-11) relating the intrinsic

gain g as a function of the signal input power.

g0

g(z) = —% (2-11)
1+ 22
with the saturation power defined as:
E
Py = % (2-12)
Ts

Equation (2-12) demonstrates clearly the phenomenon of gain saturation mentioned
above. A large enough input power will lead to a decrease of the intrinsic gain and con-
sequently of the overall amplifier gain. Ps,; is a parameter characterising the SOA gain
saturation. It represents the input signal power value such that the intrinsic gain drops to
a half of its maximal value, i.e go/2.

In practice, it is not possible to measure the intrinsic gain g. On the contrary, we can
measure the signal power at the SOA input and output to deduce the amplifier gain, i.e
the gain accumulated by the signal along the amplifier length. We remind also that the
considered optical signal is continuous, then if we consider in the reference frame moving
at the group velocity of light, the signal power P will be a function of only z and not be a
function of time t any more. By neglecting internal loss of the amplifier, equation governing

the evolution of the optical power is given by Equation (2-13):

apP
— =gP 2-13
o =9 (2-13)
By integrating Equation (2-13) over the amplifier length, we obtain Equation (2-14):

L

P (L) = P (0)exp /g (2)dz (2-14)
0

Amplifier gain G accumulated by the incident signal by passing through the SOA is
defined by Equation (2-15):

G=——+=exp /g (z)dz (2-15)
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Figure 2.5: Gain as a function of input power of an SOA exhibiting 30-dB and -17 dBm for
amplifier small-signal gain and 3-dB saturation power respectively

If we integrate (2-11), and make use of (2-13), (2-14) and (2-15), we obtain Equation (2-
16):

G = Ggexp [(1 e) gm] (2-16)

where the amplifier small-signal gain is defined by Equation (2-17):
Go = exp(goL) (2-17)

G as a function of input power is then the stationary solution of Equation (2-16). The
saturation of amplifier gain G led by the saturation of intrinsic gain g is less explicit com-
pared to Equation (2-11). This Equation (2-16) allows also to determine a novel parameter
that can be measurable. It is the power value of the input signal such that the amplifier
gain G drops to half of its maximal value, i.e Gy/2 and we will henceforth call it the 3-
dB saturation input power Psgp. Similar to the case of gain, the saturation power Piy is
not directly measurable while the P3;p can be extracted easily by varying the input signal
power and measuring the amplifier gain G. By using Equation (2-16), the relation between
the saturation power P, and Psgp is given by Equation (2-18):
2.1n(2). Py

Go — 2
By a simple analogy with Equation (2-11), Equation (2-19) is another way to express

Psgp = (2-18)

the amplifier gain G dependence on input power:
1+ 52

P3gp

(2-19)

Figure (2.5) depicts three gain curves of an SOA amplifier as a function of input power
obtained by experiment and calculations. Details of static gain measurements will be re-

ported in Paragraph 2.2.3. The experimental results (red points) are first measured. We
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deduce an amplifier small-signal gain Gy of 30 dB and a 3-dB saturation power of -17 dBm
that corresponds to a saturation power Py of 11.65 dBm. The theoretical curves are then
calculated using the implicit Equation (2-16) and the simple Equation (2-19) (blue and
black curves respectively). Shapes of all the curves are similar and show clearly a gain
compression for high input powers. Results of simple calculation and implicit calculation
seem in good agreement with those of experiment for signal input power below Psgp. For
higher powers, simple calculation results obtained by using Equation (2-19) are in better
agreement with experimental data than those of implicit calculation. Then, for any SOA,
by measuring its amplifier small-signal gain and 3-dB saturation power, we can extrapolate
the static gain versus the input signal power.

Static gain curves versus the input signal power illustrate clearly the SOA non-linear
response which is widely exploited in all signal processing configurations based on SOAs,
i.e. the input signal dependence of the SOA gain when the input power level becomes high

compared to the saturation power.

2.1.3 SOA dynamics

In most applications, especially in all-optical signal processing, optical data signal injected
into an SOA is not a continuous beam. As discussed in the first chapter, for digital commu-
nications systems, information is coded by means of binary symbols ‘1’ and ‘0’. Physically,
the information is transposed into intensity or phase modulation of a pulse stream. On the
component side, an SOA is mainly used as the key non-linear active element of an optical
function, its dynamics reflect the dynamics of the optical function and hence the time re-
sponse of the function is determined essentially by the SOA speed. It is therefore of great
interest to study SOAs’ dynamic behaviour under injection of a pulse sequence.

If the amplifier is operated in the linear regime, the output amplified pulse is a replica
of the input pulse. However, it is not the case in our goal applications, where SOAs are
employed as non-linear devices. Injected pulses have a typical width between a few ps and
100 ps (for the bit rate of 10 Gbit/s and higher). Power is controlled in such a way that
the SOA operates in a saturated regime. This results in a time dependent optical gain of
the SOA.

2.1.3.1 Gain dynamics

For simplicity, the gain dynamics of a classical bulk SOA that undergoes an optical pulse
passage can be described as shown in Figure (2.6) (reproduced from [53]).

Figure (2.6(a)) depicts the energy band state before the pulse passage. When an ultra-
short optical pulse (femtosecond pulse) is injected into an SOA, carriers in excited states
are depleted because of the stimulated emission, which is responsible for amplification of
the input pulse. As the carrier density is reduced, the amplifier gain is reduced. The pulse

passage causes a local deviation from the Fermi-Dirac distribution at the carrier energies
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Figure 2.6: Qualitative illustration of the carrier distribution evolution (electron density p
vs. electron energy E) of an SOA active region after a passage of a short optical pulse

corresponding to the optical transition. The effect is called Spectral Hole Burning (SHB).
Moreover, the pump pulse heats up the carrier distributions due to free carrier absorption
and stimulated emission. This transient heating of electron and hole temperature is called
Carrier Heating (CH). SHB and CH imply that the carrier density is not in a thermal
equilibrium Fermi-Dirac distribution anymore [53]. Instantaneously following the pulse,
the carriers begin reorganize via intraband scattering in a time scale of 50-100 fs to fill the
spectral hole, as shown in Figure (2.6) from (b) to (c). After this first 100 fs, the effect of
carriers cooling down to the lattice temperature is dominant. This temperature relaxation
takes place in a time scale of 0.5-2 ps (in Figure (2.6) from (c) to (d)). After a few ps,
a quasi-equilibrium Fermi-Dirac distribution at the lattice temperature is established and
the amplifier begins recovering its initial state, i.e. its initial optical gain through the total
carrier density recovery. This density progresses on a time scale from 40 ps up to hun-
dreds of ps depending on different SOAs, thanks to carrier replacement by external current
injection. In summary, for SOA with bulk based active region, the mechanisms associ-
ated to gain recovery are current injection, CH and SHB. The first one is usually assigned

as interband relaxations and the two last ones are usually assigned as intraband relaxations.

QD based SOAs are expected to provide promising features, including ultrafast gain dy-
namics. For self-assembled QDs, the dots are immersed in a Wetting Layer (WL). Hence,
an active region based on self-assembled QDs is usually described as two discrete levels of
the dots including a ground state and an excited state; and a upper continuum state of the
wetting layer. This discrete nature of the QD system makes that in a QD SOA, the wetting
layer serves as a carrier reservoir layer while in a regular bulk SOA, the reservoir states and
the optically active states are strongly coupled within the upper energy band. The wetting

layer is populated by the injected current. The carrier relaxation time from the wetting
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Figure 2.7: Qualitative bulk SOA’s gain recovery after saturation by a fs pulse

layer to the QDs is in the range of 0.5-10 ps [59]. The carriers that are injected into the
wetting layer can make a fast transfer to the QD excited state. Therefore, with increasing
current, more carriers are present for transitions in the QDs and this leads to an increasing
saturation power and a faster gain recovery. Possible signal processing at 160 Gbit/s with
negligible pattern effect was predicted thanks to a time response smaller than 10 ps of QD
SOAs [59].

In order to observe the fast gain recovery, sufficiently short pulses must be used. The
temporal characteristics of the ultrafast processes (SHB and CH) can be characterized
through pump-probe measurements using femtosecond optical pulses [60]. After such high
temporal resolution measurements, qualitative gain evolution shape can be described as
shown in Figure (2.7).

All mechanisms with different response times lead to different temporal characteristics
of the SOA gain recovery. The SOA gain recovery can split in three steps: a sharp rising
corresponding to an ultrafast recovery associated to SHB, a smoother recovery with a time
constant of a few ps associated to CH and at last a long slow recovery on a time scale from
40 ps up to 1 ns associated to interband relaxation resulting from carrier injection. Time
characteristics of an SOA involving intraband and interband relaxation processes can be

estimated by comparison with a model.

2.1.3.2 Phase dynamics

The SOA carrier density depletion following a saturated pulse passage results not only in
a gain compression but also in a refractive index change. This last effect leads to a time
dependent phase shift of the signals that travel the SOA. The coupling between gain and
phase is governed by the theory of semiconductor laser linewidth developed by Charles
H. Henry [61]. The phase change is proportional to the gain change via a constant called

the linewidth enhancement factor or Henry factor or « factor. As previously discussed,
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Figure 2.8: SOA dynamics: Gain recovery exhibits an ultrafast component and a slow
component (upper trace) while phase recovery exhibits only a slow component (lower trace)

the gain is recovered through three different mechanisms: SHB, CH and carrier interband
relaxation. Separate measurements of gain and phase recovery have shown different a-
factor values associated to the three processes [62]. The a value has been estimated to
be 0 for the SHB process, 1 for the CH process and 5-8 for the normal carrier band to
band relaxation [63]. The small « factors for fast processes suggest that the phase recovery
is slower than the gain recovery. This last prediction has been demonstrated by some
experiments [64], [62], [65]. Trace examples of gain and of phase recoveries are illustrated
in Figure (2.8) obtained by simulation using the model that will be developed in Chapter
3. The SOA is supposed to be saturated by a 2 ps pulse stream.

The gain recovery trace displays two steps with two different temporal characteristics.
The first step can be characterised by a time constant in order of few ps. This first gain
recovery part is dominated by intraband relaxations (SHB and CH). The SHB effect is
masked by the pulse length which is much longer than the SHB process and can not be
observed because of the long pulse duration compared to the time scale of SHB effect (2 ps
vs. 100 fs). However, as the pulse length is a little bit longer than the CH dynamics, this
last contribution can be seen in the first part of the gain recovery curve. The second step
exhibits a temporal characteristic in order of 100 ps that is the signature of carrier interband
relaxation. On the other side, phase recovery rather seems to be characterised by only one
time constant in the same order of 100 ps. This last observation illustrates the fact that the
coupling between phase and gain changes caused by total carrier density reduction is much
stronger than the coupling phase gain associated to the ultrafast intraband processes. This

phase-gain dynamics difference should be taken into account carefully in signal processing
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configurations that exploit simultaneously cross-gain and cross-phase modulations in SOAs.
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2.2 Static characteristics

2.2.1 Description of the investigated SOAs

As previously mentioned in Section 2.1, all the SOAs studied in this thesis have been
supplied by the Alcatel-Lucent Thales III-V Lab in the framework of the national project
FUTUR. SOAs with different structures and materials are designed and fabricated in order
to perform functions of optical regeneration and wavelength conversion at 40 Gbit/s up to
160 Gbit/s. The main factor that limits SOA based signal processing function performances
for bit rates superior to 10 Gbit/s is the SOA dynamics that is not so fast. It is shown
that the effective carrier lifetime which is related to the SOA time response, can be reduced
by increasing the waveguide confinement factor [66]. Ultrafast gain dynamics are also
expected from new quantum structures [50], [53]. In such vision, we investigated various
SOA structures described in Table (2.1). The SOA structure information is given by our
SOA supplier.

Chip Material Confinement Waveguide Maximal
number length (mm) | bias current (mA)
1 Bulk 20 % 1 300
2 Bulk 80 % 1 400
3 Quantum-dot 6 QDot layers 2 500
4 Quantum-dash | 6 QDash layers 2 300
5 Quantum-dot | 3 QDot layers 5 800

Table 2.1: Characterised SOAs

All SOAs are buried heterostructures except for the sample n°5 which is a ridge waveg-
uide. For standard SOAs based on bulk material, two chips with the same waveguide
length but different confinement factors are studied. The material of active region is In-
GaAsP which is grown on an InP substrate. As far as quantum material based SOAs are
concerned, two quantum-dot SOAs with different waveguide length are analysed, as well
as a quantum-dash (elongated dot) SOA [51]. Supplied SOAs are chips on submount. The
last three SOAs are constituted of InAs/InP QD material allowing operation in the telecom
wavelength window [1.4 pm-1.6 um] [51]. For all characterisations, unless mentioned, SOAs
are controlled at typical room temperature, i.e. 25°C.

In almost characterisation experiments, laser signal that is injected into SOAs is guided
by an optical fibre and signal emitted by SOAs has to be transported also by an optical
fibre to the analysis instrument. Coupling between SOA chips and fibres is realised by two

injection benches using micro-lensed fibres and lenses for coupling.

Micro-lensed fibre coupling bed
Micro-lensed fibre coupling bed is shown in Figure (2.9). It consists mainly of a chip

support including temperature control and translation in y and z directions, a bias current
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Figure 2.9: Micro-lensed fibres coupling bed

supplier and two micro-lensed fibre supports mounted on 3-axis stages allowing an accurate

chip waveguide - fibres alignment.

The optical mode diameter of an SOA can be very different from one to other. In general,
it is comprised in the range from 2 um up to tens of micrometers depending on the tapers
implemented at active region waveguides ends. We use micro-lensed fibres whose mode
diameter can be adapted to the SOA mode to minimise the fibre-chip coupling loss. These
micro-lensed fibres are fabricated in the CCLO platform of our laboratory and can provide
a wide mode diameter range of [2 pm-140 pm] [67], [68]. Moreover, these micro-lensed
fibres are anti-reflection coated to avoid any feedback reflection that can disturb the SOA
operation and even damage the AR coatings of the SOA if intense optical signals present.
For each SOA chip, the mode diameter is measured via near-field and far-field measure-
ments and mode-adapted micro-lensed fibres for injection are manufactured consequently.
Depending on mode diameter, one side loss of a micro-lensed fibre chip coupling can be
lower than 2 dB. All of tested SOAs have a mode diameter in the range of [2 ym-8 pm]. It
is not difficult to obtain a typical loss of [2 dB-3 dB|.

This micro-lensed fibre coupling bed is convenient for all preliminary characterisations
such as P(I) curve, amplified spontaneous emission spectrum, static and dynamic gain
measurements, etc... However, this injection system is cumbersome and not transportable

because of the 3-axis stages size and micro-lensed fibre fragility.

SOA module using lenses

Once, the tested SOA is shown compatible in terms of operating wavelength, ripple
and gain, it is in a module consisting of a lenses coupling bed for more mobility. The
SOA module bench is depicted in Figure (2.10). It consists of a chip support including the

temperature control system and 6 lenses (3 lenses for each side) for light coupling between
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Figure 2.10: SOA module without lenses (a) and SOA module with lenses for chip-fibre
light coupling (b)

chip and terminal fibres. Chip-fibre light coupling is based on the principle of a 2f or a
4f correlator. The module system is compact and very robust. The manipulation of SOA
module becomes much more comfortable compared to micro-lensed fibre coupling bed. In
general, coupling loss of the module is otherwise higher than that of micro-lensed fibre bed.
One-side loss of [3 dB-4 dB] can be easily achieved; a minimal loss of 1.5 dB can be obtained

in the best cases.

2.2.2 Amplified spontaneous emission investigation

P(I) curve

At first, the ASE power of tested SOA is measured as a function of bias current. The
power emitted by each facet of the SOA is collected and measured by an integrating sphere.
An example of P(I) curve of the SOA n°3 (2-mm length QDot SOA) is displayed in Fig-
ure (2.11).

The first observation is the co-propagating and counter-propagating ASE powers have
to be equivalent and it is the case of the SOA n°3. A large difference between the two curves
can indicate that one of the SOA waveguide outputs is damaged or the ARs on the two facets
are not identical. The ASE curves provide also information about the transparency current
and the maximal current that can be supported by the SOA. For SOA n°3, ASE curve
presents a transparency current at around 100 mA. Above 500 mA of bias current, the ASE
power does not increase anymore with the current exhibiting a beginning of ASE saturation
phenomenon. For currents superior to 500 mA, the SOA is more and more strongly heated
and it is observed that this heating disturbs operation of Peltier thermoelectric devices
using for temperature control. This last information about the maximal bias current is

very important as it will be seen in Paragraph 2.3.3. By increasing the current, SOA gain
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Figure 2.11: ASE power as a function of bias current of the SOA n°3

dynamics can be drastically sped up promising operation at ultrahigh bit rates. However,
the current can not be increased without limit. P(I) curves is the simplest way to know the
maximum current supported by the SOA. Transparency and maximum currents for the 5

investigated SOA samples are summarised in Table (2.2).

Chip Description Transparency Maximal
number current (mA) | current (mA)
1 Bulk 20 % 50 300
2 Bulk 80 % 50 500
3 QDot 2 mm length 100 500
4 QDash 2 mm length 50 300
5 QDot 5 mm length 100 800

Table 2.2: Characteristics of the 5 investigated SOA samples raised from the measurements
of ASE power as function of bias current

Almost maximal current values are consistent with those given by the SOA supplier
(Table 2.1), except for the SOA n°2. We observe that up to 500 mA of bias current (com-
pared to 400 mA given by our supplier), the SOA maintains a stable operation without
heating.

ASE spectra

ASE spectra are simply obtained by using an Optical Spectrum Analyser (OSA). All pre-
sented ASE spectra are achieved with an OSA from Anritsu (MS9710B) with a wavelength
range of [600 nm-1750 nm] and a resolution of 0.07 nm. ASE spectra show approximate
images of carrier energy distribution or in other words a good estimation of the gain versus
wavelength. ASE spectrum measurements provide basic information such SOA operating

wavelength range and gain ripple levels.
Figure (2.12(a)) describes ASE spectra of the SOA n°4 (QDash SOA) for different
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Figure 2.12: ASE spectra of the quantum-dash based SOA n°4 (a) for various bias current
and (b) its ripple observed at 300 mA

bias currents. We observe that the bias current growth results in an increase of the ASE
power, a blue shift of the ASE peak and a wider spectrum. These changes result from the
increase of distance between Fermi levels related with the carrier density expanse caused
by electrical pumping. The SOA exhibits a wide range of operating wavelength. At 300
mA of bias current, its ASE spectrum is centred at 1538 nm and the optical bandwith
at half-maximum spreads from 1514 nm up to 1560 nm. This optical bandwidth covers
almost the whole C-band which is the operating wavelength window of practically all the
transmission systems.

The second information directly given by ASE spectrum measurements is ripple level.
In general, ripple increases also with the bias current as the modal gain increases. Fig-
ure (2.12(b)) displays the SOA ripple presents at the spectrum peak for the bias current
of 300 mA. Oscillations show highest amplitude of 0.5 dB and an FSR of 0.17 nm corre-
sponding to a cavity length of 1.9 mm. The cavity length deduced from ripple measurement
corresponds to the active region waveguide length given by the SOA manufacturer. Hence
residual reflections are intrinsic of the SOA and do not due to external fibres used for injec-
tion. Results of ripple measurements of all SOAs at maximum bias current are presented

in Table (2.3).

Chip number Description Ripple (dB)
1 Bulk 20 % < 0.5
2 Bulk 80 % 4
3 QDot 2 mm length 2
4 QDash 2 mm length 0.5
5 QDot 5 mm length 6

Table 2.3: Ripple level of the 5 investigated SOA samples

A ripple of 0.5 dB implies a good AR treatment; it is closed to the actual limit of

reflection suppression techniques. A ripple inferior to 1 dB ensures an optimal operation of
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Figure 2.13: ASE spectra of the quantum-dot based SOA n°3 (a) for various bias current
and (b) output signals for a TE(gray) and a TM(light purple) polarised continuous signal
injected into the SOA

the SOA. SOAs n°1 and n°4 are then quite adequate following this criterion, while SOAs
n°2 and n°3 exhibit higher ripple levels. Nevertheless, these ripples can be still tolerated in
certain configurations. A ripple of 1 dB is difficult to attain especially for high gain SOA.
Influences of cavity resonances can be lightened by using a continuous beam to saturate
partially the SOA. Minimising the ripple impact is only one of benefits of using a saturating
continuous beam. This technique is exploited mainly to reduce the SOA gain recovery time
as we will see in Paragraph 2.3.1 with more details. Finally, large ripple of 6 dB of the SOA
n°5 will be a major obstacle for its applications.

At last, in Figure (2.12(a)), separate peaks corresponding to emissions from the ground
state, second state and wetting layers are not observed as expected for a SOA with a
quantum-dot or quantum-dash based active region. This is also the case of the SOA n°3,
its ASE spectra for different electric pumping levels are shown in Figure (2.13(a)). These
spectra look like rather to bulk based SOAs than deeply confined quantum-dot SOAs [69].
This fact is reflections of a large variation in dots/dashes size and this leads to a dispersion
of excited state energy. Consequently, there is a strong coupling between the active states in
the dots/dashes and the surrounding continuums states of wetting layers (thin layers which
are formed beneath the QDs). On the other side, it is important to note that these ASE
spectra are measured at room temperature (25°C, around 300 K) and it is demonstrated
that at lower temperature (to 100 K), energy states of the dots/dashes can be decoupled
from both those of the wetting layer and each other [70].

Despite quantum confinement characteristics do not appear in the ASE spectra, the
fact that active regions are based on QDot/Qdash materials results in a strong sensitivity
of the SOAs to injected signal polarisation, which can be observed easily by injecting a
linearly polarised continuous wave into the SOAs. Figure (2.13(b)) shows the output signal
spectra emitted by the QD based SOA n°3 for different modes (TE and TM) of the injected
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Figure 2.14: Experimental set-up of static gain measurement in self-saturation scheme

light. Linearly polarised continuous signal is delivered by a laser source. Polarisations TE
or TM of the signal at the SOA input are obtained by placing a polarisation controller
between the laser source and the SOA while the input power is fixed. When the input
signal is TE polarised, the output spectrum (gray) presents a strong peak at the input light
wavelength. And in other case, when the input signal is TM polarised, the output spectrum
(light purple) is completely flat. That means that the SOA exhibits a high gain for TE
polarised input signal and no gain for TM polarised input signal. It is well-known that
Stranski-Krastanow QDs structures generally show TE polarised gain [71], [54]. The flat
shape of QDs and the compressive in-plane strain make that near the bandgap heavy-hole
transition is TE polarised [54]. Then a signal injected into a QD SOA will undergo different
gains and even attenuations according to its polarisation state. The first consequence is an
undesirable strong fluctuation of signal output power. This is one the highest barriers to

be overcome for most QD SOA applications in telecommunications.

2.2.3 Static gain measurements

As mentioned in Paragraph 2.1.2, SOAs’ non-linearity appears clearly on the gain satura-
tion curve which can be obtained simply by injecting a continuous beam into the tested
SOA. By adjusting the signal input power, a decrease of the amplifier gain is observed. We
call this type of experiment the static gain measurement. Such a measurement allows the
parameters characterising the SOA non-linearity to be evaluated: the small-signal gain and
the saturation power. As already mentioned in Chapter 1, an SOA in self-saturation or
in cross saturation regime can act as a non-linear gate in a regenerator or a wavelength
converter. It is therefore necessary to study its non-linear behaviour in the two configu-
rations. We measure then the SOA static gains in two configurations: self-saturation and
cross saturation. The first experiment consists in injecting only one continuous signal into
the SOA. The second one consists in injecting two continuous signals respectively called

‘pump’ and ‘probe’.

Static gain measurement in self-saturation configuration

The experimental set-up of the static gain measurement in self-saturation regime is
depicted in Figure (2.14). A continuous signal is injected into the investigated SOA. The
laser is wavelength tunable. The signal power at the SOA input is varied, the signal power

at the SOA output is measured and the gain is then deduced by subtracting the input
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Figure 2.15: Static gain curve in self-saturation configuration of an SOA (a) and illustration
of gain compression for a pulsed signal (b)

power from the output power thanks to an OSA. OSA utilisation allows ASE noise to be
taken into account especially when the input signal is weak and the ASE noise can not be
neglected. Isolators are used to protect different elements in the experimental scheme. The
first one is for cutting down the emitting ASE that could damage the laser source. The
second one is for cutting down all possible feedbacks that could disturb the SOA operation.
An example of static gain curve in self-saturation configuration of the SOA n°1 is shown in
Figure (2.15(a)).

The curve allows the amplifier small-signal gain of the SOA Gy = 30 dB and the 3-dB
saturation power Psgp = —27 dBm to be measured. By increasing the input signal power,
the static gain curve illustrates two different regimes of the SOA behaviour. When the
input power is much smaller than -27 dBm, the SOA is in a linear amplification regime
called ‘small-signal regime’ characterised by a gain of 30 dB. When the input power reaches
and exceeds Psgp = —27 dBm, the SOA is in the saturation regime and the amplifier gain
drops with the signal power growth. In this regime, the -1 dB/dB slope indicates that the
output signal power is constant despite the input power increase. Behaviour of a power
equaliser is observed. Static gain curve can be also useful to demonstrate the SOA gain
compression caused by a powerful pulse as shown in Figure (2.15(b)). From the most naive
point of view, the peak of the pulse will undergo a smaller gain compared to its pedestals.
It is easy to see that the steeper the slope is, the deeper the compression is. In fact, the
SOA gain compression is much more complicated than what is described here. To have a
complete view of gain compression of an SOA, it is necessary to take into account temporal
characteristics of the pulse stream and the SOA dynamics. This is the main topic of studies
presented in Section 2.3. Similar measurements and analyses are also realised for others
SOAs. Results are briefly summarised in Table (2.4).

The static gain curve of the long QDot SOA (SOA n°5) could not be measured. Its

ripple shown in the ASE study is too strong and did not allow an accurate signal power
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Chip number Description Current (mA) | Gp (dB) | Psyp (dBm)
1 Bulk 20 % 200 30 =27
2 Bulk 80 % 300 30 -25
3 QDot 2 mm length 300 20 -16
4 QDash 2 mm length 200 27.5 -23

Table 2.4: Gain saturation characteristics of the studied SOAs

measurement by OSA especially for small input power. The two bulk based SOAs (SOA
n°l & n°2) show similar small-signal gains and 3 dB saturation powers. The QDot SOA
(SOA n°3) exhibits the smallest amplifier small-signal gain principally because of its very
small confinement compared to others samples. Concerning its high 3-dB saturation power,
it is difficult to know which is the main factor responsible for. The QDash SOA (SOA n°4)
presents intermediate characteristics. However, they look like those of bulk based SOA
rather than those of QDot SOA. We also observe that the static gain curve slopes of the
two bulk based SOAs are the steepest and the QDot SOA shows the smoothest slope. These
observations are in good agreement with respective measured saturation powers because at
strong input signal powers the gain curve slope is inversely proportional to the saturation

power.

In general, the measured static gain curve depends on the bias current. When the elec-
tric pumping increases the small-signal gain increases because there are more carriers. On
the other side, the electric pumping increase leads also to an ASE increase and this last
participates stronger to gain saturation and results in a smaller saturation power. At last,
for a bulk based SOA, the static gain curve in self-saturation does not exhibit significant
changes when the signal wavelength changes for a large wavelength range that is related
to the SOA optical bandwidth. On the other side, for quantum-dot/dash based SOAs, it
is theoretically predicted that the static gain saturation dependence to signal wavelength
is much stronger as their gain spectrum is much more selective. We do not observe this
fact for our quantum based SOAs. This fact is probably consequent of the strong coupling
between the active energy states in the dots/dashes and the surrounding continuums energy

states of wetting layers which is already raised by ASE spectrum measurements.

Static gain measurement in cross saturation configuration

Characterising an SOA operates in a cross saturation regime requires to inject into the
SOA two signals, respectively called ‘pump’ and ‘probe’ signal. If the static gain curve in
self-saturation regime allows information about SOA small-signal gain and SOA saturation
power to be picked up, the static gain curves obtained in cross saturation configuration
provide information about how these parameters change for a probe signal when the SOA
is driven by a pump signal. The experimental set-up for static gain measurement in cross

saturation scheme is displayed in Figure (2.16).



2.2. Static characteristics 63

Isolator 1 Isolator 2

— — OSA

Probe
A 2

Figure 2.16: Experimental set-up of static gain measurement in cross saturation scheme
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Figure 2.17: Static gain curves of SOA n°l in cross saturation versus input pump power
for various input probe power levels -30 dBm (black), -15 dBm (red) and -10 dBm (green)

The measurement is very similar to the case of the self-saturation regime except that a
probe signal at a different wavelength from the pump signal is simultaneously injected into
the SOA. By varying the input pump powers, it is observed that amplifier gain accumulated
by the probe signal is affected. The static gain curves versus the input pump power are
plotted for various input probe power levels. Results for the SOA n°l are presented in
Figure (2.17).

The SOA gain (represented through the probe gain) depicted by these curves exhibits
a similar behaviour as in self-saturation configuration which is described by two operation
regimes: small-signal regime for low input pump powers and saturation regime for high
input pump powers. However, these curves exhibit a change of characteristics (small-signal
gain and 3-dB saturation power) when the input probe level changes. These parameters are
also different from those of the gain curve in self-saturation regime. Because of the presence
of a probe signal that consumes partially carrier population, the SOA global small-signal
gain is reduced and it is clear that the stronger the input probe power is, the smaller the

amplifier gain is. The partial reduction of carrier population leads also to a weaker ASE
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noise and a direct consequent is a higher saturation power. At last, it is interesting to
note that for small input powers such that pump signal can be neglected compared to the
probe signal, gain self-saturation caused by the probe signal can be observed. Amplifier gain

drops from 29 dB to 10 dB when the input probe power increases from -30 dBm to -10 dBm.

All static characterisations must not be skipped. They provide primary and practical
information about an SOA. P(I) measurement allows to determine the maximum bias cur-
rent supported by the SOA. The study of the ASE spectra allows the adequate operating
wavelength range and the gain ripple level to be determined. At last, static gain curves
gives information about the SOA gain non-linearity in different operating situations: self-
saturation and cross saturation. SOA parameters achieved through these characterisations
are primordial to evaluate if the SOA could be used as a non-linear gate in signal processing
applications. The SOA should exhibit a high small-signal gain, small ripple, low satura-
tion power and a steep slope of static gain curve. Furthermore, these characteristics allow
operation of any concrete application scheme based on the tested SOA to be optimised.

Once static characterisations are realised, the SOA dynamics must to be investigated
because they define the limit operating bit rate of an SOA based regenerator or wavelength

converter.
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2.3 Dynamics characterisation

SOAs have been used in several optical transmission experiments with good performance.
In applications such pre-amplification, the amplifier is operated mostly in the linear regime
in which the amplified pulse is a replica of the input pulse. However, in a large number
of other applications such optical logical gates, optical clock recovery and especially in
wavelength converters and regenerators, the amplifier is used as a non-linear optical gate
which implies operating in saturation regime. When the SOA is saturated by a pulsed
signal, its optical gain becomes time dependent, which means also a time dependence of
the refractive index. This may be viewed simply as follows. The gain saturation leads to
a change in carrier density which results in a change in refractive index and then of the
signal phase. These SOA gain and phase dynamics are important for SOA based non-linear

optical gates.

SOA based wavelength conversion and regeneration schemes exploit gain modulation,
cross phase modulation or four wave mixing. When the gain modulation is used, attention
must be paid to the gain recovery time of the SOA. On the other side, in interferometer
configurations which exploit simultaneously gain and phase modulations, both gain and
phase dynamics should be considered. Gain and phase recovery times are key parameters
which determine patterning effects and the bit rate limit at which the SOA could be oper-
ated. SOA gain and phase dynamics can be measured by exploiting pump-probe technique
with two types of experiment. The first one is a degenerate pump-probe experiment us-
ing pulse streams at low repetition rate (below 100 MHz), with heterodyne detection and
femtosecond time resolution [60], [72]. The second one is a usual wavelength conversion
configuration using pulse streams at high repetition rate (up to 40 GHz), with picosecond
time resolution [64]. The dynamics experiment with femtosecond pulses offers a high time
resolution measurement and allows different characteristic time constants of the SOA to be
identified. The second dynamics experiment with picosecond pulses at high repetition rate
is useful to understand how external operating parameters (signal wavelength, pulsewidth,
data rate...) influence the SOA dynamics as the SOA is operated under conditions that are

very similar to those of actual backbone transmissions.

In order to find adequate SOAs that could be used in a wavelength converter or in an
all-optical regenerator for ultrahigh bit rate transmission, we elaborate in our laboratory a
gain dynamics measurement based on wavelength conversion scheme with picosecond time
resolution as presented in Paragraph 2.3.1. Phase dynamics measurement has been not
possible yet but it could be elaborated by using an interferometer. This Section 2.3 is
dedicated to gain dynamics experiment presentation and experimental results obtained for
various SOAs. Impacts of operating conditions such as signals pulsewidth and wavelength,

bias current, waveguide length and output filtering are investigated.
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Figure 2.18: Experimental set-up of gain dynamics measurement

2.3.1 Gain dynamics experiment

Gain dynamics characterisation addresses SOA gain behaviour in response to excitation of
pulsed signals. When a pulse stream with a high enough power is injected into an SOA, its
gain is modulated. To measure the gain dynamic response of an SOA, we use a pump-probe

experiment scheme as depicted in Figure (2.18).

The basic principle of the experiment relies on SOA cross gain modulation. Note that
there are other set-ups which are used in the litterature, where the probe is also a short
pulse (typically 150 fs [60]). this allows to reach a much better time resolution than which
is expected from a high speed Optical Sampling Oscilloscope. However, the experiment set-
up is much more sophisticated than the one we are using, which is quite sufficient for the
interested applications in this work. High power pulsed signal saturates the amplifier gain.
This results in gain depletion and consequently leads to a decrease of the CW probe signal
at the SOA output. The gain dynamics is therefore reflected on the probe transmission
waveforms as a function of time. After reaching a maximal gain compression caused by
pulse presence, the SOA gain recovers due to redistribution of carriers and injected current.
Physical mechanisms of gain recovery have been presented in Paragraph 2.1.3. We remind
that the main phenomena occurring during gain recovery are associated to spectral hole

burning (SHB), carrier heating (CH) and interband relaxation via carrier injection.

The pump signal is a pulse stream at a repetition rate that is small enough to allow the
observation of the complete recovery of gain. In our experiments, a pulse rate at 10 GHz
is used. Pump power and pump wavelength can be changed easily. The wavelength range
of pump signal covers almost the C-band. Typical pulsewidth is about 2 ps and can be
increased by inserting narrow band filters. Probe signal is provided by a CW laser and is
set-up at a different wavelength from the pump signal. Power and wavelength of the probe
signal are also tunable. In most of our measurements, the probe input power is high and
comparable to the average pump signal power. Strong probe signal contributes to SOA
gain saturation and otherwise accelerates the gain recovery. Two polarisation controllers

are used when quantum-dot/dash SOA are under investigation to align signal polarisations
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Figure 2.19: Typical probe waveform measured in pump-probe experiment

to the privileged axis of the QD waveguide. A 3-dB coupler is used to inject simultaneously
pump signal and probe signal into the SOA. A band-pass filter is placed at the SOA output
to reject the amplified pump signal and ASE noise. In general, the filter is a 5-nm flat-
top filter (except special mention) and is centred on the probe wavelength. Output probe
waveform is measured thanks to an Optical Sampling Oscilloscope (OSO) with a timing
resolution of 1 ps (Picosolve, psO 100 Series). Typical probe evolution at the SOA output
is depicted in Figure (2.19).

Such a trace allows to measure the gain recovery time T and the gain compression. We
consider the gain recovery time as the time that gain needs to recover from 10% to 90% of

its steady-state value. The gain compression express in dB is given by Equation (2-20):

AG =10 x logyq (J;ma"> (2-20)

min

The parameters T and AG are related to pump and probe characteristics (wavelength,
power, pulsewidth). T allows the maximum bit rate at which the SOA can operate without
patterning effect to be estimated directly. When the bit duration exceeds T, SOA is fast
enough to provide good performance without patterning effect due to its gain dynamics.
For higher bit rates where the bit duration is smaller than T, patterning effects appear and
degrade SOA based function performance. This measurement provides also information
about T and AG dependence that is very useful when an optimum trade-off between SOA

gain compression and response time has to be found in any cross-modulation scheme.

In general, intrinsic time constants characterising gain dynamics of an SOA are difficult
to estimate. Results of our experiment can be further exploited by fitting with simple
SOA phenomenological model to deduce different time constants associated to intraband
and interband relaxation effects. Once these time constants are evaluated, the SOA can
be modelled in various regenerator/wavelength converter configurations by associating with

other components. This fit procedure allows a realistic SOA behaviour to be modelled.
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Figure 2.20: Gain recovery profiles of the SOA n°2 for various compressions (a) and deduced
recovery time as a function of gain compression (b)

2.3.2 Gain compression-response time trade-off

SOA acts in a wavelength converter or a regenerator as a non-linear element. It is always
preferable to operate the SOA in large gain compression regime to achieve an efficient
operation. However, the greater the gain compression is, the more carriers are consumed
by stimulated emission and consequently the device takes more time to return to its maximal
value of gain. If the gain compression induced by pump signal is too strong, the SOA gain
does not have enough time to recover completely when the next bit arrives; then patterning
effects take place and output processed signal will not have a good performance as expected.
For a first experiment, we studied the SOA gain dynamics for various gain compressions by
changing input pump power, while keeping all other experimental parameters such as SOA

bias current, probe power and signal wavelengths constant.

The SOA is pumped by a 300 mA current at which the ASE peak occurs at 1550 nm.
The pump wavelength is set very close to the gain peak, 1548 nm. The probe wavelength
is 1538 nm and its input power is -5 dBm. As expected, both gain compression and
gain recovery time increase with pump pulse power. Similar SOA dynamic behaviour was
observed despite different pump-probe configurations [73]. Figure (2.20) shows experimental
results obtained for the SOA n°2, gain recovery traces for various gain compression values

(a) and corresponding measured gain recovery times (b).

For any gain compression, both fast and slow processes of gain recovery are observed.
After the compression induced by the pump pulse, the gain shows a fast recovery. This fast
process shows that heated carriers cool down to the lattice temperature. Our resolution that
is limited by the pump pulse duration of 2.2 ps is not high enough to resolve the recovery
associated to faster effects such spectral hole burning. After the fast gain recovery, the gain
recovery by slow interband relaxations is observed. Results demonstrate clearly that the

gain recovery time is longer when the gain compression is greater. At maximal compression
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Figure 2.21: Gain recovery times of all SOAs as functions of gain compression

measured (5 dB), gain recovers from 10% to 90% of its maximal value within 35 ps. It
is a short recovery time in comparison to long-lived lifetimes of interband recombinations
that are in order of hundreds of picoseconds [58], [65]. These ‘fast’ recoveries are possible
thanks to a strong probe signal that accelerates slow interband recombination processes and
thanks to pump pulse duration as short as 2.2 ps. Otherwise, at this gain compression the
SOA gain recovery is not fast enough to be compatible with bit rates exceeding or equal to
40 Gbit/s. At 40 Gbit/s, the bit duration is 25 ps and SOA response of an optical signal
processing function must be shorter than 25 ps to avoid pattern effects and signal quality
degradation. For this SOA, gain recovery times are smaller than 25 ps for gain compressions
inferior to 2.5 dB.

It is clear that if this SOA is used in the same experimental conditions in a signal pro-
cessing function, good performance could be achieved for data rates up to 40 Gbit/s only
with limited gain compression. At 160 Gbit/s, where the bit slot is about 6 ps, patterning
effects are predicted. Nevertheless, these results are well consistent with the state-of-the-art
of simple SOA based wavelength converters [74] or of SOA based regenerators [54], which

do not use assisted technique such as interferometer and shifted filtering.

Similar measurements are also investigated for the other studied SOAs. Operating
conditions are adjusted for each SOA in such a way that all SOA operate in close operation
conditions and hence results can be compared. In each case, pump wavelength is set in the
SOA gain peak range and probe power level is set at about 0 dBm. Gain recovery shapes of
all the investigated SOAs are similar to those depicted in Figure (2.20(a)). Measured gain
recovery times are summarised in Figure (2.21).

The studied SOAs can be divided into two groups according to their recovery time
ranges. The first ones comprises the SOA n°1 which is a bulk material based SOA with

a small-optical confinement of 20%, the SOA n°3 which is a quantum-dot material based
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SOA with a waveguide length of 2 mm and the SOA n°4 which is a quantum-dash material
based SOA with the same length of 2 mm. These SOAs show long recovery times of at least
35 ps even for gain compression as low as 1 dB. They will be not efficient for operation at
the bit rate of 40 Gbit/s and higher. Large patterning effects will degrade signal quality.
The second group comprises the SOA n°2, which is a bulk based SOA with a high optical
confinement of 80% and the SOA n°5, which is a quantum-dot material based SOA with
a ultralong waveguide of 5 mm. These samples exhibit recovery times as low as 25 ps for
gain compressions of about 2.5 dB. This result shows a potential of the two components for
non-linear optical gates operating at 40 Gbit/s. By using techniques such as interferometer
configurations or shifted filtering, operation at 160 Gbit/s can be expected.

As far as bulk based components are concerned, even if the two components are based
on the same material and the waveguides have the same length, they display very different
dynamics. The SOA n°2 appears much faster than the SOA n°1. This dynamics difference
results mainly from the different optical confinement factors (20% for the n°1 and 80% for
the n°2) and can be viewed as follow. In presence of intense photon density, carrier recovery
process is characterised by an effective carrier lifetime 7. that is defined by Equation (2-
21) [66]:

Tle = % + % (2-21)

7 is the intrinsic carrier lifetime and 7’ is due to stimulated emission. The first term 7 is
intrinsic to the SOA material. For the two bulk material based SOAs, this term is the same
because both SOA active regions are constituted of InGaAsP material. The second term
7/ is inversely proportional to the SOA confinement factor. It is evident that the effective
carrier lifetime 7. can be decreased by reducing 7/. On the other side, 7/ reducing can
be achieved by increasing the optical confinement. Finally, the effective carrier lifetime is
smaller if the optical confinement is larger. Then, high confinement SOAs must be preferred

for ultrahigh bit rate functions thanks to faster effective dynamic response.

Concerning quantum material based SOAs, the quantum-dash based SOA displays a
slower gain recovery compared to the two quantum-dot based samples. This result is in
agreement with other experimental works reported in the literature [75], [65]. In our ex-
periment, the 2-mm QDash device (SOA n°4) and the 2-mm QDot device (SOA n°3) were
pumped at the same current density and probe powers were nearly identical. Different gain
recovery speeds reflects therefore the difference of intrinsic dynamics of the two devices. At
3 dB of gain compression, QDot SOA shows a recovery time of 50 ps and this time is raised
to 60 ps for the QDash sample. It is shown that in gain regime, short lifetimes associated
to ultrafast processes such as SHB and CH are similar for QDot and QDash based SOAs.
The SHB and CH physical mechanisms are independent of the degree of quantum confine-
ment. On the contrary, the degree of quantum confinement leads to a significant difference
of long lifetimes of the two SOAs. The dynamics behaviour of QDash SOA is considered
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similar to that of a wire like quantum confinement (1-D). Because capture processes are
faster for higher quantum-confined material, QDot SOAs (0-D) exhibit therefore a shorter
long-lived lifetime [65]. Then the global gain recovery time in a QDot SOA is shorter than
in a QDash SOA. This result indicates that QDot SOA is the most promising for ultrafast
signal processing functions.

At last, comparing the two quantum-dot based SOAs, it is observed that recovery times
drop drastically from about 50 ps for the 2-mm QDot SOA to about 25 ps for the 5-mm
QDot SOA. If the short QDot SOA exhibits too slow response to be used at 40 Gbit/s, the
use of the long QDot SOA appears possible under small gain compression. Dimensions of
the two SOA structures are different, especially the active region length. An explanation of
this difference will be presented later in Paragraph 2.3.5. However, a qualitative explanation
can be given as follows. Amplifier length can affect SOA gain dynamics [76], [77], [78], [79].
In long devices, ASE propagation in an SOA can not be neglected anymore. ASE induces
stimulated emission recombination and hence speed up gain recovery dynamics. By increas-
ing the SOA length, not only the amplifier gain is increased but also the ASE power and

the last can shorten gain recovery [76].

The results show that even if gain recovery of all SOAs exhibits partially ultrafast pro-
cesses, they are not all suitable for signal processing function at 40 Gbit/s and higher. Only
the SOA n°2 and the SOA n°5 show recovery times as short as 25 ps at a gain compres-
sion of 2.5 dB and then are promising for operation at 40 Gbit/s and above. However, by
associating these SOAs with techniques such as shifted filtering or use in an interferometer
configuration, signal processing functions operating at 160 Gbit/s can be expected. Gain
recovery durations can be shortened by decreasing the gain compression but this fact can
limit efficiency of the SOA used as a non-linear element. Depending on specific signal pro-
cessing function, a trade-off between gain compression and response time of the SOA must
be found to obtain the best performance of a regenerator or a wavelength converter. It ap-
pears also that by increasing optical confinement and waveguide length, SOA gain recovery
dynamics can be enhanced. Therefore highly confined and longer SOA are preferable for
signal processing at ultrahigh bit rate. At last, in spite of very small confinement factor
(1%), quantum-dot based SOAs demonstrate gain dynamics as fast as highly confined bulk
based SOA. This ultrafast carrier dynamics of QD SOA is one of the advantages offered by

quantum confined material.

2.3.3 Impact of bias current

Despite the presence of an ultrafast contribution in gain recovery processes under saturation
by pump pulses as short as 2 ps, applications of SOAs in signal processing at 40 Gbit/s and
higher are still limited especially in functions exploiting gain modulation. SOA response

remains ‘too long’ compared to bit slot of 25 ps because of the slow recovery component that
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Figure 2.22: Gain recovery profiles of the highly confined bulk based SOA n°2 (a) and of
the long quantum-dot based SOA n°5 (b), for various bias currents

is characterised generally by a long carrier lifetime in order of hundreds of picoseconds. The
simplest technique to obtain shorter gain recovery times is to maximize the bias current.
Figures (2.12(a)) and (2.13(a)) show that the ASE amount is higher for larger bias currents.
Strong ASE means that there are more possible electron-hole recombinations. Hence, in-
terband relaxations will be faster thanks to stimulated emission. Finally, the global gain
recovery time is reduced. However, the carrier density can not be raised infinitely with bias
current. At the limit of the pumping current density, the carrier density and the modal gain
reach maximal values. Any additional increase of pumping current leads only to heating
of the device. In previous experiments, the SOAs are set at typical operating bias currents

exceeding the transparency currents and under the maximum currents supported by the
SOAs.

In this experiment, we study SOA gain dynamics behaviours by pushing the bias current
to its maximum value while avoiding heating. Gain recovery shapes of the highly confined
bulk based SOA (SOA n°2) and of the long quantum-dot based SOA (SOA n°5) at typical
and maximum bias current are depicted in Figure (2.22). Results demonstrate clearly faster
gain recovery for higher bias current. For both cases, bias current does not seem to affect
the fast gain recovery, or it is possible that changes involving fast processes are masked by
pump pulse duration. However it has been shown that the lifetimes of intraband effects
such as CH and SHB do not depend on the bias current density [65]. This confirms that
fast recovery speed dominated by intraband relaxations is not influenced by current density
increase. On the other side, acceleration of interband relaxation in recovery tail is clearly
observed. As discussed previously, this could be a consequence of a greater carrier density

supplied by a greater electrical current density.

We remind also that the active region widths of the two SOAs are similar while the QD
SOA is five times longer, which means that the current density applied to the bulk SOA
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Figure 2.23: Gain recovery times as function of gain compression of the highly confined
bulk based SOA-SOA n°2 (a) and of the long quantum-dot based SOA-SOA n°5 (b) for

various bias currents

is greater than that of the QD SOA in all cases. However it is shown that recovery time
enhancement is stronger with the QD SOA than with the bulk based SOA. It has been
demonstrated that increasing the carrier density (by increasing the current density) is more
efficient with a QD SOA than with a bulk material based SOA. The much longer waveguide
of the QD sample also certainly contributes to the stronger enhancement of gain recovery
speed due to higher ASE.

Gain compression - response time trade-off of both SOAs for different bias current is
also investigated. The results are displayed in Figure (2.23). Thanks to the enhancement of
SOA responses due to current density increase, the gain compression - response time trade-
off at high bit rates is largely improved. At its maximal bias current of 500 mA, the bulk
SOA exhibits gain recovery times less than 25 ps for all gain compressions less than 5 dB.
Operation of this SOA at 40 Gbit/s without important patterning effects, which is limited
at 2.5 dB of gain compression at 300 mA, can be achieved up to 5 dB of gain compression
at 500 mA. Similar results are also reported in [79] where recovery time constant decreases
from 30 ps to 20 ps when the injection current increases from 300 mA to 400 mA. Reduction
of gain recovery times of the QD SOA is much more pronounced. The average recovery time
decreases drastically from 30 ps to 10 ps when the bias current changes from 300 mA to 800
mA. At maximum bias current, the QD SOA can offer excellent response time for operation
at 40 Gbit/s without any patterning effects. The QD SOA gain response is not far from
the bit slot 6 ps of the data rate 160 Gbit/s. By using assisting techniques, solutions for
signal processing at 160 Gbit/s should be possible.

By increasing the bias current density, gain recovery times are demonstrated to be short-
ened significantly. The bulk SOA promises operation at 40 Gbit/s for gain compressions
as large as 5 dB. The QD SOA can not only offer excellent dynamics for regenerators and
wavelength converters at 40 Gbit/s but also appears very promising for these applications
at 160 Gbit/s.
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Figure 2.24: Experimental set-up for assessment of SOA dynamics enhancement by shifted
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2.3.4 Recovery acceleration by shifted filtering in wavelength conversion

It has been shown that a SOA can be used at 320 Gbit/s as a wavelength converter [80].
Despite the SOA response due to electron-hole interband relaxations is much longer than
the bit duration of about 3 ps at this data rate, an error-free wavelength conversion is
possible thanks to shifted filtering technique. As mentioned in [81], by adjusting parameters
of the filter that follows the SOA, response of the system can be shorter than the SOA
recovery duration and wavelength conversions with or without polarity preservation can
be obtained. In this paragraph, we bring out the dynamics enhancement of the system
SOA-filter offered by shifted filtering technique that allows signal processing functions for
ultrahigh bit rates beyond 40 Gbit/s to be achieved. We remind the experiment scheme
as shown in Figure (2.24), which has been already presented in Paragraph 2.3.1. In this
experiment, the band-pass filter placed at the SOA output is a tunable filter with a tuning

range covering the whole C-band.

2.3.4.1 Physical mechanisms

Pump signal and CW probe signal are simultaneously injected into the SOA. Inside the SOA,
the probe suffers cross gain modulation (XGM) as well as cross phase modulation (XPM).
The pump pulse stream consumes carriers and therefore modulates the carrier density.
Carrier density modulation leads not only to a gain modulation but also to a refractive index
modulation resulting in a phase modulation. Gain changes and phase changes induced by an
optically excited SOA are coupled via the linewidth enhancement factor v [61]. If the factor
« is not 0, a gain modulation is always accompanied by a phase modulation. At the SOA
output, the probe signal is intensity-modulated as shown in Figure (2.2(a)). Besides this
intensity modulation, a phase modulation appears also, resulting in a spectral broadening.
The broadening induced by XPM is observed in Figure 2.25 (b) by comparing the probe
spectra before filtering, with and without the pump signal turned on. The leading edge of

the modulated probe is shifted towards lower frequencies (red-shift), whereas the trailing
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Figure 2.25: Intensity modulation induced by XGM (a) and spectral broadening induced
by XPM (b) on the probe signal at the SOA output in pump-probe experiment
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Figure 2.26: Simulated impact of filter position with respect to the initial probe signal
wavelength on recovery profile

edge is shifted towards higher frequencies (blue-shift). The shifted filtering technique is
based on this active chirp induced on the probe signal. By shifting the filter away from
the probe wavelength, it is possible to transform the phase modulation into an intensity
modulation. Probe modulation at the output of the system SOA+filter is then distributed
by both XGM and XPM in the SOA. It is shown that by moving the central wavelength of
the filter towards short wavelengths with respect to the initial probe wavelength, recovery
of the SOA+filter system can be sped up [82], [83], [81], [84].

To illustrate the influence of filter position on device response, we use the well-known
SOA model presented by [56] to simulate the experiment shown in Figure (2.24). The SOA
model details are presented in Appendix 2. All operation parameters are fixed, only the
filter central wavelength is adjusted and we observe the different system responses reflected

on signal waveform at the output of the filter. Results are displayed in Figure (2.26).
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Figure 2.27: Probe transmittance (dashed line) at the blue-shifted filter output and evolu-
tions of the SOA gain (red line) and of the induced chirp (blue line)

The blue curve exhibits a clear improvement of the gain compression-recovery time
parameter, compared to the classical configuration in which the filter is centred on the initial
probe wavelength (black curve). The gain compression is significantly increased while the
recovery time remains unchanged. On the other side, when the filter is shifted towards long
wavelength (red curve), no enhancement in gain compression is observed while the recovery
becomes even slower. These observations could be slightly different depending on a lot of
other parameters such the probe wavelength, the filter bandwidth, the filter slope, the shift
magnitude, the SOA linewidth enhancement factor, etc... However, general conclusion is
that using a blue-shifted could provide the best gain compression recovery time trate-off of
the SOA+filter system and it is not the case if the filter is red-shifted. This is due to the
fact that the chirp induced by gain modulation in an SOA is not symmetrical. The red-side
chirp is much faster than the blue-side chirp [85]. Figure (2.27) depicts simultaneously the
evolutions of the SOA gain and the induced chirp after a pump pulse having passed through

the SOA. The curves are obtained in the same simulation.

The system recovery acceleration brought by a blue-shifted filtering can be explained as
follows [81]. When the pump pulse appears at ty, the SOA carrier population is depleted
and the gain drops down rapidly, reaching its minimum at ¢;. In the time slot [to-t1], the
probe wavelength slides to longer wavelengths (red chirp) and therefore the probe light is
less transmitted by the filter and this is added to the reduction of probe transmittance due
to SOA gain saturation. As a result, the probe attenuation is increased. At t1, the SOA
gain reaches its minimum and starts recovery, the chirp is 0. From this time, the probe
wavelength slides to shorter wavelengths (blue chirp) leading to an increase of the probe
transmittance. If the filter slope is optimised in such a way that the transmittance enhance-
ment due to blue chirp compensates for the gain saturation, the transmittance at to can

be equal to the one at ty. After ts, the blue chirp and the SOA gain recover slowly on the
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Figure 2.28: Numerical results of SOA+filter system dynamics for a fixed output modulation
ratio of 3 dB for different position of filter. (a-c) SOA gain modulation in three cases and(d-
f) corresponding output probe signal

same timescale and their effects on the probe transmittance cancel each other resulting in
constant probe intensity at the filter output. The system composed by the SOA following
by the blue-shifted band-pass filter effectively recovers much faster than the SOA gain.

In case of a wavelength converter or a regenerator, it is more practical to compare the
device response in different configurations with the same modulation ratio of the output
signal. To do this, input pump power is adjusted in order to obtain the same modulation
ratio on the output probe signal for the three cases of centred filtering, blue-shifted filtering

and red-shifted filtering. Numerical results are shown in Figure (2.28).

In this simulation, the output modulation ratio is fixed at a typical value of 3 dB, the
SOA carrier lifetime parameter is 45 ps and the « factor is 5. Figures (2.28(a-c)) display the
SOA gain modulation and Figures (2.28(d-f)) display the output probe signal, corresponding
to the three filtering configurations. When the filter is blue-shifted the 10% 90% recovery
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time is decreased from 30 ps (Figure (2.28(d))) down to 20 ps (Figure (2.28(e))). On the
other side, when the filter is red-shifted (Figure (2.28(f))), the system recovery time is
maintained very close to 30 ps. At last, it should be noted that the SOA gain compression
needed to obtain 3 dB of modulation ratio at the system output is significantly smaller in
the blue-shifted filtering configuration than the two others cases. That means also that the
input pump power required at the SOA input is lower.

In summary, the theoretical study through simulations predicts that using blue-shifted
filtering can enhance dynamics performance of non-linear optical gates constituted of an
SOA followed by a band-pass filter. When the filter centre is moved towards shorter wave-
lengths with respect to the initial probe wavelength, the gate response is faster and the
required power level of the input control signal (pump signal) can be reduced. Therefore,
the blue-shifted filtering technique allows an SOA to be used as a non-linear optical gate

for signal processing functions at ultrahigh bit rates beyond slow SOA carrier lifetime.

2.3.4.2 Experimental results

The impact of shifted filtering on recovery acceleration is also investigated experimentally
for all SOA samples. The experimental scheme is always the same as shown in Figure (2.24).
The shortest recovery time is obtained with the long QD SOA (SOA n°5). In the experiment,
the output modulation ratio is fixed at a typical value of 3 dB and the SOA current is fixed
at its maximum value of 800 mA. The filter following the QD SOA is a flat-top tunable
filter with a bandwidth of 3.7 nm at half-maximum. In Figures (2.29(a)&(c)), the black
curve is the probe spectrum at the SOA output and in front of the filter; the blue curve
is the filter shape with a blue shift of 2.3 nm with respect to the probe wavelength and
the red curve is the filter shape with a red-shift of 2.3 nm. Experimental probe spectra at
the filter output in cases of blue-shifted filtering and red-shifted filtering are displayed in
Figures (2.29(b)&(d)) respectively.

In our case, the filter is large enough not to induce any change in pulse shape when
it is centered on the probe wavelength. The modulated probe spectrum at the output of
the SOA (black curve) is not symmetrical indicating clearly that red chirp and blue chirp
induced by SOA gain modulation are not equal. By comparing the probe spectra at the fil-
ter input (Figure (2.29(a))) and output (Figure (2.29(b))), it is shown that the blue-shifted
filter plays the role of attenuating the red spectral components and inversely for the red-
shifted filter.

Temporal waveforms of the probe signal at the filter output corresponding to the pre-
vious filter positions are displayed in Figure (2.30). The results demonstrate clearly the
theoretical predictions of simulations. The SOA+filter system recovery is much faster when
the filter is blue-shifted with respect to the initial probe central wavelength. Observations

are coherent with those of Paragraph 2.3.3, at maximum of bias current, the SOA n°5
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Figure 2.29: Experimental probe spectra at the SOA output and in front of the filter (black
curves) and the filter shapes with a blue-shift (blue curve) in (a) and with a red-shift (red
curve) in (c). Probe spectra at the filter output in case of blue-shifted filtering (b) and of

red-shifted filtering (d)
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Figure 2.30: Experimental probe waveforms at the (QDot SOA + filter) output for different
configurations: (a) centred filter, (b) red-shifted filter and (c) blue-shifted filter

exhibits an ultrafast recovery that could be characterised by one time constant while the
other SOAs presents always two distinct time constants. The SOA+filter system response
can therefore be represented by a simple exponential function. By fitting with measured
data, the system lifetimes at 1/e corresponding to the cases of centered filter, red-shifted
filter and blue-shifted filter are respectively 3.5 ps, 6 ps and 1.5 ps respectively. By moving
the filter towards shorter wavelength, the system response is effectively faster. We can
also compare the practical 10%-90% recovery times. It is about 9 ps when the filter is
centered (Figure (2.30(a))) and is decreased down to 3 ps when the filter is blue-shifted
(Figure (2.30(c))). On the other side, when the filter is red-shifted, the recovery time is
about 15 ps (Figure (2.30(b))). For all the three filter positions, the non-linear optical gate
constituted of SOA+filter is suitable for 40 Gbit/s applications. Especially, with a recovery
time as short as 3 ps, the long QD SOA assisted by blue-shifted filtering promises pattern
free operation at 160 Gbit/s where the bit slot is 6.25 ps.

In summary, it is demonstrated experimentally and theoretically by simulations that
shifted filtering influences the dynamics performances of optical non-linear gate based on
SOAs. The effective recovery time of an optical gate based on a QDot SOA followed by a
band-pass filter is reduced drastically from 9 ps to 3 ps when the filter is moved 2.3 nm
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Figure 2.31: Measured gain recovery waveforms at maximum bias current of the 2-mm
QDot SOA (a) and of the 5-mm QDot SOA (b) for various gain compressions

towards shorter wavelengths with respect to the input probe signal. This ultrafast recovery

makes operation at 160 Gbit/s possible.

2.3.5 Impact of the SOA length

Following the experimental results presented in Paragraph 2.3.2, it is shown that the long
QDot SOA (SOA n°5) exhibits a faster gain dynamics compared to the shorter QDot SOA
(SOA n°3). Both SOAs are based on the same quantum-dot material, their carrier lifetimes
intrinsic to material are identical. However, it is found that the active region dimensions
also affect the effective recovery speed [76], [77], [79]. Hence, the SOA length difference is
considered as the main factor that leads to the different recovery speeds of the two samples.
Figure (2.31) displays typical gain recovery shapes for various gain compression of both
QDot SOAs at their maximum bias currents (500 mA and 800 mA for short and long
samples respectively). The corresponding current densities for the 2-mm QDot SOA and
for the 5-mm QDot SOA are respectively 20 kA /cm? and 8 kA /cm?.

We observe that despite the current density is three times greater in the short sample
than in the long sample, the last one presents a much faster gain dynamics. At 3 dB gain
compression, recovery time of the 5-mm SOA is 9 ps compared to 38.5 ps for the 2-mm
SOA. Furthermore, output probe waveforms reflect distinct gain recovery shapes of the two
SOAs. While the short SOA recovery exhibits clearly the presence of fast intraband pro-
cesses followed by slow interband recombinations, the long SOA recovery displays a smooth
recovery in order of a few picoseconds that could be modelled by a simple exponential func-

tion. The slow recovery due to interband relaxations nearly disappears.

These different behaviours can be explained by the ASE amount in the SOAs [76].
In short SOAs, ASE power is not high, especially compared to pump and probe signal
powers, and can be neglected. In that case, SOA dynamics are dominated mainly by

electrical pumping level, pump and probe power levels. In the other case, if the SOA is
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Figure 2.32: Measured gain recovery waveforms at low input probe power level for the 2-mm
length QDot SOA and the 5-mm length QDot SOA

long enough, ASE power can be important enough to contribute to SOA gain saturation
and gain recovery. In this case, ASE must be taken into account when gain recovery is
studied, even with a strong probe. In long SOAs, theoretical calculations, which take into
account the propagations of the pump signal, probe signal and ASE in both forward and
backward directions [76], show that the carrier density and the ASE power are strongly
inhomogeneous along the SOA waveguide. Combination of these facts leads to a speeding
up of gain recovery dynamics. The presence of strong and non uniform ASE in long SOAs is
represented by an overshoot appearing on recovery trace in some configurations [76]. In the
experiment giving results depicted in Figure (2.31), no overshoot is observed even for the
5-mm QDot SOA because it is significantly reduced by the strong probe power of 0 dBm at
the SOA input. By decreasing the probe power level, overshoot on gain recovery trace can
be observed. Figure (2.32) describes the gain recoveries obtained for the two QDot SOAs
with an input probe power of -10 dBm.

A large overshoot is observed on the gain recovery of the 5-mm QDot SOA and not on
the gain recovery of the 2-mm QDot SOA. This fact confirms that ASE power in the long
sample is much higher than in the other sample and implies also that the carrier density
and the ASE power are not uniform along the SOA waveguide. Finally, thanks to effects
of the strongly saturating ASE, the gain recovery dynamics can be enhanced by increasing
the SOA length. Long SOAs appear therefore preferable for signal processing functions at
ultrahigh data rates. On the other side, the ASE contributes also strongly to the noise
added by the device. Hence, when a long SOA is used, a strong probe power should be also

used to limit the overshoot and the ASE contribution to device noise.



2.3. Dynamics characterisation 83

2.3.6 Impact of probe wavelength

The influence of probe wavelength on XGM efficiency in SOA based signal processing func-
tions such as wavelength converters has been largely studied [86], [87]. It is found that
XGM efficiency, in terms of extinction ratio, is higher for shorter probe wavelengths. In
presence of a pump signal, the SOA gain has a sharper drop at shorter wavelengths and the
gain peak shifts to longer wavelengths [88], [86]. Combination of both mechanisms leads
to a smaller extinction ratio at longer wavelengths and a higher extinction ratio at shorter
wavelengths. From this point of view, shorter wavelengths appear preferable for the probe
signal in wavelength converters exploiting XGM. This is completely true if the SOA dy-
namics is fast enough at the operating bit rate. Otherwise, at ultrahigh bit rates, when the
SOA recovery is slow compared to the bit duration and patterning effects begin to degrade
the converted signal quality, the wavelength dependence of the SOA recovery time should

be considered because different probe wavelengths can also lead to different dynamics.

In literature, studies on SOA gain recovery wavelength dependence are investigated
[89], [58], [90], [91], [92], [93] but conclusions seem still very divergent. In [79], it is reported
that no wavelength dependence of the recovery rate on the probe wavelength is observed.
In [91], experimental results show that the fast recovery time is almost the same for all
probe wavelengths while the recovery time of the slow relaxation becomes longer at shorter
wavelength. At last, in [93], it is demonstrated by experiments and simulations that the

slow component of SOA gain recovery is faster at shorter wavelengths.

In our experiment, to assess the wavelength dependence of the gain recovery reflected
on the XGM probe signal, we fixed the pump wavelength at 1536 nm. The gain dynamics
behaviour of the SOA is probed with two different wavelengths of 1530 nm and 1544 nm.
Figure (2.33) depicts the ASE spectrum of the short QDot SOA (SOA n°3) at 200 mA of

bias current and respective spectral positions of pump and of probe signals in both cases.

Figure (2.34) displays the output probe waveforms for the two probe wavelengths at
3 dB of gain compression. Both curves reflect the typical time evolution of SOA gain: fast
depletion, followed by fast and slower recoveries. On the other sides, temporal character-
istics of the two fast and slow recoveries are clearly different. Wavelength dependence of
the SOA gain recovery is observed. The gain recovers faster for a probe wavelength equal
to 1530 nm compared to 1544 nm. Both recovery curves can be fitted well with simple bi-
exponential functions. Extrapolated 1/e lifetimes corresponding to fast and slow processes
are 2 ps and 28 ps (resp. 4.5 ps and 40 ps) at 1530 nm (resp. 1544 nm). As a consequence,
10%-90% recovery time of the SOA gain is reduced significantly from 50 ps to 39 ps when
the probe is shifted to the shorter wavelength.

In our knowledge, similar results have never been reported yet. Both characteristic
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times of the fast and slow recoveries are affected by the probe wavelength shift. Variations
of the fast and the slow recovery versus wavelength have never been observed simultane-
ously [89], [91], [93]. In [89], experimental results of a bulk InGaAsP based SOA showed a
greater recovery rate is obtained when the wavelength is moved from 1543 nm to 1533 nm.
Despite different time scales, we observe also a sharper fast recovery at 1530 nm compared
to 1544 nm. This wavelength dependence of the fast process can be explained as follows.
Contributions of different processes which are characterised by different time constants such
as SHB (hundreds of femtoseconds), CH (1 picosecond) and carrier density relaxation (hun-
dreds of picoseconds) to the global SOA gain dynamics vary also with the wavelength [58].
Theoretical predictions given by numerical simulations based on simplified density matrix
equations show good agreement between theory and experiment [89]. The measurements
were performed by using a degenerated pump-probe set-up with typical pulsewidth of 150 fs.
In another experiment [91] with similar pulse duration in order of 100 fs, but with a two
colour pump-probe technique (i.e pump and probe signals are at different wavelengths) ex-
perimental results disagree with the previous results. The authors observe no change in fast
recovery time for all probe wavelengths and the recovery time of the slower relaxation be-
comes longer for shorter wavelengths. This last observation is opposite to our results. The
authors explain longer recovery time by smaller saturation powers for shorter wavelengths

as shown in [88].

However, in the last experiments, the observation time is limited to only a few picosec-
onds and therefore does not allow the complete gain recovery dynamics to be observed.
Otherwise, in our experiment as well as in [93], the observation time scale is enlarged to
hundreds of picoseconds that allow the complete gain recovery to be assessed. In both
experiments, wavelength dependence tendencies of the slow recovery rate are consistent.
Recovery times of the slow recovery due to the interband relaxations appear shorter for
shorter wavelengths. This behaviour is indeed resulted from the fact that the SOA gain
spectrum is not symmetric with respect to the wavelength. During the band-to-band relax-
ation processes, the gain change at shorter wavelengths is larger than at longer wavelengths.
Consequently, the recovery speed is greater at shorter wavelengths.

At last, a relation between the gain recovery rate dependence on wavelength and the
wavelength dependence of the assessed SOA saturation power and of small-signal gain is
not evident. Static gain measurements of the SOA for signals at different wavelengths are
shown in Figure (2.35(a)). The small-signal gain changes are smaller than 1 dB and the
saturation powers are nearly the same for all signal wavelengths in the range from 1528 nm
to 1545 nm.

Gain recovery time is assessed via pump-probe measurements in XGM configuration for
two different wavelengths. The dynamic gain measurement was not performed exactly at
the probe wavelengths of 1528 nm and 1545 nm but it was performed at the very close

wavelengths of 1530 nm and 1544 nm respectively. Therefore, the static gain curves at
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Figure 2.35: Static gain measurements (a) and recovery time evolutions as functions of gain
compression (b) at different wavelengths

1528 nm (and 1545 nm) could be representative for 1530 nm (and 1544 nm). The gain
dynamics results show greater recovery rates for shorter wavelengths for both fast and slow
gain recoveries. The 10%-90% recovery time exhibits an average reduction of 10 ps when
the probe wavelength is moved from 1544 nm to 1530 nm (Figure (2.35(b))).

The observations differ in the literature [91], [79], [93], which remain divergent and
explanations are not evident yet. However, the divergences could result from the fact that
recovery time is not a monotonous function of probe wavelength and change from an SOA
to another. A numerical study taking into account ASE propagation and including the
length dependence of the carrier density shows that recovery time dependences on probe
wavelength are totally different for two SOA of different lengths [92]. Anyway, it is clearly
demonstrated that SOA dynamics is wavelength dependent. Therefore, in signal processing
functions exploiting XGM, the probe wavelength should be considered as a key parameter

as it influences not only the XGM efficiency but also the device dynamics significantly.

2.3.7 Impact of pulse duration

In all previous SOA dynamics characterisations, pump pulses of 2.5 ps are always used in
order to assess potential of various SOA for applications at 160 Gbit/s as they correspond to
typical pulses in digital communications at 160 Gbit/s. To evaluate the potential of a SOA
for other data rates properly and precisely, appropriate pump pulses should be considered.
As mentioned in the first chapter, at 40 Gbit/s, a signal RZ 33% is largely used, in which
the pulse duration is in order of 8 ps. In this section, we investigate SOA dynamics in
response to exciting pulses of about 8 ps duration to evaluate the SOA performances for
40 Gbit/s applications. We compare also with the SOA dynamics when it is excited by
2.5 ps pulses.

The experimental set-up is always based on our classical pump-probe experiment de-
scribed in Paragraph 2.3.1. The assessed SOA is a bulk based sample which exhibits the
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Figure 2.36: Gain recovery waveforms for various gain compressions and for pump pulse
durations of 2.5 ps (a) and of 7.5 ps (b) (SOA n°6)

same length and the same optical confinement as the highly confined bulk SOA (SOA n°2)
presented in Table 2.1, hereafter the investigated SOA is called SOA n°6. In this experi-
ment, the SOA is controlled at 25°C and biased at 300 mA. Pump and probe wavelengths
are 1552 nm (close to gain peak at this bias current) and 1546 nm respectively. Pump signal
is a pulse stream with a pulse duration of 7.5 ps and the repetition rate is fixed at 10 GHz
in order to be able to observe complete SOA gain recovery between two consecutive pulses.
Gain recovery forms of the SOA n°6 for various gain compressions and for different pump

pulse durations are shown in Figure (2.36).

It is shown that the general gain recovery shapes in the two cases are similar with
a fast recovery due to intraband effects followed by a slower recovery due to interband
relaxations. Besides, durations of the fast recovery component are clearly longer when the
pump pulses of 7.5 ps are used (Figure (2.36(b))) than when the pump pulses of 2.5 ps
are used. This evolution results from the fact that the fast recovery forms are determined
mainly by the pump pulse shape because in the two cases, the pulse durations are longer
than time constants of intraband effects, 100 fs for SHB and 1.5 ps for CH [63]. It is
observed also in both cases that the proportion of the fast recovery is significantly greater
compared to the slow recovery. Differences of slow recovery rates are difficult to observe.
However, significant changes in fast recovery lead to clearly different 10%-90% recovery
times. Gain recovery times are longer for pump pulses of 7.5 ps than for pump pulses of
2.5 ps. Recovery times as a function of gain compression for different pump pulse durations

are depicted in Figure (2.37).

Under shorter pump pulse excitation, the SOA gain recovers within 20 ps for all mea-
sured gain compressions. The recovery times increase an average of 6 ps when the pump
pulsewidth increase from 2.5 ps to 7.5 ps. However, for gain compression up to 4 dB, the
SOA recovery time remains close to 25 ps. Therefore, with gain compressions smaller than
4 dB, this SOA can be used for signal processing applications at 40 Gbit/s for a standard RZ
33% signal RZ without impairments induced by patterning effects. This pulsewidth depen-
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Figure 2.37: Recovery time as functions of gain compression for different pump pulse du-
rations

dence of recovery time is one consequence of the pulsewidth dependence of gain saturation
mechanisms in picosecond pulse regime. Gain saturation characteristics dependence on the
pulsewidth is demonstrated experimentally and investigated theoretically in [94], [95], [96].
SOA gain compression is contributed by a suppression due to carrier density deviation and
another suppression due to CH and SHB. It is found that under excitation by short pulses
in order of few picoseconds and below, gain compression is dominated by intraband pro-
cesses. Measurements [94], [95], [96] and calculations [94] show that 3-dB saturation energy
is smaller for smaller pulsewidth. This implies also that the contribution of gain suppression
due to CH and SHB to the overall gain compression is greater for shorter pulse.

In summary, gain recovery characteristics have been demonstrated experimentally de-
pendent on pulsewidth of pump signal in order of few picoseconds. The gain recovery time
is longer for longer pump pulse duration because contribution of ultrafast phenomena to
overall gain compression is smaller. This result suggests that to evaluate properly an SOA
based optical gate dynamic performance at a given data rate, dynamics characterisation
should be investigated with adequate pulse duration. In our case, the SOA recovery time
increases with an average of 6 ps when the pump pulse durations increases from 2.5 ps to
7.5 ps. For gain compressions lower than 4 dB, the recovery time is still smaller than the
bit slot at 40 Gbit/s. The SOA is then adequate to be used for standard RZ 33% signal
processing at 40 Gbit/s.

2.3.8 Limit of gain recovery acceleration by assist light

It is well known in the literature that by using an assist light, the recovery rates of a satu-
rated SOA could be enhanced significantly [97], [98], [99], [100]. The recovery acceleration
efficiency varies from one configuration to the other. In [99], the 10%-90% recovery time
could be reduced from 140 ps to 40 ps by employing a 100 mW assist light at gain trans-

parency wavelength. The operating principle in that case can be described as follows. When
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Figure 2.38: Gain recovery waveforms for various ratios Ppope/Psqt and for pump pulse
durations of 2.5 ps (a) and of 7.5 ps (b) (SOA n°6). Gain compression was fixed at 3 dB.

no signal is amplified, the gain transparency occurs at the assist light wavelength. When a
signal is amplified and saturates the SOA gain, the gain spectrum drops and shifts towards
longer wavelengths. Consequently, the assist light is now in the absorption region. The
assist light absorption creates new carriers and hence enhances rapidly the gain recovery.
In [97], [100], a three-wavelength scheme is employed and the assist light (holding beam)
is in the gain region. In that case, the assist light also saturates the carrier concentration.
In other words, because of large assist light power, the equilibrium carrier concentration
is modified which results in reduction of recovery time. The recovery time was reduced
from 95 ps to about 70 ps when the assist light power increased from 10 dBm to 0 dBm.
However, in these experiments, the pump signal power was fixed when the assist light power
was adjusted. This indicates that the gain compression changed with the assist light power

changes.

In our experiment, the influence of assist light power on gain recovery is assessed for a
fixed gain compression. To do this, the pump and probe powers are adjusted simultaneously.
The probe signal is adjusted to be strong enough (the average power of the probe signal
is always larger than the pump average power). The results measured on the SOA n°6 for

two different pulse durations are shown in Figure (2.38).

In each case, no change is observed on the gain recovery shapes when the probe power
increases. The gain recovery times corresponding to the pulse duration of 2.5 ps and 7.5 ps
are maintained respectively at about 17.5 ps and 22 ps over the probe power range. The
conclusion could be: for probe power exceeding a certain threshold, the recovery acceleration
effect provided by large probe power is saturated. In our experiment, it seems that the
probe power have exceeded already this threshold. An explicit explanation is not evident.

A numerical investigation will be presented later in Paragraph 3.2.2.



90 Chapter 2. Experimental characterisation of different SOA structures

2.3.9 SOA dynamics assessment by degenerate pump-probe experiment

In the frame work of the European FP6 research project ePIXnet, i have spent three weeks
at DTU Fotonik and could study gain dynamics of the SOA n°3 (QDot SOA 2-mm of
length) in two pump-probe experiments. A degenerate pump-probe set-up with femtosecond
pulses [60] is available at DTU Fotonik. Gain dynamics measurements are performed under
closely similar conditions (SOA bias current and pump wavelength). Slow and fast processes
are observed in both cases. However, it is also shown that gain recovery exhibits different
time constants in the two experiments. Despite the last observation, the extrapolated 10%-
90% gain recovery times are similar.

The first difference between the pump-probe experiment in wavelength conversion scheme
(that will be called henceforth picosecond experiment) and the degenerate pump-probe ex-
periment with heterodyne detection (that will be called hereafter femtosecond experiment)
is the time resolution limited in each case by the pump pulsewidths. In the picosecond
experiment, pump pulses are of 2 ps at minimum that means all gain recovery components
which recover with a characteristic time smaller than 2 ps is masked by the pulse. In the
femtosecond experiment, pump pulses are of 150 fs of duration, gain recovery processes that
are slower than 1 ps can be observed. The second difference is the SOA gain is probed at
the same wavelength as pump signal in the femtosecond experiment and in the picosecond
experiment the probe signal is at another wavelength. The last principal difference between
the two experiments is the probe power level. In the fs experiment, the probe signal is
degenerated from the same laser as the pump signal which means that there is no ‘assist’
light between pulses. Probe signal power is set at very small value such that probe pulses
are linearly amplified and therefore SOA can be considered as saturated by only the pump
signal. Probe transmission is measured for each time delay between pump and probe pulses.
Gain dynamics are then deduced from probe transmission curve. Scenario in the ps exper-
iment is not the same. The CW probe power is comparable to the pump average power.
Following the pump pulse passage, SOA gain recovery can be influenced by the presence
of intense CW probe light (The experimental set-up has been shown in Figure (2.24). The

different characteristics of the two experiments are summarised in Table (2.5).

Wavelength Probe Pump Probe power/pump power
signal pulsewidth
ps experiment | Aprope 7 Apump | continuous 2 ps comparable
fs experiment | Ayrope = Apump pulsed 150 fs negligible

Table 2.5: Characteristics of the ps and fs experiments

Figure (2.39) displays the gain recovery trace obtained with femtosecond experiment
(black) and a triple-exponential fit (red). Fast and slow processes are clearly observed.
From the triple exponential fit, we deduced 3 time constants of 300 fs, 1.5 ps and 80 ps.

The ultrafast recovery component associated to 300 fs time constant is attributed to phonon-
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Figure 2.39: Experimental and triple-exponential fit of gain recovery trace of the SOA n°3.
In inset, the curve is expanded.

mediated carrier relaxation into the dot ground state [101]. A mixture of intradot relaxation
and capture processes (refilling the dot by capture from the wetting layer) is considered to
be responsible for the intermediate component characterised by 1.5 ps time constant. At
last, slow carrier relaxation decays with a long-lived 1/e lifetime of 80 ps. 10%-90% gain

recovery time extrapolated from the fit function equal to 60 ps.

Result of gain dynamics measurement of the same SOA in picosecond experiment is pre-
sented in Figure (2.40(a)). The curve exhibits always separate fast and slow components.
However, in this case the experimental curve (black) fits better with a bi-exponential re-
sponse function rather than with a triple-exponential function. The 1/e time constants
achieved by fit procedure are 2.5 ps and 40 ps. The first time constant is not intrinsic to
the SOA, it is due directly to the pump pulse duration. Intraband effects including level-
hole burning and capture processes decay with time constants smaller than 2.5 ps, they are
therefore masked. Slow component characterised by the time constant 40 ps is related to
interband carrier recombinations. Nevertheless, this time constant is significantly shorter
than ones raised from the previous experiment (80 ps). As the probe power level is high,
the probe signal plays also the role of a holding beam and leads to a significant reduction
of effective carrier lifetime [97]. The measured 10%-90% gain recovery time is 65 ps that
is very close to 60 ps extrapolated from femtosecond experiment. The gain recovery in
femtosecond experiment benefits much more from ultrafast processes compared to the ones
obtained in picosecond experiment. The last phenomenon results in similar effective gain

recovery times despite the large difference between the two long time constants.

In theory, the results of the picosecond experiment can be predicted from the femtosec-
ond experiment results. Figure (2.40(b)) shows a comparison between the experimental
trace obtained from 2.5 ps experiment (black) and the theoretical trace predicted for pump

pulse duration of 2.5 ps by using the triple exponential function (with the three characteris-
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Figure 2.40: Experimental gain recovery trace of the SOA n°3 from the picosecond experi-
ment and a bi-exponential fit (a), or a triple-exponential fit (b)

tic time constants 300 fs, 1.5 ps and 80 ps) obtained from the femtosecond experiment. The
two curves are in good agreement only for the fast recovery component which is masked
by the long pulse duration. The shift of the slow component between the two curves can
be explained by carrier recombination acceleration resulted from the strong probe power in

the picosecond experiment.

Gain dynamics measurement based on degenerate pump-probe experiment with fem-
tosecond pulses allows characteristic time constants associated to different physical pro-
cesses to be identified with high time resolution. Thanks to parameters extrapolated from
this measurement, the gain behaviour of an SOA can be generally modelled and predicted
for various operating conditions. On the other hand, pump-probe experiment with picosec-
ond pulses gives a direct image of gain dynamics under operating conditions that are very
close to those of an SOA-based wavelength converter or regenerator in such picosecond pulse
regime, and different pump and probe wavelengths. In this circumstance, it is possible to
know if the SOA gain dynamics is fast enough for a given bit rate, without any sophisticated
additional calculations. On the practical side, femtosecond experiment, which requires usu-
ally complex and sensitive lenses alignment, is much more difficult to be performed than
picosecond experiment, which is an all-fibre set-up. Somehow the two experiments reveal

coherent facts about SOA gain dynamics.
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Figure 2.41: Experimental phase recovery of the 2-mm length QDot SOA for different bias
currents (measurements of Per Lunnemann and Sara Ek of DTU Fotonik)

2.3.10 Phase dynamics

All-optical signal processing devices based on interferometer configurations rely not only
on XGM but also on XPM in SOAs. Using such a device requires therefore information
about both SOA gain and phase dynamics. A gain modulation is always accompanied
by a refractive index modulation because both depend on the carrier density. And the
refractive index modulation results in time dependent phase shift on the signals travelling
through the SOA. Phase dynamics measurements were also performed in the same frame
work of cooperation with DTU Fotonik. Thanks to degenerate pump-probe set-up with
heterodyne detection, phase changes due to refractive index modulation in the SOA could
be measured. The SOA under investigation is always the 2-mm length QDot SOA (SOA
n°3). Experimental results are presented in Figure (2.41). Measurements are performed by
Per Lunnemann and Sara Ek, PhD students at DTU Fotonik.

The optical signal wavelength is 1550 nm, pump pulse energy is estimated about 1 pJ at
the SOA input. Phase dynamics is measured at two bias currents of 40 mA and of 150 mA.
At 40 mA, close to the transparency current for 1550 nm, no significant phase change is
observed because the pump pulse is simply transmitted and there is nearly no carrier density
modulation due to optical pulse presence. At 150 mA, well above the SOA threshold current,
phase shifts induced by optical pulse presence are observed. The phase recovery curve is
consistent with other experimental results reported in the literature [102], [103], [72]. An
instantaneous negative phase shift is observed first which is assigned to the instantaneous
Two Photon Absorption (TPA) effect and the Level Hole Burning in the dots. This is
followed by a large positive phase shift distributed by both CH and carrier depletion. At
last, the phase shift recovers slowly. The gain, as presented previously in Paragraph 2.3.9,
recovers by two distinguished steps characterised by two different time constants. On the

contrary, the phase dynamics exhibits a monotonous recovery which can be characterised by
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only one time constant. The phase recovery trace is measured within only few picoseconds,
it is difficult to extrapolate precisely this decade time constant. However, a time constant
in order of 40-100 ps seems reasonable. This long lifetime suggests that phase change is
dominated by the slow processes of long lived carrier relaxations in opposition to the gain
compression which is dominated rather by fast intradot processes.

These distinguished behaviours of gain and phase dynamics induced by carrier modu-
lation originate from different linewidth enhancement factors (Henry factor) associated to
slow and fast processes. Phase changes could be deduced from gain compression via the
proportional factors alpha [61]. Despite the large distribution of gain suppression due to
fast processes to the over all gain compression, the alpha factor associated to these fast
processes CH and SHB is much smaller than the one associated to the carrier depletion
and consequently the total phase shift is attributed mostly to the last one. Hence, phase
changes recover with the slow carrier relaxations and is characterised by the corresponding
long lived time constant.

In summary, it is experimentally demonstrated that SOA gain and phase dynamics
exhibit dissimilar behaviours. Gain dynamics is dominated by intraband processes and
recovers with the corresponding short time constant. On the contrary, phase dynamics is
distributed mostly by the carrier depletion and hence recovers with the corresponding long
time constant. Signal processing schemes exploiting XGM could take profits from this fast
gain dynamics. Design of signal processing devices exploiting XPM has to take into account
carefully the slow recovery of phase. And finally, devices based on differential interferometer
configurations have to consider simultaneously the SOA gain and phase dynamics as in such

schemes both XGM and XPM are involved in the signal processing.
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2.4 Chapter summary

In this chapter, experimental characterisations of all investigated SOAs were presented.
These SOAs are designed for applications in all-optical signal processing functions such as
regeneration and wavelength conversion, at 40 Gbit/s and up to 160 Gbit/s. Some basic
descriptions of SOA were reminded first. Qualitative description of the two main features:

gain saturation and SOA dynamics was also discussed.

The second section was dedicated to present results of static characterisations. First of
all, two coupling beds were presented. Using of micro-lensed fibres allows a flexible and all-
fibred characterisation bed adapted for any SOA chip. With a wide range of optical mode
diameter offered by micro-lensed fibres, one-side loss of fibre-chip coupling is typically only
2 dB. SOA module using lenses offers also a low-loss fibre-chip coupling could be as small as
1.5 dB with high stability and robustness. This module coupling efficiency is much greater
than the commercially available butterfly package. Signal processing applications require
firstly high small-signal gain, small saturation power and no ripple. Static characterisations
provide this primary and fundamental information. Among the investigated SOAs, the bulk
based ones exhibit small-signal chip gains as high as 30 dB with 3-dB saturation powers
as low as 27 dBm, the quantum material based SOAs exhibit small-signal chip gains of at
least 20 dB and 3-dB saturation powers smaller than 16 dBm. Except the ultralong QDot
SOA (5-mm length QDot SOA), others SOAs expose small ripple down to 0.5 dB (tech-
nology limitation). These SOAs fulfil primary conditions for all-optical signal processing

applications.

The third section is devoted entirely to experimental characterisations of SOA dynamics.
Fast response is the key feature of SOA based signal processing functions for operating at
ultrahigh bit rates of 40 Gbit/s and up to 160 Gbit/s. Pump-probe experiment based
on XGM in SOA is elaborated. With pump pulse durations variable and in order of few
picoseconds, this pump-probe set-up allows to assess SOA gain dynamics behaviour under
conditions which is closed to real operating conditions in a regenerator or a wavelength
converter at these data rates. Moreover, the tunability of pump and probe wavelengths
on the whole C-band is also an advantage of the set-up. The first question when the bit
rate increase is the device response speed. It is shown that the effective SOA gain recovery
time depend on gain compression. Despite the presence of the long carrier relaxations
in order of 100 ps, SOA can operate at 40 Gbit/s without significant patterning effects
if the gain compression is small enough. This could be possible thanks to the fact that
under saturation induced by picosecond pulses, the gain compression takes advantages from
ultrafast intraband effects such as CH and SHB and hence recovers a great part with short
characteristic time associated to these effects. It is also demonstrated that by increasing the

bias current, SOA response time could be shortened significantly. The gain recovery time of
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the long QDot SOA is decreased drastically from an average of 30 ps to 10 ps when its bias
current is raised from 300 mA to its maximal value of 800 mA. Although, a gain recovery
time of 10 ps is not small enough for an operation at 160 Gbit/s at which the bit slot is only
about 6 ps. To attain the bit rate of 160 Gbit/s and beyond, shifted filtering appears as the
simplest solution to enhance the dynamics of SOA based non-linear optical gate. Impact
of position of the filter following the SOA was assessed. Results show that a red-shifted
filtering does not allow to enhance the dynamics of the SOA based non-linear optical gate.
On the other side, it is clearly demonstrated that a blue-shifted filtering improves efficiently
the gain compression time response compromise of the gate. By placing a blue-shifted filter
followed the long QDot SOA, a recovery time of 3 ps was obtained for a gain compression
of 3 dB. This ultrafast response of the optical gate promises an operation at 160 Gbit/s
without any patterning effects. Impact of probe wavelength on SOA based optical gate was
also studied. Results show that recovery time could be smaller for shorter probe wavelength.
However, the conclusion about probe wavelength influence is still divergent. This last can
originate from gain spectra that could be very different from one to other SOA. It is shown
also that SOA recovery time is longer for longer pump pulse duration. Because the pulse
duration varies generally with the bit rate, to evaluate properly the performance of the SOA
based non-linear gate performance for a precise data rate, adequate pulse duration should
be considered in dynamics characterisations.

Dynamics characterisation of various SOA structures reveals also influences of waveguide
design on SOA dynamics performance. A highly confined SOA will be preferable because
a greater collection of injected signal into the SOA active region waveguide could result
in a shorter effective recovery time. Especially, by increasing the chip length, SOA gain
dynamics becomes faster thanks to the distribution of strong ASE to gain saturation and
therefore to gain recovery. Finally, quantum-dot material based SOAs affirm their advan-
tages for all-optical signal processing at ultrahigh bit rates. Despite the very small-optical
confinement ( 1%) QDot SOAs exhibit a fast dynamics comparable to highly confined bulk
based SOA. The shortest recovery time of 3 ps is obtained by associating the long QDot
SOA with a blue-shifted filtering which promises a pattern free operation at 160 Gbit/s.

At last, SOA dynamics was performed with high temporal resolution in a degenerate
pump-probe experiment using 150 fs pulses for the 2-mm length QDot SOA. Gain dynam-
ics results reveals coherent physical facts with those obtained in our wavelength conversion
based pump-probe experiment. Attention must be paid on phase dynamics results. Phase
recovery is dominated by slow processes, on the contrary with gain recovery that is domi-
nated rather by fast processes. This fact is imputed to the weak coupling between the gain
compression due to intraband processes and the corresponding induced phase modulation.
Most of SOA based all-optical signal processing devices rely on the XGM and XPM pro-
cesses. Understanding of SOAs’ gain and phase with reliable experimental information is a

key issue to obtain optimal operating performance of SOA based non-linear optical gates.
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Numerical study of SOA dynamics

According to the experimental results of the SOA dynamics measurements presented in
Chapter 2, the gain compression is not only contributed by a component related to interband
processes but also by another component related to intraband processes. Consequently, the
gain recovery exhibits an ultrafast relaxation, characterised by a time constant in order of
few picoseconds, and a slow relaxation, characterised by a time constant in order of 100 ps.
The fast gain recovery reveals the presence of the intraband relaxations such as Carrier
Heating (CH) and Spectral Hole Burning (SHB) and the slow recovery reveals the presence
of carrier interband relaxations. The effect of intraband dynamics becomes more important
when the pulse width becomes smaller. Otherwise, when the pulsewidth is in order of
few picoseconds (corresponding to the data rates such as 40 Gbit/s and 160 Gbit/s), the
intraband dynamics has to be considered in SOA dynamics investigations. On one hand, to
understand the influences of these ultrafast processes on the gain dynamics, it is necessary
to develop an SOA model including the intraband phenomena. Consequently, their impact
on the performance of the SOA non-linear gates could be examined. On the other hand,
the model must be simple enough to be introduced easily in different regenerator schemes
in order to avoid cumbersome system simulations. In this context, the model which was
proposed by [14] concerning the injection laser relaxation and was adapted for the injection
SOA recovery by [15] appears quite adequate. In the first section, the main backgrounds
on the SOA model are presented. The results of the numerical study on the SOA dynamics

are then reported in Section 3.2 and summarised in Section 3.3.

3.1 SOA model

Some hypotheses of SOA intrinsic characteristics have to be considered. The studied SOA
has to be a travelling-wave amplifier and the waveguide dimensions are such that the am-
plifier supports only one guided mode. It is usually the case in practice. The studied SOA
structures have the thickness and the width in order of 1 pm and the length in order from

1 mm to few millimetres. The width and the thickness of these active regions are smaller
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than the scattering length whereas the length is much larger. The last hypothesis allows
the carrier density to be considered as nearly uniform along the transverse dimensions and
the carrier scattering can be neglected. Another assumption which is currently taken into
account to simplify the propagation equation is that the amplifier intrinsic losses: they are
considered negligible compared to the accumulated gain during pulse propagation. An as-
sumption of operating conditions should be also respected. The model is valid for injection
pulse durations exceeding 1 ps. This condition implies that the spectral width of pulses is
sufficiently small compared to the SOA gain bandwidth and therefore the spectral effects
could be neglected. This assumption enables the considerable simplification of density ma-
trix formulation as proposed in [14]. In the gain dynamics experiment presented in Section
2.3, the pump pulse duration is typically 2.5 ps. Then, this SOA model could be used to
simulate the gain dynamics measured in the experiment. For further studies involving SOA
insertion into system simulations, the pulse duration at the considered data rates (40 Gbit/s
and 160 Gbit/s) exceeds always 1 ps and thus this SOA model will still be suitable.
Indeed, the carrier population is divided into two parts, with N7 and No carriers re-
spectively. N7 represents the number of carriers which directly contribute to the SOA gain.
That means their energies are close to the photon energy of the injected optical signal. Ny
corresponds to all the other carriers. Their energies are out of the band involved in the
stimulated emission process. The carriers of these two populations are redistributed by
intraband relaxations. The distribution of the final state is assumed to be the distribution
at the thermal equilibrium. The rate equations associated to the two population evolutions

can be written as Equations (3-1) and (3-2) [15]:
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where:

c =3 x 108m/s is the velocity of light in vacuum,
g = 1.6 x 1071°C is the electron charge,
h = 6.625 x 1073%.J.s is the Planck constant,
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I is the injection current,

A is the signal wavelength,

v is the signal frequency,

A is the half width of the SOA spontaneous emission spectrum,
V' is the active volume,

O is the mode cross section,

~ is the confinement factor,

a is the gain coefficient,

FE is the saturation energy if the amplifier,

T, is the interband life-time,

7. is the intraband life-time,

Ny is the total carrier population,

AN is the deviation from thermal equilibrium due to optical pulses,

P is the optical power.

The propagation of the electromagnetic field inside the SOA is governed by the following
Equation (3-8):
oA 1 04 1
— 4+ — X —==(1+1ia)gA 3-8
3z+vg ot 2( tia)g (3-8)
A (z,t) is the slowly varying envelope associated with the optical pulse. v, is the group
velocity. « is the linewidth enhancement factor.

Equations (3-1), (3-2) and (3-8) can be simplified by applying the transformation:

z
=t— = 3-9
Tt (3-9)

It is also useful to separate the amplitude and the phase of the pulse by writing:

A= VPexp (ip) (3-10)

with P (z,7) is the power and ¢ (z,7) is the phase. Consequently, Equation (3-8) is
equivalent to the following set of two Equations (3-11) and (3-16):

oP
96 1
9. 2 (3-12)

By using Equations (3-1), (3-2) and (3-4), AN and N; can be eliminated to obtain one
rate equation of the only unknown IN;. By taking into account that 7. << 74, the rate

equation that governs the N evolution can be expressed as Equation (3-13):
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If we define the function A (7) which physically represents the accumulated gain at each

point of the pulse profile, by Equation (3-14):

L
h(r)= /gdz (3-14)
0

and integrate Equation (3-13) over the amplifier length and Equations (3-7) and (3-11)
together then lead to Equation (3-15):

d*h 1 _dh IUTaL h _( U 1

o ot Eﬂg) fexp (h) — 1] P (7,0)— = x L {[exp (h) — 1] P (r,0)}

E, dr
(3-15)
Equation (3-15) could be solved numerically to obtain A (7). All details of the interme-

X — =
dr? 1, dr qV 1.  TsTe

diate calculations are reported in Appendix 1.
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3.2 Gain and phase dynamics of SOA

3.2.1 Fitting process for relaxation time evaluation

Models of SOA steady-state and dynamics behaviour are important tools to predict how an
SOA behaves in a particular non-linear gate configuration. In general, all SOA parameters
are not well-known. Some information about the SOA could be provided by the supplier,
such as the confinement factor and the active region dimensions. However, the life-time
constants of the interband (75) and intraband (7.) relaxations are unknown. These time
constants could be evaluated thanks to the experimental gain dynamics characterisation.
Then, the SOA can be modelised and introduced in various non-linear gate configurations
for regeneration applications. An example of fitting process is given for the highly confined
bulk SOA (SOA n°2). The information of the SOA structure is given in Table (3.1).

SOA description bulk material, highly confined
Active region length 1 mm
Active region width 0.7 pm
Active region thick 0.5 pm
Confinement factor 75 %
Material gain coefficient
(typical for InGaAsP) 2.5 x 10729 m?

Table 3.1: SOA structure (SOA n°2) characteristics given by the SOA supplier

These parameters are given by the SOA supplier. Otherwise, the SOA had to be pre-
viously characterised via the static gain measurement (described in Paragraph 2.2.3) and
the gain dynamics measurement (described in Paragraph 2.3.1). These experiments are
simulated and the calculated curves are fitted with the experimental curves by adjusting
the 75 and 7. parameters. This simple fit process allows the unknown time constants to
be evaluated rapidly. The experiment conditions which are injected into the simulation are
given in Table (3.2).

Wavelength 1555 nm
Half width of the ASE spectrum | 20 nm
Pump signal cadence 10 GHz
Pump pulsewidth 2.5 ps
Input pump power variable
Input probe power variable

Table 3.2: Operating parameters used for the SOA (n°2) modelling in the static gain and
the dynamic gain experiments

A good agreement between the experimental and numerical results is obtained for the
interband life-time 75 ~ 80 ps and the intraband life-time 7. ~ 1 ps (Figure (3.1)).

The intraband life-time of 1 ps is slightly superior to those reported usually in the
literature, in order of 600-700 fs [104], [105], [63]. This fact originates from the different ex-
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Figure 3.1: Static gain (a) and dynamic gain (b) curves of the SOA n°2. The static gain
curve was obtained in auto saturation configuration without the probe signal. The dynamic
gain curve was obtained with Py.ope/Psqr = 10 dB and the gain compression was 3 dB.

perimental conditions. In these publications, the reported results were obtained with pump
pulse durations of 150-200 fs. In our gain dynamics experiment, the pump pulse duration
is much longer, 2.5 ps. For a saturation induced by picosecond pulses, the characteristic
time of the CH phenomenon ranges from 700 fs to 1.3 ps [63]. Otherwise, the pulse width is
much greater than the characteristic time of the SHB (50-100 fs). Therefore, the intraband
life-time of 1 ps seems to be an adequate evaluation. The extrapolated interband life-time
of 80 ps is smaller than the typical values reported in the literature (100 ps up to several
ns). This characteristic time of the interband relaxations should be considered rather as an
effective value but not as the intrinsic interband life-time of the SOA. Because of the strong
probe signal (Pprope/Psat = 10 dB), the carrier interband recombination is accelerated and

its characteristic time is reduced to the effective value 80 ps.

As the characteristic times 75 and 7. are defined, the SOA behavior can be assessed as
a function of other operating parameters of the experiments. By setting the probe signal
power and adjusting the pump signal power, the SOA dynamics curves corresponding to
different gain compressions can be obtained. Examples for the gain compressions of 1.7 dB
and 5 dB are shown in Figure (3.2). The gain recovery shapes measured with the pump
probe experiment and calculated with the model are in good agreement. The time constants
Ts = 80 ps and 7, = 1 ps can therefore be considered as good estimations for the SOA. For
the next investigations hereafter, these characteristic times are used to modelise the SOA

n°2.
3.2.2 Gain dynamics investigation

3.2.2.1 Gain compression-response time trade-off

The experimental results presented in Paragraph 2.3.2 shows that the gain recovery time

increases when the gain compression increases. By adjusting the pump signal power at the
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Figure 3.3: Gain recovery shapes for various gain compressions (a) and deduced recovery
times (b) with Ppope/Psqt = 10dB

SOA input, it is possible to calculate the SOA gain responses for different gain compressions.
The SOA parameters used in the modelling are those presented in Paragraph 3.2.1. The
probe signal power was fixed at 10 dB above the saturation power Ppope/Psqt = 10 dB.
The calculated gain recovery shapes and the corresponding recovery times are shown in
Figure (3.3). The model predicts that the gain recovery time increases with the gain
compression. This behaviour is well known in the literature [73]. The greater the gain
compression is, the more the carriers are consumed. Consequently, the gain needs more time
to recover its steady state value. Similar to the experimental results, the model predicts
also that the gain recovery time is shorter than 25 ps only for the gain compressions as low
as 2 dB. This indicates that an SOA based optical non-linear gate provides operations at

40 Gbit/s without patterning effects only if the gain compression does not exceed 2 dB.



104 Chapter 3. Numerical study of SOA dynamics

7o a
— B0 9 ~ .
= g el "B @
5 © 50 .-el =)
o = "-ﬁ‘ Tt r4 5
i > 40 1 e i ST i
£ 2 Ly slo 2
- SIS P T I -
o e - . o
= [ - _ Lo ©
20 - S =
b) - 3
0.2} a) 1 10 . : : : . : )t

640 660 680 700 720 740 U b g8 10 1z 14
Time (DS]I Pprobe'lpsat (dB)

Figure 3.4: Gain recovery shapes for various ratios Ppope/Psqt () and evolutions of corre-
sponding recovery time and gain compression (b) with Ppymp/Psat = —2.5 dB

3.2.2.2 Influence of probe signal power on gain dynamics

In the pump probe experiment, the probe signal is used to observe the temporal gain
evolution and simultaneously to accelerate the carrier recombinations thanks to its high
power levels. In such a situation, the SOA gain dynamics depends not only on the pump
level but also on the probe level. To study the probe dependence of the gain dynamics, the
pump power is fixed and the probe power is adjusted. The results are shown in Figure (3.4).
The pump power was fixed at 2.5 dB under the saturation power Ppymp/Psqt = —2.5 dB.
The curves illustrate clearly the influence of the probe signal level on the gain dynamics.
On one hand, the probe signal reduces significantly the gain recovery time through the
stimulated emissions. The recovery time is drastically reduced from about 50 ps to around
20 ps when the ratio Ppope/Psar increases from 1 dB to 10 dB (Figure (3.4(b))). On the
other hand, as the probe signal is amplified, the carrier population is partially consumed
by this continuous signal. Hence, the available gain is reduced for the pump signal. This

fact is demonstrated by the gain compression fall when the probe signal becomes stronger
(Figure (3.4(b))).

3.2.2.3 Limit of gain recovery acceleration by assist light

To avoid the patterning effect at ultrahigh data rates, it is possible to work at low gain
compressions to minimize the gain response time. Otherwise, it is possible to use a strong
probe signal as an assist light, which accelerates the SOA gain recovery. But a power
increase of the assist light is also accompanied by a gain compression reduction. The gain
compression induced by the pump signal is representative of the non-linearity offered by the
SOA. A reduction of the SOA compression can lead to a performance degradation of the
SOA non-linear gate. It is possible to maintain the gain compression when the probe power
becomes stronger by increasing simultaneously the control signal (pump signal). To study

the gain recovery acceleration by the assist light when the SOA compression is maintained
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at a fixed value, the pump and probe powers are adjusted simultaneously. The results
are summarised in Figure (3.5) for two different current densities. All other parameters
are identical to those presented in Paragraph 3.2.1. The gain compression was fixed at a

typical value of 3 dB (i.e the normalised linear gain falls down from 1 to 0.5).

In both cases, the curves demonstrate the gain recovery acceleration of the probe signal
through stimulated emission. When the probe level increases, the ultrafast recovery due
to the intraband relaxations is unchanged while the slow recovery due to the interband
relaxations is clearly shortened. This confirms that the gain recovery acceleration by using
an assist light is attributed to the carrier band-to-band recombinations. Otherwise, it is
observed also that the gain recovery time could not be reduced infinitely. In both cases,
the gain recovery forms do not exhibit significant changes anymore when the probe power

exceeds a power threshold.

In the first case (Figure (3.5(a))), the 10 %-90 % recovery time was about 70 ps without
probe signal and it is reduced to a minimum of 30 ps for Pyrope/Psat > 3 dB. In the second
case (Figure (3.5(b))), when the current density is increased to 1.5 unity, the shortest 10 %-
90 % recovery time is 20 ps for Ppyrove/ Psat > —5 dB. Thus, it appears that there is always
a recovery time limit even if strong assist light is used. A tentative explanation could be
described as follows. On the trailing edge of the gain recovery, the carrier (electron and hole)
number is recovered through the electrical pumping and the recovery speed is determined
by the interband relaxation time. In the presence of an assist light, the carrier movement is
sped up because of stimulated emission. However, the carrier number recovered per second
can not exceed the number of electrons supplied by the electrical current. Because the bias
current is finite, it imposes thus a limit to the gain recovery speed. The explanation is
confirmed by comparing the results presented in Figure (3.5(a)) and Figure (3.5(b)). When
the current density increases, the shortest recovery time decreases, i.e the maximal recovery

rate increases with the electrical pumping. Finally, we remind that this saturation of the
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gain recovery speed has been observed experimentally and presented in Paragraph 2.3.8.

3.2.3 Phase dynamics investigation
3.2.3.1 Rate equation of phase evolution

Following the developments in [15], the signal phase evolution is governed by Equation (3-
16):
0¢ 1
o 3-16
5, — 2 (3-16)

Because of the time dependence of the differential gain g (z, 7), the phase is consequently
time dependent. In this case, the authors represent the coupling between the gain and the
induced phase depending only on one factor a. Otherwise, it was demonstrated previously
that the gain compression is attributed to both interband and intraband relaxations. The
refractive index change induced by the carrier changes results in a phase modulation of the
optical signal. In the literature, it is shown that the phase changes (via the index changes)
related to the intraband and interband gain suppression are represented by different coupling
factors [58], [62]. Therefore, it should be more accurate to consider two different coupling
factors: « related to the carrier change due to the interband transitions and ar related
to the carrier change due to the intraband transitions. Moreover, if the operation point is
close to the amplifier gain peak, the spectral hole burning induced by the carrier depletion
is symmetric and then the SHB does not contribute to the index change. Consequently,
the phase change induced by the intraband processes is dominated by the CH phenomenon.
The differential gain could be expressed by Equation (3-17).

Ta
9 = Glin + nonlin = 7N1 (3-17)
and using N1 = AN + NU deduced from Equation (3-4), we obtain Equation (3-18):

Ta

lin = VUNS (3—18)
and r

a
9nonlin = 7AN (3—19)

Similarly to the gain, the phase change induced by the refractive index change is then
expressed by Equation (3-20).

25 _ Ta

oz 2V

We remind that N is the total carrier population and AN is the deviation from thermal

(ar AN + aUN5) (3-20)

equilibrium due to optical pulses. The first and the second terms on the right side of
Equation (3-20) correspond respectively to the contributions of intraband and interband
processes to the total phase changes. Time dependence of N; is deduced from numerical

solution of Equation (3-15). The evolution of is the solution of Equation (3-21).

Lo A (3-21)
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Figure 3.6: Phase recovery for various values of ap. The gain compression was fixed at
3 dB and a = 5. In inset, the curves are expanded.

AN is deduced from Equation (3-4) and the phase change induced by the gain com-
pression is obtained by integrating Equation (3-20) over the amplifier length.

3.2.3.2 Contributions of intraband and interband processes to phase changes

On one hand, the typical value of o could be found easily in the literature. In the model,
we introduce the widely used value a = 5. On the other hand, the factor ar related to
the carrier change due to the intraband transitions is not well-known. The phase dynamics
induced by the saturated SOA is investigated for different values of ap. The gain compres-
sion is controlled at 3 dB and the probe signal power is fixed at Pp,ope/Psqt = 10 dB. The
phase recovery shapes obtained for various values of ap are displayed in Figure (3.6).

The phase response exhibits the two distinguished fast and slow recoveries only for great
values of ap (ap > 1). And the fast recovery contribution increases with ap. This fact
can be easily deduced from Equation (3-20). For small values of ar (ar < 1), the phase
recovery shapes are very close to the experimental results presented in Paragraph 2.3.9
and reported in [60], [62]. Therefore, it should be reasonable to consider a small value
of ap for further study. In those cases, the phase change is mainly contributed by the
carrier band-to-band redistribution. Thus, the phase recovery could be characterized by
only one time constant determined by the slow interband relaxations (in order of few tens
of picoseconds). Hereafter ar = 1 is used for the SOA model. This value is close to the

experimental measurements reported in [62] for a bulk based SOA.

3.2.3.3 Phase recovery time for various gain compressions

The phase recovery time is estimated for different gain compressions and compared to the

gain recovery time by using the model. Similarly to the gain recovery time, the phase
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Figure 3.7: Phase recovery shapes (a) and deduced recovery times (b) for various gain
compressions with Pprope/Psat = 10 dB

recovery time is considered as the time that the phase needs to recover from 10 % to 90 %
of its steady value. The phase recovery shapes (a) and the corresponding estimated recovery
times (b) are presented in Figure (3.7). The probe power was controlled at Py ope/Psat =
10 dB.

The gain compression growth induced an increase of the carrier deviation and this leads
to the increase of the total phase shift. The phase recovery times appear greater than the
gain recovery times (50 ps versus 25 ps for 3 dB gain compression). The intraband relaxation
contribution to the phase change is smaller than to the gain compression (especially for small
compressions). Consequently, the dependence of the phase recovery to the slow processes is
more important. Otherwise, the phase recovery time, on the contrary to the gain recovery
time, decreases with the gain compression increase. The dissimilar behaviours of the gain
and phase have been already reported by [106]. This difference of the gain and phase
dynamics must be considered carefully in the SOA non-linear gates exploiting both gain

and phase modulations.

3.2.3.4 Gain and phase delay

At the maximum of the amplifier saturation, it is found that the phase shift is delayed with
respect to the gain compression. The phenomenon is illustrated in Figure (3.8) for a gain
compression of 3 dB and Ppope/Psqt = 10 dB.

The delay between the maximum phase shift and the maximum gain compression is
estimated at 74 = 1.5 ps (numerical time resolution was 0.4 ps). This phenomenon was
observed experimentally [102], [103], predicted in [107] and investigated in [62]. The time
delay 7,4 for 2.5 ps pump pulse duration is in well agreement with the results reported in [62].
This delay is attributed also to the fact that the ultrafast intraband effects contribute
considerably to the gain compression but little to the phase deviation. This could be easily

verified by taking ar = o« = 5. In that case, the contributions of the intraband effects
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Figure 3.8: Observation of gain compression and phase deviation delay, ar =1 and o =5

to the phase change and to the gain compression are identical and the synchronisation of
phase and gain modulations is clearly demonstrated in Figure (3.9).

The delay could influence the performance of signal processing devices using both XGM
and XPM. The impact will become more and more important for ultrahigh bit rates such

as 160 Gbit/s, when the delay of few picoseconds is comparable to the bit duration (6 ps).
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3.3 Chapter summary

In this chapter, an SOA model including intraband carrier dynamics was developed. When
the data rate increases, the pulse duration decreases and the contribution of the intraband
effects to the SOA dynamics becomes more and more important. The intraband effect in-
troduction is then necessary to evaluate the performance of SOA based signal processing
devices. Besides, the model is also easily reused because it relies on the numerical resolu-
tion of only one differential equation. By comparing the experimental results of the gain
dynamics measurements and the numerical results predicted by the model, it is possible to
evaluate the time constants of the carrier recovery. This allows the SOA behavior to be
predicted in various non-linear optical gate configurations.

The dynamics of the phase deviation induced by the carrier modulation was also inves-
tigated. It is shown that the phase recovery is largely dominated by the slow interband
carrier relaxations, on the contrary to the gain recovery which is rather dominated by the
ultrafast intraband carrier relaxations. This difference between the gain and phase dynam-
ics must be taken into account in interferometric configurations, in which the SOA optical
gate performance at ultrahigh bit rates depends not only on the gain recovery time but also
on the phase recovery time.

The developed model illustrates also that the phase modulation exhibits a delay in
order of several picoseconds with respect to the gain modulation. The impact of this
phenomenon to the SOA non-linear gate performance could not be negligible especially for
the configurations using both XGM and XPM at ultrahigh data rates, at which the bit

duration falls down to only few picoseconds.



Chapter 4

Investigation of SOA optical gates
for 2R regeneration at 40 Gbit/s

Gain non-linearity and fast response make SOA a good candidate as a non-linear optical
gate in signal processing functions. Experimental characterisations presented in Chapter 2
show clearly the high gain non-linearity characteristic of the studied SOAs. In particular,
short time responses of 20 ps for the bulk based SOA and of 3 ps for the long quantum-dot
SOA were demonstrated. These results indicate that SOA based non-linear optical gates
for bit by bit signal processing at ultrahigh bit rates beyond 40 Gbit/s could be possible.
Many devices have been reported in SOA interferometric gates [108], [109], [110] and have
demonstrated regeneration efficiency. However, the interferometric configurations require
in general several SOAs. A simpler solution for 2R regeneration could be achieved by cas-
cading an SOA and a Saturable Absorber (SA) [111], [112]. A 2R regenerator based on that
scheme demonstrated its regeneration efficiency in a transmission link at 10 Gbit/s [10]. In
this chapter, regeneration potential of non-linear optical gates at 40 Gbit/s based on SOA
in self-saturation is assessed experimentally and numerically. Noise compression effect of an
SOA gate is demonstrated first. Assessment of two non-linear optical gate configurations
for 2R regeneration is then presented. The regenerators are based on cascades of an SOA
and an SA.

According to the gain dynamics results presented in Chapter 2, the long quantum-dot
SOA (SOA n°5) exhibits the shortest recovery time and hence appears as an appropriate
sample for ultrahigh speed operations. However, the available SOA exhibits an excessive
gain ripple of at least 6 dB at its typical bias currents. The strong gain ripple will add
large undesirable noise to the signal passing through the SOA. Therefore, the long QD SOA
sample could not be used in signal regeneration experiments. Among the other SOAs, the
highly confined bulk based SOA (SOA n°2) appears as the best candidate for a regeneration
experiment at 40 Gbit/s. It exhibits lower ripple levels compared to the long QD SOA and

gain recovery times smaller than 25 ps at maximum bias current. Indeed, this SOA is the
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Figure 4.1: Gain as a function of input power of an SOA (a) and characteristic function of
an optical gate based on the SOA in self-saturation (b)

chosen component for all the following investigations.

4.1 Semiconductor optical amplifier for noise compression

4.1.1 Principle

The gain saturation could be a representative image of the SOA non-linearity. Figure (4.1(a))
depicts the gain of an SOA as a function of input power. It shows that a strong input op-
tical signal will undergo a smaller SOA gain in comparison to a weaker signal. For digital
signals, intense pulses acquire lower gains compared to weaker pulses. This gain saturation
phenomenon tends to equalise the power of all pulses, i.e of all ‘1’ symbols. In a self-
saturation regime, the SOA can thus play the role of a power equaliser reducing amplitude
fluctuations of the ‘mark’ level. The SOA characteristic function deduced from the gain
curve is depicted in Figure (4.1(b)).

The non-linear characteristic function of the optical gate constituted of the SOA in self-
saturation illustrates clearly that amplitude fluctuations on the ‘mark’ level of a data signal
could be reduced. Because the gain saturation tends to equalise the power of all pulses, the
‘mark’ level variance of the transmitted signal is smaller at the SOA output than at the
input. In other words, the noise of the ‘mark’ level is compressed. The eye diagrams at the
SOA output are more open compared to the input ones. However, this ideal scenario takes
place only if the SOA response time is fast enough such as the gain recovers totally between
two consecutive bits and therefore gain compression caused by a bit does not affect the gain
compression process of the next one. On the other hand, if the gain recovery time is longer
or comparable to the bit duration, the SOA gain does not have enough time to return to
its steady state. In that case, undesirable gain fluctuations appear for both ‘mark’ and

‘space’ levels, and so the phenomenon is called patterning effects. The patterning effects
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Figure 4.2: Set-up for noise compression experiment using SOA in self-saturation

lead to additional amplitude noise which degrades the signal quality. Otherwise, because
the SOA optical gate performs a power equalisation, it might degrade the signal extinction
ratio (ER) if the ER is not high enough at tha SOA input.

4.1.2 Noise compression assessment of SOA in self-saturation

The first conclusion when looking at Figure (4.1(b)), could be that a greater SOA gain
compression will result in a stronger noise compression of the signal ‘mark’ level. Never-
theless, the experimental characterisations as well as the numerical study of SOA dynamics
show that the gain recovery time is strongly dependent on gain compression induced by
the incoming data signal. The recovery time increases with the gain compression and the
patterning effects appear for large compressions. This last effect leads to an amplification
of the ‘space’ level noise which could degrade rapidly the signal quality. At 40 Gbit/s, most
of the characterised SOAs exhibit gain recovery times comparable to the bit duration, i.e
25 ps. In such situation, the gain compression response time trade-off involves directly a
noise compression efficiency-patterning effects trade-off of the SOA based non-linear optical
gate. To assess the SOA noise compression capability, the experimental set-up shown in
Figure (4.2) is used.

The transmitter Tx generates a 40 Gbit/s RZ format signal at 1545 nm with a typical
Extinction Ratio (ER) of 20 dB. The pulse duration is about 4 ps. The signal OSNR at the
gate input is degraded artificially by adding ASE. As mentioned previously, the assessed
SOA is the bulk based SOA with high optical confinement of 80 %. It is controlled at
25°C and biased at its maximal current of 500 mA to optimise the gain recovery time. A
continuous signal at 1539.25 nm is simultaneously coupled into the SOA via a 3 dB coupler.
The CW signal plays the role of an assist light. Its power is adjusted to be strong enough to
accelerate the gain recovery due to the slow interband relaxations and to be small enough
to preserve the SOA gain for the data signal. In all following experiments, the CW light
power is in order of 8 dBm at the coupler input. A typical 5-nm flat-top band-pass filter is
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Figure 4.3: Signal eye diagrams at the SOA optical gate input (a) and at the SOA optical
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gain compression traces (d), (e) respectively

placed at the SOA output to reject the amplified CW assist light. At the receiver, signal
eye diagrams are observed thanks to the same Optical Sampling Oscilloscope (OSO) used
in SOA dynamics characterisations. The received signal quality is assessed thanks to BER

measurements.

The signal noise characteristics can be observed qualitatively on eye diagrams. They can
be also evaluated quantitatively through the measurement of BER versus decision threshold
which provides an estimation of the ‘space’ and ‘mark’ level variances. The data signal
power is adjusted to assess the noise compression effect of the SOA gate under different

operating conditions. The eye diagrams are displayed in Figure (4.3).

Figure (4.3(a)) shows the eye diagram of the emitted signal exhibiting an OSNR of
9.2 dB/5 nm. Figures (4.3(b)) and (4.3(c)) present the signal eye diagrams at the SOA
optical gate output for two input signal powers of -5 dBm and -2 dBm respectively. The
data signal powers are measured at the coupler input. The gain compression is measured
on the cross-gain modulated signal at the BP filter output by shifting the filter centred
on the assist light wavelength. The gain compression traces in the two cases are displayed
in Figures (4.3(d-e)) and the corresponding gain compressions are 3 dB and 7 dB. With
an ER measurement error of 0.5 dB, the signal ER is unchanged by passing through the
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Figure 4.4: BER evolution vs decision threshold (a) and vs Rx input power (b) of the data
signals at the SOA optical gate input and output for different gain compressions

SOA optical gate in the first case and is reduced about 1.5 dB in the second case. By
comparing the input and output eye diagrams of the data signal, a variance reduction of
the ‘mark’ level is clearly observed. The noise compression seems larger for the larger gain
compression, i.e for the higher signal power. However, large degradations of the ‘space’ level
are also observed. These degradations are explained by two factors. The first one is that
the characteristic function of an SOA in self-saturation presents only one non-linearity at
high signal powers as shown in Figure (4.1(b)). Signals with very low powers corresponding
to the ‘space’ level are amplified quasi-linearly. Therefore, the ‘space’ level noise is also
amplified. The second factor is the patterning effects due to the long recovery time of the
SOA. Figure (4.3(e)) highlights the phenomenon when the gain compression reaches 7 dB.
In that case, the patterning effects are considered as the dominating factor leading to an
important amplification of the ‘space’ level noise.

The evolutions of the ‘space’ and ‘mark’ level variances can be observed more clearly
by measuring BER evolutions. Figure (4.4(a)) displays the BER evolutions versus decision
threshold. It is shown that the ‘mark’ level variance of the signal is reduced after travelling
the SOA in both cases. Otherwise, the increases of the ‘space’ level noise are also illustrated.
The ‘space’ level variance grows dramatically when the gain compression increases from
3 dB to 7 dB. These ‘space’ level degradations are mainly due to the patterning effects.
The results are in good agreement with the eye diagrams observations.

The signal quality at the SOA gate output can be evaluated by plotting BER versus the
receiver input power (Figure (4.4(b))). When the SOA gain is deeply compressed at 7 dB
the signal quality is strongly damaged. This quality degradation is represented by an error
floor at 1072 and a penalty of 3 dB at 10~® compared to the input signal. The quality loss
is due partially to the signal ER reduction caused by the optical gate and principally to
the large amplification of the ‘space’ level noise. Otherwise, the BER evolutions show that
a gain compression of 3 dB is a good trade-off to obtain a significant noise compression

on the ‘mark’ level without introducing important degradations on the ‘space’ level. The
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Figure 4.5: Photograph of SA chip, fibre array and SA module

sensitivity curve obtained in that case presents neither error floor nor penalty compared to
the transmitted data signal.

Noise compression effect of a non-linear optical gate based on SOA in self-saturation
is demonstrated. It is found that for the investigated SOA, a gain compression of 3 dB is
suitable to obtain an efficient noise compression on the ‘mark’ level without large amplifi-
cation of the ‘space’ level noise. This value is in good agreement with the results presented
in Paragraph 2.3.3. At its maximal bias current, the SOA recovery time was found smaller
than the bit duration at 40 Gbit/s for all gain compressions less than 5 dB and thus the pat-
terning effects could be neglected. This optimal operation point must be adjusted according
to SOAs exhibiting different dynamics. Otherwise, as discussed in the first chapter, a non-
linear optical gate requires a characteristic function with two non-linearities to achieve a
2R regeneration function. Thus, the optical gate based on only one SOA in self-saturation
regime could not provide a complete 2R regeneration operation because its characteristic
function exhibits only one non-linearity at high signal power. Saturable Absorbers (SA) in
self-saturation can provide a complementary function to the SOA optical gate. An experi-
mental study of a non-linear optical gate for complete 2R regeneration based on a cascade

of an SOA and an SA is presented in the next section.

4.2 Experimental assessment of 2R regenerator schemes based
on cascades of SOA and SA

4.2.1 Principles
4.2.1.1 Saturable absorber for optical regeneration

A Microcavity Saturable Absorber (SA) is a quantum-well structure in a resonant cavity.
The quantum-well layers are inserted between the two mirrors (front and back mirrors)
constituting the resonant cavity. Further details of the studied SA sample can be found
in [113]. A special fibre array has been developed by YENISTA OPTICS for efficiently
interfacing the SA chip to 8 standard single mode fibres with 250 um spacing. The fibre
array is fixed to the mirror with an adhesive such that all the 8 out-coming beams typically
have a Mode Field Diameter (MFD) of 4.5 um on the surface of the mirror (Figure (4.5)).



4.2. Experimental assessment of 2R regenerator schemes based on cascades of SOA and194

-10

12t i

_14t |

Reflectivity (dE)

-16F ]

-
85 0 0 10 20
Input mean power (dBm)

Figure 4.6: SA reflectivity as a function of input power

The SA absorption depends on the arriving signal power and this non-linearity exhibits
potential for all-optical regeneration. Its efficiency was successfully demonstrated in various
all-optical regenerators [40], [10], [12]. Since the studied SA operates in reflection configura-
tion, its absorption could be mentioned hereafter as reflectivity. The measured reflectivity
curve versus input power of the SA is shown in Figure (4.6). The SA exhibits 17 dB of
reflectivity for weak input signals. For signal powers exceeding 4 dBm, the SA reflectivity
is not constant any more and increases when the signal power increases. The reflectivity
becomes signal power dependent and the phenomenon is called absorption saturation (be-
cause the negative reflectivity indicates that the signal is partially absorbed by the SA).
The main function of an SA in a regenerator is the ER improvement. In self-saturation
configuration, if the ‘space’ level power is smaller and the ‘mark’ level power is greater than
the saturation threshold, the ratio of the SA reflectivity for a symbol ‘0’ and for a symbol
‘1’ corresponds to an ER enhancement.

Besides their compactness and integration possibility, SAs exhibit other attractive ad-
vantages for regeneration. They are passive components and therefore no electrical supply
is required. The last distinguished feature of an SA is the potential for WDM regenera-
tion. The SA absorption is spatially local and therefore the crosstalk between channels is
negligible. Several spatially separate channels could be processed simultaneously on the
same component [114]. However, an optical gate based on an SA alone could not provide
a complete 2R regeneration function because the SA does not limit amplitude fluctuations
on the ‘mark’ level. It has to be associated with a power equaliser to obtain complete 2R

regeneration.

4.2.1.2 Cascade of SOA and SA for 2R regeneration

As previously discussed, optical gates based on SOA in self-saturation offer noise com-
pression capability on the ‘mark’ level of a data signal. However, the gates degrade the

signal ER and simultaneously amplify the ‘space’ level noise. On the contrary, an SA in
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Figure 4.7: Reflectivity of an SA (a), gain of an SOA (b) and transmission function of a
cascade SOA-SA (c)

self-saturation can enhance the signal ER. Moreover, if the maximal SA absorption is large
enough, small-signals could be ‘totally’ absorbed as if amplitude fluctuations on the ‘space’
level are strongly attenuated. Unfortunately, an SA degrades partially the transmitted sig-
nal because it increases the ‘mark’ level variance. In other words, an SA ‘amplifies’ the
amplitude fluctuations of the ‘mark’ level. It is clear that these two components possess
complementary features and they could be combined to achieve a non-linear optical gate
for 2R regeneration. The transmission functions of an SOA and an SA are depicted in
Figures (4.7(a)) and (4.7(b)).

The slope of the SA reflectivity curve depends mainly on the input signal mean power
and signal wavelength. For the SOA, the gain curve slope depends strongly on the assist
light power. By adjusting operating conditions, it is possible to obtain a non-linear optical
gate whose transmission function exhibits two non-linearities as shown in Figure (4.7(c)).
Such a non-linear optical gate will be adequate for a 2R regenerator. Different SOA-SA
cascade configurations were studied in this thesis. The SOA can be followed by the SA and
vice-versa. The regeneration capabilities of the two configurations were assessed through
a noise compression experiment. The basic scheme of the experiment was depicted in
Figure (4.2). A degraded signal exhibiting amplitude noise is injected into the regenerator
and the signal noise evolution is analysed at the regenerator output. The experimental

results are presented in Paragraph 4.2.2 and Paragraph 4.2.3.

4.2.2 First configuration: SOA followed by SA

The first regenerator configuration consists in the SOA followed by the SA. The main ad-
vantage of such a configuration should be the small-signal power required at the gate input.
This input power is related to the SOA saturation power which is typically -15 dBm. Oth-
erwise, for the SA the saturation power is typically 10 dBm. Therefore, it seems preferable
to place the SOA at the first position of the cascade. The experimental set-up for noise

compression assessment is described in Figure (4.8).

The basic principle of the experiment is identical to the one presented in Section 4.1.2.

The characteristics of the data signal and the assist light are not changed except for the
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Figure 4.8: Experimental set-up for noise compression assessment of the first regenerator
configuration (SOA followed by SA)

signal ER and OSNR. At the regenerator input, the data signal exhibits an OSNR of
7.4 dB/5 nm. The data signal and the CW assist light are simultaneously injected into the
SOA via a 3-dB coupler. Filter 1 is used to reject the assist light. In general, the SOA is
deeply saturated by the strong assist light and thus the data signal undergoes a small gain
by passing through the SOA. At the filter 1 output, the signal power is probably not high
enough to saturate the SA absorption. Therefore, an amplification stage constituted of an
EDFA and a band-pass filter (filter 2) is inserted to provide the necessary signal power at
the SA input. The signal is injected into the SA and collected via an optical circulator. The
Variable Optical Attenuator (VOA) allows the signal power at the SA input to be adjusted.
The setting of operating conditions to obtain a regeneration regime consists principally in
adjusting of the signal powers at the SOA and SA inputs. The data signal power at the
SOA input is adjusted to obtain an efficient noise compression on the signal ‘mark’ level
without adding excessive noise on the ‘space’ level. The assist light power is adjusted to
reduce significantly the patterning effects in the SOA without decreasing dramatically the
SOA optical gain. At last, the signal power at the SA input is adjusted to obtain an efficient
noise reduction on the ‘space’ level without large degradation of the ‘mark’ level noise. The
setting processes of the three powers are not separable. A trade-off must be found to obtain
a noise compression effect on the output optical signal. In the experiment, the best signal

quality was obtained for the operating conditions presented in Table (4.1).

Data signal power at the coupler input | -1 dBm
Assist light power at the coupler input | 11.5 dBm
Data signal power at the SA input 10 dBm

Table 4.1: Operating parameters of the first regenerator configuration (the SOA followed
by the SA)

According to the reflectivity curve presented in Figure (4.6), the SA is well in absorption
saturation when the input mean power equals to 10 dBm. For the SOA, it is in deep
gain saturation regime. In presence of 11.5 dBm assist light, the SOA gain drops below
10 dB. Therefore, the EDFA amplification stage should be able to deliver a data signal
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Figure 4.10: Signal eye diagrams at the regenerator input (a), after passing through the
SOA (b) and at the regenerator output (SA output) (c)

power of 10 dBm at the SA input. Otherwise, the data signal power of -1 dBm at the
coupler input is sufficient to provide an SOA gain compression of about 4 dB. The gain
compression is measured on the cross-gain modulated signal at filter 1 output by shifting
the filter centred on the assist light wavelength. The eye diagrams of the inverted signal are
shown in Figure (4.9). Despite the large domination of ultrafast recovery, the gain does not
recover completely within the bit duration because of the slow relaxations due to interband
effects. Nevertheless, the observed patterning effect is not critical when the SOA is in a

self-saturation because there is no signal inside the SOA during the slow gain recovery.

4.2.2.1 Eye diagrams observations

The eye diagrams of the data signal are observed at the regenerator input and output. They
are also observed after each device inside the regenerator. The obtained eye diagrams are

displayed in Figure (4.10).

The signal eye diagram after passing through the SOA is observed at Filter 1 output
(Figure (4.10(b))). Comparing Figures (4.10(a)) and (4.10(b)) lets appear that the am-
plitude fluctuations on the ‘mark’ level are reduced as expected. However, the patterning
effects predicted by the gain compression measurement are also confirmed. The amplitude

fluctuations on the signal ‘space’ level increase after passing through the SOA. The signal
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Figure 4.11: BER evolution vs decision threshold (a) and vs Rx input power (b) of data
signals at the regenerator input, output and at the SOA output

ER is degraded from 10 dB at the gate input down to 9 dB at the SOA output (the ER
measurement error is 0.5 dB). The signal ER measured at the SA output (Figure (4.10(c)))
is about 9.8 dB. The signal ER is slightly enhanced by the SA. Especially, the noise com-
pression effect on the ‘space’ level can be clearly observed. However, the noise degradation
on the ‘mark’ level by the SA is also unavoidable. By observing the signal eye diagrams at
the regenerator input and output (Figures (4.10(a)) and (4.10(b))), it is clear that a noise
transformation occurred but it also appears difficult to compare the global quality of the
two signals. It is clear that the eye diagram measurement can only give a rough estimation
of the signal quality. Otherwise, the signal quality changes can be analysed more precisely

through BER measurements.

4.2.2.2 Results of BER measurements

The results of the BER measurements are displayed in Figure (4.11). The curves which
characterise the optical signal at the regenerator input are plotted first by injecting directly
the transmitted data signal to the receiver block (black curves) without the regenerator.
The regenerator is then inserted and the BER measurements are performed on the output
signal (green curves). At last, to highlight the role of the SA, the SA is removed from the
cascade and the BER is measured on the signal delivered at the SOA output (red curves).
For all cases, the input OSNR is set at 7.5 dB/5 nm.

The changes of the ‘space’ and ‘mark’ level variances are observed on the BER evolu-
tions versus decision threshold (Figure (4.11(a))). On one hand, a noise compression on
the signal ‘mark’ level is performed by passing through the SOA because the red curve is
steeper than the black one. On the other hand, on the ‘space’ level, the noise is strongly
amplified. The shape of the red V curve is more closed compared to the reference. The
global signal quality is degraded and it is clearly expressed by 2.5 dB penalty at a BER of
102, By passing through the SA, the noise of the ‘space’ level is indeed compressed. The

green V curve becomes even slightly more open than the reference V curve. This effect is
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Figure 4.12: Experimental set-up for noise compression assessment of the second regenerator
configuration (SA followed by SOA)

certainly due to the signal ER enhancement and the strong absorption offered by the SA.
Nevertheless, this signal enhancement is probably insufficient to lead to a significant signal
quality improvement. With a sensitivity measurement error of 0.5 dB, the sensitivity curves

measured on the signal at the regenerator input and output can be considered as identical.

The noise transformation of the regenerator configuration including the SOA followed
by the SA is demonstrated. The noise compressions are illustrated by the reduction of the
‘mark’ and the ‘space’ level variances. This could be possible only with the mutual presence
of the SOA and the SA. However, the global signal quality is not improved by passing
through the regenerator. The main limiting factor of the regenerator performance is the
slow SOA response. The patterning effects persist despite the assist light presence and limit
the regeneration efficiency. The amplification stage between the two non-linear components
also degrades partially the signal OSNR. In the next paragraph, the performance of the
regenerator scheme consisting in the SA followed by the SOA will be presented.

4.2.3 Second configuration: SA followed by SOA

The second regenerator scheme consists in the SA followed by the SOA. On one hand, this
configuration requires certainly a higher signal power at the gate input compared to the
first configuration. Because to obtain the saturation, the required input power for the SA
(in order of 8 dBm) is much greater than for the SOA (in order of -15 dBm). However, this
is not really a drawback as in most of 2R regenerators the non-linear optical gate is usually
preceded by an amplifier. On the other hand, this configuration can be more advantageous
than the first one because the SOA does not require high input powers and therefore an
amplification stage between the SA and the SOA could be avoided. The signal regeneration
capability of the cascade is always assessed in terms of noise compression. The experimental
set-up for noise compression assessment is depicted in Figure (4.12).

The experimental set-up is identical to the one presented in Paragraph 4.2.2 except for
the regenerator architecture. The transmitted data signal is injected into the SA through

the optical circulator. It is then coupled into the SOA via a 3-dB coupler, simultaneously
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Figure 4.13: Signal eye diagrams at the regenerator input (a), after passing through the SA
(b) and at the regenerator output (Filter 1 output) (c)

with the CW assist light. The typical band-pass filter (Filter 1) is used to reject the
amplified assist light. A VOA placed between the SA and the coupler controls the signal
power at the SOA input. In this experiment, the OSNR measured on the transmitted signal
is 8 dB/5 nm. The setting process of the operating condition is also the same as presented
in 4.2.2. The three powers (the data signal power at the SA input, the data signal and the
assist light powers at the coupler inputs) are adjusted simultaneously to obtain the best
signal at the regenerator output. In the experiment, the best signal quality was obtained

for the operating conditions presented in Table (4.2).

Data signal power at the coupler input | -1 dBm

Assist light power at the coupler input | 11.5 dBm

Data signal power at the SA input 11 dBm

Table 4.2: Operating parameters of the second regenerator configuration (the SA followed
by the SOA)

It must be noticed that the operating point of the SOA is the same as in the first
regenerator configuration. The SOA gain compression is therefore equal to 4 dB. Otherwise,

the data signal power at the SA input is higher than in the first case.

4.2.3.1 Eye diagrams observations

The eye diagrams of the data signal observed at the regenerator input and output are
shown in Figures (4.13(a)) and (4.13(c)). They are also observed at the SA output (Fig-
ure (4.13(b))).

By comparing Figures (4.13(a)) and (4.13(b)), it appears that the amplitude fluctuations
affecting the signal ‘space’ level with respect to the pulse intensity are clearly reduced
by passing through the SA. Moreover, the signal ER is enhanced from 9.5 dB to 11 dB.
However, the intensity fluctuation increase on the ‘mark’ level induced by the SA is not
negligible. Following the SA, this signal is injected into the SOA. At the SOA output,
the fluctuation on the ‘mark’ level is significantly reduced without important change on the
‘space’ level (Figure (4.13(c))). With a measurement error of 0.5 dB, the signal ER could be
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Figure 4.14: BER evolution vs decision threshold (a) and vs Rx input power (b) of data
signals at the regenerator input, output and at the SA output

considered as identical at the regenerator input and output (9.5 dB and 9 dB respectively).
Otherwise, at the regenerator output, the eye diagrams of the data signal appear much
more open than the signal at the regenerator input. Hence, the regenerator performs a
noise transformation on the optical data signal. The amplitude noise is clearly compressed.
This regenerative effect can be evaluated quantitatively via the BER measurements, as for

the first configuration.

4.2.3.2 Results of BER measurements

The results of the BER measurements are displayed in Figure (4.14). The BER curves
without regenerator are obtained by measuring the BER on the optical signal at the regen-
erator input (black curves). The regenerator is then inserted and the BER measurements
are performed on the output signal (green curves). At last, to highlight the role of the SOA,
the SOA is removed from the cascade and the BER are measured on the signal delivered
at the SA output (red curves). For all cases, the input OSNR is set at 8 dB/5 nm.

The changes of the ‘space’ and ‘mark’ level variances are clearly observed on the BER
evolutions versus decision threshold (Figure (4.14(a))). The noise variances are transformed
after each element of the regenerator. By passing through the SA first, the ‘space’ level
variance of the optical signal is strongly reduced. However, the red V curve is more closed
in comparison to the reference because the ‘mark’ level noise is badly increased. Following
the SA, the optical signal is injected into the SOA. By passing through the SOA, the im-
pairments caused by the SA on the ‘mark’ level noise are drastically mitigated. Despite the
noise addition on the signal ‘space’ level caused by the SOA patterning effects, the green
V curve is more open than the V curve obtained without regenerator. This indicates that
the signal quality is enhanced by passing through the regenerator. The sensitivities curves
(Figure (4.14(b))) are used to evaluate the global quality of the different signals. In this case
of the degraded transmitted signal (OSNR 8 dB/5 nm), a gain of 1.5 dB at the BER of 10~

on the receiver sensitivity is achieved by inserting the regenerator between the transmitter
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and receiver. This last result confirms that the signal quality is indeed enhanced thanks to

the SA-SOA cascade. The regenerative capability of the regenerator is thus demonstrated.

The noise transformation of the regenerator scheme consisting in the SA followed by the
SOA is illustrated at the bit rate of 40 Gbit/s. The noise compression effect, provided by the
regenerator, leads to a signal quality improvement. This quality enhancement is expressed
by a gain of 1.5 dB on the receiver sensitivity. It is found that the regenerator constituted
of the SOA and the SA exhibits regenerative properties thanks to the complementary non-
linearities of the two components. The regenerative effect in the second configuration (the
SA followed by the SOA) is better than in the first configuration (the SOA followed by the
SA). The ASE power added by the amplification stage, required in the first configuration,
was about 10 dBm and could not be neglected. This ASE noise addition degrades the
signal OSNR could be a tentative explanation for the performance difference between the
two regenerator schemes. At last, the limiting factor of the regenerator for operations at
higher bit rates (> 40 Gbit/s) is the SOA response time. It should be noticed also that the
SA response time is short enough for a 160 Gbit/s operation. By using an SOA exhibiting
shorter gain recovery times such as the long QD SOA (SOA n°5), an operation at 160 Gbit/s

of the regenerator based on an SOA-SA cascade can be expected.

4.2.4 Spectrum deformation

The regenerators transform not only the temporal characteristics but also the spectral
characteristics of the optical signal. Figure (4.15) depicts the signal spectrum evolutions
by passing through the two previously studied regenerator configurations.

It appears that the optical spectrum at the regenerator output exhibits a asymmetry
while the signal spectrum at the regenerator input is symmetric. This spectral deforma-
tion is due to both non-linear components of the gates. As shown in the numerical study
(Chapter 3), the SOAs present a strong gain phase coupling. A gain modulation is always
accompanied by a phase modulation which induces chirp on the transmitted optical sig-
nal. The phenomenon is observed on the output signal spectrum by a dissymmetry and
a shift towards the longer wavelengths. On the other hand, the SA reflectivity spectrum
exhibits some selectivity as shown in Figure (4.16). Its bandwidth at half minimum is small
(about 5 nm) compared to the SOA bandwidth (about 30 nm). The spectral selectivity of
the SA reflectivity spectrum could lead to some signal spectrum deformations. However,
Figure (4.15) indicates that the SOA contribution to spectral deformations is dominant.
The spectral deformation effects can not be negligible especially when the regenerators are
cascaded. After each regenerator, the data signal spectrum is shifted further and further
towards the longer wavelengths and slips step by step out of the filters following the SOAs.
This last could lead to important signal attenuations and therefore limit the transmission

distance.
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Figure 4.15: Spectrum evolutions of the optical signal passing through the regenerator in

the two configurations
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Figure 4.17: Experiment scheme of the numerical study

4.3 Numerical study of the SOA-SA regenerator

4.3.1 Modelling descriptions

In the last section, the regenerative properties of the regenerators based on an SOA-SA
cascade are assessed experimentally. It is found that the signal amplitude noise could
be compressed by the cascade. However, the long response time of the SOA limits the
regenerator operation speed at 40 Gbit/s and the receiver sensitivity gain is limited at
1.5 dB. In this section, the numerical study of the SOA-SA regenerator is presented. The
amplitude noise compression performance of the regenerator is investigated for different
characteristics of the non-linear elements (SOA and SA). The information provided by the
numerical study can be also useful for the device design. The scheme used for the numerical
study is based on the experimental set-up and depicted in Figure (4.17).

The SOA model has been developed and presented in Chapter 3. The transmitter Tx
emits a 40 Gbit/s RZ signal exhibiting amplitude noise. The pulse duration is set at 4 ps
which is consistent with the experimental data signal. The CW laser provides the required
assist light for the SOA operation. The BP filter, which is a typical 5-nm flat-top filter, is
used to reject the amplified CW light. The receiver Rx allows the signal eye diagrams to be
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Figure 4.18: Modelled and measured SA reflectivity evolutions versus input power

observed and the BER curves versus decision threshold to be plotted. The model details of
the transmitter, the receiver and the BP filter could be found in [115].

For the SA modelling, we propose to adapt the SOA model proposed in [56] by con-
sidering that the gain is negative. Such an SOA exhibiting a negative small-signal gain is
equivalent to an SA with absorption. Further details of the Agrawal’s SOA model are given
in Appendix (6.5.3). In order to verify that the SA model could be representative for the SA
behaviour, the reflectivity curves versus input power are compared in Figure (4.18). The
calculated curve is in good agreement with the measured reflectivity evolution for the input
power below 17 dBm. This phenomenological model of SA is adequate for the numerical
study of the SOA-SA regenerator.

The parameters of the SOA and SA are summarised in Table (4.3). The SOA param-
eters, in particularly the interband and intraband life-times, are deduced from the fitting
processes presented in Chapter 3. Such an SOA exhibits the static and dynamic behaviours
similar to the highly confined bulk based SOA (SOA n°2). The small-signal reflectivity and
the saturation energy of the SA model are obtained by fitting the modelled and measured
SA reflectivity evolutions versus input power (Figure (4.18)). The SA carrier life-time is the

typical value estimated with the experimental measurement by pump-probe experiment.

By adjusting the data signal power and the CW assist light power, the amplitude noise
of the transmitted signal could be compressed as shown in Figure (4.19). The OSNR of the

transmitted signal was 15 dB/nm.

The signal eye diagrams demonstrate the noise transformation effect of the regenerator
(Figures (4.19(a)) and (4.19(b))). The signal eye at the regenerator output is more opened
than at the input. The intensity fluctuation on the ‘mark’ level is reduced from 0.5 unit to
0.4 unit by passing through the regenerator. The noise transformation on the ‘space’ level
could not be observed clearly on the eye diagrams, but it is shown on the BER evolution

curves versus decision threshold (Figure (4.19(c)). It appears that the ‘space’ level variance
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SOA
Active region length 1 mm
Active region width 0.7 pm
Active region thick 0.5 pm
Optical confinement factor 75 %
Material gain coefficient | 2.5x1072% m?
Interband life-time 80 ps
Intraband life-time 1 ps
SA
Small-signal reflectivity -17 dB
Saturation energy 0.22 pJ
Carrier life-time 5 ps

Table 4.3: Simulation parameters of SOA (deduced from the fitting processes of Chapter

3) and SA
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corresponding BER evolutions versus decision threshold (c), with an OSNR of 15 dB/nm
for the transmitted signal
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Figure 4.20: SA reflectivity (a) and SOA gain (b) recoveries

of the output signal is greater than of the input signal (transmitted signal). This ’space’
level noise ‘amplification’ is mainly due to the ASE noise and the long response time of the
SOA, which results in patterning effects. The explanation is confirmed by observing the

SOA gain evolution in time (Figure (4.20).

While the SA reflectivity recovers nearly completely within the bit duration (Fig-
ure (4.20(a)), the SOA gain is far from the complete recovery (Figure (4.20(b)). The
gain fluctuation amplitude corresponding to the ‘space’ bits is about 27 % of the maximum
gain compression. This strong gain fluctuation for the ‘space’ bits due to the pattern effect

results in the noise amplification on the signal ‘space’ level.

The numerical results exhibit good agreement with the experimental ones. It is shown
that by cascading the SOA n°2 and the SA, the amplitude noise compression could be

obtained.

4.3.2 Impact of the SOA response time

If the SOA response time is smaller, it is not only possible to reduce the noise amplification
on the ‘space’ level but also possible to improve the noise compression effect on the ‘mark’
level by increasing the gain compression. The noise transformation of the cascade could
lead to signal quality improvements. The regenerative property of the regenerator based on
the SOA-SA cascade is assessed for various response times of the SOA at 40 Gbit/s. All the
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Figure 4.21: Evolutions of 40 Gbit/s signal Q factor (black squares) and of extinction ratio
(red circles) for various long life-time of the SOA

parameters of the SOA and SA are identical to those presented in Table 4.3, except for the
interband life-time (long life-time) of the SOA. For each case, the data signal and the assist
light powers are optimised to obtain the best signal Q factor at the regenerator output.
The signal Q factor is calculated by Equation (4-1) and the signal quality improvement
is evaluated by comparing the signal Q factor at the regenerator input and output. The
results are displayed in Figure (4.21).

Vi—-W

@= o1+ 09 (4_1)

It is shown that the noise compression effect is obtained if the long life-time of the SOA
is below 80 ps (Qout/Qin > 1). Exceeding this 80 ps long life-time constant, the reshaping
effect of the regenerator is not efficient anymore as demonstrated by the rapidly Q factor
drop of the output signal. When the SOA long life-time decreases, not only the output
signal Q factor increases but also the extinction ratio does. The output ER enhancement
is due to the fact that SA could be saturated deeper, thus the signal ER improvement is
stronger. The ‘mark’ level noise amplification induced by the SA could be compensated by
the deeply saturated SOA without introducing excessive patterning effect. The Q factor
increase is due mainly to the reduction of the patterning effect caused by the SOA response
time. The patterning effect reduction resulted from the SOA long life-time decrease is
illustrated clearly on the output signal eye diagrams shown in Figure (4.22).

It should be noticed that a long life-time of 20 ps could appear not realistic for a bulk-
based SOA. However, it is possible to obtain such rapid dynamics with a quantum-dot
based ultralong SOA. The long QD SOA (SOA n°5) is shown to be able to recover within
10 ps at its maximal bias current. Nevertheless, for an SOA long life-time of 40 ps, the
Qout/Qin ratio is always greater than 1 and the ER is enhanced 0.6 dB.
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Figure 4.22: Noise reduction on the ‘space’ level of the output signal when the SOA long
life-time decreases from 80 ps (a) to 20 ps (b)
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4.3.3 Impact of the SA reflectivity

On the contrary to the SOA, the SA response time is not a limiting factor for the cascade
reshaping performance. The estimated SA time response (5 ps) is short enough such that
the reflectivity recovers within the bit duration at 40 Gbit/s (Figure (4.20(a)). On the
other hand, the SA reflectivity could be changed by modifying the front mirror reflectivity
[113]. The influence of the SA reflectivity to the regenerator reshaping performance is
investigated. All the parameters of the SOA and SA are identical to those presented in
Table 4.3, except for the small-signal reflectivity of the SA. The signal quality improvement
by passing through the regenerator is estimated for different SA reflectivity. The results
are summarised in Figure (4.23).

It is shown that the output signal quality could be enhanced by decreasing the SA
reflectivity. The Qout/Qin ratio increases from 1.04 to nearly 1.2 when the SA small-signal
reflectivity decreases from -14 dB to -25 dB. For the same input signal, the BER evolutions
versus the decision threshold of the output signal are plotted in Figure (4.24) for the two
cases corresponding to the different SA reflectivities. The more opened BER curves (red

curves) corresponding to the lower SA reflectivity indicates that the noise compression effect
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Figure 4.24: BER evolutions of the regenerator output signal for different SA reflectivities:
-14 dB (black squares) and -25 dB (red circles)

provided by the regenerator are stronger in that case.

4.4 Chapter summary

In this chapter, the experimental and numerical investigations of reshaping processes of the
SOA based regenerators were presented.

The first section was dedicated to illustrate the power equalisation capability of the
SOA. The amplitude noise reduction obtained on the signal ‘mark’ level thanks to the
SOA gain saturation was demonstrated. It was found that a noise compression efficiency-
patterning effects trade-off has to be considered because of the slow dynamics of the SOA.
At 40 Gbit/s, a gain compression of 3 dB of the SOA appears as the best choice. It was also
shown that the non-linear optical gate based on the SOA in self-saturation regime degrades
the signal extinction ratio and the amplitude noise on the ‘space’ level. Then, the SOA
must be associated with another device to constitute a non-linear optical gate exhibiting a
complete reshaping capability and then usable for 2R regeneration functions.

The regenerative properties of the two regenerator schemes based on the SOA-SA cas-
cades were assessed at 40 Gbit/s and the results have been discussed in the second section.
The first configuration includes the SOA followed by the SA. The noise transformation
effects of each non-linear component were observed. However, the regenerator does not
reduce efficiently the amplitude noise. A limiting factor is the OSNR degradation caused
by the intermediate amplification stage which is required to provide necessary signal powers

to the SA. The second regenerator configuration consists in the SA followed by the SOA.
This regenerator scheme demonstrated an efficient amplitude noise reduction and allowed
a gain of 1.5 dB at a BER of 107 on the receiver sensitivity. These results could be ob-
tained thanks to the complementary characteristic functions of the SOA and the SA. In this
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case, the SOA was placed at the second position of the cascade and thus no intermediate
amplification stage was necessary because the SOA does not require high input signal pow-
ers. Indeed, the regenerator based on the SA followed by the SOA exhibit the reshaping
capability for 2R regeneration functions. This scheme is an integrable solution with a low

energy consumption. The signal wavelength preservation is also one of its main advantages.

The numerical study presented in the third section confirms the regenerative property
of the regenerator scheme based on SOA-SA cascade. The numerical investigation demon-
strated that if the SOA long life-time could be shortened, both quality factor and extinction
ratio of the output signal could be improved. On the other words, the reshaping capability
of the regenerator could be enhanced. Concerning the SA, an increase of the small-signal

reflectivity could lead also to more efficient noise compression of the regenerator.

There are still some challenges for this 2R regenerator solution. The proposed regenera-
tor scheme does not provide a significant ER improvement. And the other challenge may be
the operating bit rate increase. The main factor limiting the SA-SOA cascade operations at
bit rates higher than 40 Gbit/s is the long gain recovery time of the SOA. This response time
is in order of 20 ps. Operations of this regenerator scheme at 160 Gbit/s will not be possible.
Otherwise, the SA response time (5 ps) is even shorter than the bit duration (6.3 ps) at
160 Gbit/s. It could be associated with the long QD SOAs to provide promising solutions at
this data rate. We remind that the long QD SOA exhibit faster gain dynamics than the bulk
SOA used in these experiments. The effective gain recovery time was demonstrated as short
as 3 ps when the filter following the SOA was slightly blue shifted. Moreover, QD SOAs
promise lower gain phase couplings [116] compared to bulk based SOAs. This indicates that
the additional chirp induced by the SOA, and thus the signal spectrum deformation, can
be decreased by using QD structures. Some efforts still have to be made on the long QD

SOA to reduce its gain ripple levels and to make the noise compression experiment possible.

At last, it should be noted that the noise compression capability of the regenerator was
assessed only in back-to-back experiments. Further investigations should be considered to
demonstrate that the regenerator performance is sufficient to maintain signal quality over
long distances by preventing from noise and distortion accumulation. To ensure the SOA-
SA cascade will constitute a good regenerator, it has to be assessed in re-circulating loop
experiments to illustrate its efficiency in a transmission link and its cascadability. In par-
ticular, the signal spectrum deformation shown in Paragraph 4.2.4 may cause impairments

to the signal quality when accumulating after long transmission fibre links.
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recovery

As discussed in the first chapter, the transmitted optical signal suffers not only from ran-
dom intensity fluctuations but also from random deviation of pulse position during the
propagation. The 3R regeneration is elaborated to overcome all these signal degradations
by associating a 2R device with a retiming function. 3R regenerators with retiming capa-
bility require clock extraction from the incoming data signal. The capacity demand growth
of optical networks is irresistible and will reache electronic limitations. Semiconductor all-
optical 3R regenerators promise ultra-high bit rate operation, full integration possibility and
power consumption reduction. They are therefore an attractive choice to relieve physical
limitations, to improve the transmission distance and to achieve better performance/cost
trade-off. Furthermore, all-optical solutions offer a transparency for the optical networks.
All-Optical Clock Recovery (OCR) is one of principal sub-functions of a full all-optical 3R
regenerator.

The Clock Recovery (CR) function is well known in the electronic domain. Electrical
CRs are usually based on a filter combined with a phase-locked loop. Nowadays, the elec-
tronic CR is well mastered up to the bit rate of 40 Gbit/s. In the last recent years, strong
efforts were made to develop all-optical CR functions which promise a lower cost, a higher
integration capacity and a better network transparency. In a 3R regenerator, the CR task
is to emit an optical pulse stream. It has to be synchronised to the incoming data stream
and match the demands for transmission over the next fibre link. High performance of
all-optical CR was successfully demonstrated at 40 Gbit/s [117], [118] and at 160 Gbit/s
for demultiplexing in OTDM system [119].

This second part of the manuscript is dedicated to the study of all-optical clock re-
covery solutions based on self-pulsating semiconductor lasers. These CR devices could be
associated with a 2R optical non-linear gate to constitute a 3R regenerator. The presented
work is also a part of the French national project ROTOR. The project’s principal goal
was to demonstrate the feasibility of simple and robust all-optical CRs operating at the bit
rate of 43 Gbit/s. Thanks to the collaboration within the project, we could benefit from

two Self-Pulsating (SP) lasers based on bulk and quantum-dot materials fabricated by our
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partner: Alcatel-Lucent Thales III-V Lab.

Chapter 5 introduces firstly the different roles of CR function in transmission systems.
All-optical clock recovery based on self-pulsating semiconductor lasers is then described in
detail. The principle of the clock recovery technique is presented. At last, its advantages
and limitations are discussed.

The first section of Chapter 6 presents the characterisation and performance evaluation
of a clock recovery through different aspects. In this section, we present for the first time a
novel characterisation technique called remodulation. This original experiment developed in
our laboratory allowed studies on various OCR configurations [120], [121], [13], [122], [123],
[124]. Most of studies on OCR functions in the thesis exploit this original characterisation
scheme which is suitable for regeneration applications.

A performance comparison of OCR devices based on a bulk and a quantum-dot SP lasers
has been carried out. The results are presented in Section 6.2. In Section 6.3, a solution
consisting in using of a pre-filtering stage in front of the bulk-SP laser was proposed in order
to improve the recovered clock quality. The performance enhancement is demonstrated via
bit error rate measurements. In Section 6.4, the polarisation sensitivity assessment of
different OCRs is investigated. At last, a primary study on OCR resistance to Polarisation

Mode Dispersion is reported in Section 6.5.



Chapter 5

All-optical clock recovery for 3R

regeneration

5.1 Clock recovery

In optical networks, clock recovery is a key function among the functional blocks such
as receiver, in-line repeaters and demultiplexers in future OTDM systems. The role of
the Clock Recovery (CR) function in these elements is extracting a stable clock which is
synchronised (in frequency and in phase) to the incoming data signal and ideally with a

minimal timing jitter.

5.1.1 Role of clock recovery function in optical networks

In a receiver, CRs provide a time reference to the flip-flop decision gate. Decision of value
0 or 1 of a bit is made at an accurate moment. The decisions have to be done in a
regular rthythm, and duration between two successive decisions has to be equal to the bit
duration. If the repetition rates of the data signal and of the flip-flop clock are different,
the decision moment slips step by step far away from the optimal sampling time. This
deviation introduces errors and the detection gives false information. Therefore the clock
which is used for receiver time reference must be derived accurately from the received signal
itself.

In future OTDM systems, temporal demultiplexing requires a CR to extract a base
rate clock B/N from a transmitted OTDM data signal which is at a line rate B. The
demultiplexing function allows isolating each base data stream from N interleaved streams
in the data flow. For example, it is possible to extract a 40 GHz clock from an OTDM
signal at bit rates of 160 Gbit/s and 320 Gbit/s [125], [126]. The CR must provide a
low timing jitter clock which is synchronised to the incoming data signal. Afterwards, the
recovered clock is distributed to demultiplexers, routers, channel selectors, and receivers. In
OTDM systems, the aggregate data rate exceeds the state-of-the-art speed limit of electronic

components, all-optical CR offers a novel solution to provide retiming signals and perform
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high-speed switching.

In ponit-to-point transmission link of backbone and metropolitan networks, CR is a fun-
damental requirement of in-line repeaters such as 3R regenerators. We define two classes of
3R regenerators: ‘Data driven’ 3R regenerator and ‘Synchronous modulation’ 3R regenera-
tor. In the first configuration, a non-linear optical gate carries out the reshaping task after
the re-amplifying stage. The optical clock delivered by the CR block is then modulated
through the non-linear optical gate to provide a 3R regenerated signal. The final regener-
ated signal is at the recovered clock wavelength. A wavelength conversion is performed in
the retiming process. Therefore, the function of OCR in a ‘Data driven’ 3R regenerator is
not restricted only to the retiming task but partially contributes also to the reshaping task.
The pulse characteristics of the regenerated signal are defined by the recovered clock pulses.
In this case, the wavelength, chirp characteristics and pulse duration of the extracted clock
have to comply with the transmission requirements. In a ‘Synchronous modulation’ 3R
regenerator, the data are synchronously modulated through an intensity or a phase mod-
ulator which is driven by the recovered clock [127]. No wavelength conversion takes place
through the retiming process. In both 3R regenerator configurations, the regenerated data
signal exhibits a low timing jitter. Signal distortions are corrected and the data signal could

be transmitted further.

5.1.2 Different techniques for clock extraction

We can classify CR techniques in three categories according to their operating principles:
spectral filtering technique, phase-locked loop technique and injection locking in oscillating
systems without retroaction. In 3R applications, the PLL technique is rarely used because
of its complexity. On the other hand, the filtering technique and injection locking in os-
cillating systems could be exploited in both ‘Data driven’ and ‘Synchronous modulation’
3R regenerators [128], [41], [120], [12]. For each technique, there are also a lot of sophisti-
cated approaches which exploit optoelectronic components only, optical components only,

or mixing of both.

5.1.2.1 Filtering technique

Spectral filtering seems to be the simplest technique for CR function in terms of physical
principles. It requires also few components. If the data signal spectrum presents a spectral
line at the clock frequency, it is then possible to extract a clock signal by using a simple
filter.

In optical networks, electronic approaches require an O/E interface, which is usually
a high-speed photodiode followed by a high-Q filter. The electrical filter must be narrow
and centred on the estimated clock frequency of the transmitter. Thanks to remarkable
developments in electronic domain, optoelectronic CRs can operate up to the bit rate of
40 Gbit/s. A 10 GHz clock was extracted from both 40 Gbit/s NRZ and DPSK signals [129].
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Figure 5.1: Operating principle of an optical CR based on spectral line filtering technique

Main advantages of the electrical filtering technique are their simplicity, wavelength and
polarization independences. However, some drawbacks are also inevitable. As the filter
centre is fixed on the transmitter clock frequency, the technique is not bit rate flexible. In
addition, it is unable to recover directly the clock from a binary NRZ signal which does not
exhibit any spectral line at the clock frequency. Moreover, even if this technique requires few
components, CR operating at higher bit rate is not simple to implement because high-speed
photodiode and high-Q electrical filter are complex and expensive.

An alternative solution to overcome the speed limitation of electronic components is
optical filtering. This technique relies on the same principles as the electrical filtering
except that the spectral line extraction is realized in optical domain. The optical filter
could be an optical resonator exhibiting a Free Spectral Range (FSR) which is equal to
the incoming signal rate. Such optical CR scheme was published by [130] under the name
of ‘optical tank circuit’. In this work, CRs at 2 Gbit/s using a confocal Fabry-Perot type
tank circuit and at 324 Mbit/s using a fibre ring tank circuit were demonstrated. Later,
operations at 10 Gbit/s and 40 Gbit/s were achieved thanks to a simple narrow filter [131]
with wavelength tunability. Some other configurations with a Fabry-Perot filter assisted by
an SOA [132], [133], [134] were also reported. CR schemes based on a Fabry-Perot etalon
associated to a non-linear high-speed power equaliser gate show excellent capture times for
packet traffic operation [135], [136].

All-optical components such as Fabry-Perot type filters or fibre ring resonators could
be generally called ‘periodic optical filters’ according to their periodic transfer functions.
Figure (5.1) describes the operating principle of a clock extraction process using optical
spectral line filtering technique.

An optical data signal generated from a RZ intensity modulation consists of a continuous
spectrum and discrete lines. The optical spectrum is centred on the optical carrier frequency
fo and exhibits spectral lines at fy + B, where B denotes the transmitter clock frequency.
All-optical CR is achieved by extracting the discrete lines at fy + B and fy. Result of the
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Figure 5.2: Basic structure of a conventinal phase-locked loop for CR

filtering process is an optical clock at the same wavelength as the incoming optical signal
and at the same frequency as the transmitter clock. The three following conditions have to
be satisfied: one of the filter resonance peaks superimposes on the optical carrier frequency,
the optical filter FSR is equal to the transmitter clock rate and the optical carrier linewidth
is narrower than the resonator bandwidth.

The first advantage of the optical solution is the transparency for optical networks. The
second advantage is that optical CRs allow operation at ultrahigh bit rates which could not
be achieved by using only optoelectronic components. This high-speed operation possibility
results from the nature of the key component: optical filters.

In a CR based on optical filtering, the frequency drift of a resonance peak away from the
optical carrier and filter finesse are crucial parameters which determine the CR performance.
Thus, main limiting factor of the optical filtering technique is the requirement of high
finesse filters. Besides, the technique suffers also from strong wavelength, polarisation and
sequence length dependences [137]. Wavelength dispersion which causes irregular resonance
peak intervals and temperature regulation should be also taken into account.

At last, the first CR scheme based on optical spectral filtering operating with multi-
channels and at multi-rates should be referred [138]. The CR scheme consists of a bire-
fringent resonator and a polarizer. Proof-of-principle experiment was demonstrated for 21
simultaneous channels including 20 data streams at 10 Gbit/s and one at 40 Gbit/s. This

solution opens a promising alternative for dense WDM parallel-optical signal processing.

5.1.2.2 Phase-locked loop technique

Phase-locked loop (PLL) is also largely used for CR function thanks to its reliability. A
PLL allows modulation frequency extraction from a data signal. In general, a PLL consists
of a phase comparator, an amplifier, a filter and a local voltage-controlled oscillator (VCO).
The basic structure of a conventional PLL is shown in Figure (5.2). When the input data
stream is an optical signal, an O/E interface is necessary and it is usually a fast photodiode.
The electrical signal delivered by the photodiode is then injected to the phase comparator.

The basic idea is that the electrical signal delivered by the photodiode beats with the
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low-rate clock signal delivered by the local oscillator through the high-speed phase com-
parator. The produced signal is a slowly varying signal which is proportional to the phase
difference between the local clock and data stream. This signal is then fed back (after
having been amplified and filtered) to the VCO. The retroaction allows locking the VCO
in phase with the incoming signal clock. In general, parameters of amplification and filter-
ing stages determine the loop operating range, the locking characteristics and the residual
phase mismatch between input and output signals. The PLL speed is determined mainly by
the photodiode and the phase comparator. A CR based on a PLL using entirely electronic
components was successfully demonstrated for 10 GHz clock extraction at an ultrahigh bit
rate of 100 Gbit/s [139].

To achieve higher bit rates, speed limitation of O/E interface and especially of the elec-
trical phase comparator can be overcome by using optical phase comparators. Response
times of non-linear optical processes usually used in phase comparators are much shorter
than those of electrical processes. There is a huge number of optical and optoelectronic PLL
configurations. The most considered optical components in PLL based CRs are ElectroAb-
sorption Modulators (EAM), Semiconductor Optical Amplifiers (SOA) and also Lithium
Niobate waveguides [140]. These components could be used as O/E interfaces or/and as
ultrahigh-speed phase comparators. PLLs using EAM as phase comparator allowed reali-
sation of a CR operating at 160 Gbit/s [141] and up to 320 Gbit/s [125]. Both experiments
reported excellent timing jitters below 300 fs. SOA based PLLs offer a lot of sophisticated
CR schemes [142], [143], [144], [126]. Most of them exploit four-wave-mixing process, cross
gain and cross phase modulations and interferometric configurations. A SOA based PLL
allowed to recover clock for a 640 Gbit/s lab transmission and a 320 Gbit/s field trial
transmission with high timing jitter performance [126].

CR processes based on PLLs are well known for their high stability and high recovered
clock quality characterised by sub picoseconds timing jitters. Jitter values below 300 fs (in
the frequency range from 100 Hz to 10 MHz) are currently obtained with CRs using the
PLL technique [143], [145], [140], [126]. Beside these advantages, complexity is considered
as the greatest drawback of the technique. Moreover, PLL based CR functions require in
general a long time for synchronization to the data stream. This last inconvenient make

them not suitable for short optical packet traffic.

5.1.2.3 Injection locking in oscillating systems without retroaction

Another solution for CR function is using oscillating systems which could be synchronized to
an injected optical signal without retroaction. Energy injection from an external source into
an oscillator can lock the last one onto the referent source. This synchronization capability
of oscillators has been largely studied in electronics and recently extensively investigated in
the optical domain. The goals are not only the deployment of broadband wireless technology

but also the bit rate rising in long and ultralong haul transmissions. Oscillating systems
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consist of electronic or optical components or both.

Among electronic components, heterojunction bipolar phototransistor should be con-
sidered a good candidate. A CR consisting in direct optical signal injection into a self-
oscillating phototransistor was proposed [146]. In this work, a 10 GHz electrical clock was
extracted from 10 Gbit/s and 40 Gbit/s signals. Error-free performance at 10 Gbit/s could
be achieved. EAM based ring resonator is another solution which offers compact and stable
CR devices with integration possibility. Operation at bit rate of 40 Gbit/s was also demon-
strated [147]. However, the reported timing jitter of about 500 fs is a poor performance in
comparison to the state-of-the-art of CR devices.

Among optical oscillating systems for CR, leading roles should be distributed to SP
multi-sections lasers [148], [149], [117] and mode locked lasers [150], [151], [118]. The pul-
sating frequency of these lasers could be locked by injecting an optical data stream. The
injected signal rate must be nearby the free pulsating frequency of the laser or a multi-
ple of this frequency. Some CR schemes using mode-locked fibre ring lasers were inves-
tigated [152], [153], [154] and ultrahigh-speed operation at 160 Gbit/s was achieved [155].
Simultaneous CR of several WDM channels at 10 Gbit/s was successfully demonstrated [156]
by using a CR module in actively-mode-locked fibre ring laser configuration.

OCR schemes using fibre ring lasers can give high intensity pulse streams and large
wavelength tuning ranges for the incoming data signal [154] Polarisation insensitive circuit
could be also obtained with the fibre ring laser approach. On the other hand, the timing
jitter of the recovered clock could be easily degraded by environmental perturbations along
the fibre cavity length. Cavity stabilisation was investigated to resolve this problem [153]
but the complex stabilisation circuit is an obstacle for applications in real communication
systems. Another CR based on the fibre ring laser demonstrated good performances: oper-
ation at ultrahigh bit rate of 160 Gbit/s, locking range of 5 MHz and recovered clock timing
jitter below 200 fs [155]. However, this timing jitter could be achieved only with assistance
of a post electrical signal processing. Therefore, the transparency is not assured and this
solution is not an appropriate option for all-optical 3R regeneration applications.

In the context of CR development for all-optical 3R regenerators, SP multi-sections
lasers and mode locked lasers based on semiconductor technology appears as the most
promising candidates. Integration potential, simple deployment and high bit rate operation
are indisputable virtues of CR functions using semiconductor lasers. Operating principle,
advantages and also challenges of all-optical CR devices using this technology are presented

in Section 5.2.

5.2 Solution based on self-pulsating semiconductor lasers

All-optical clock recoveries based on SP semiconductor lasers attract firstly for their in-
tegration potential, low power consumption and deployment simplicity for full optical 3R

regeneration applications.
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5.2.1 Operation principle

Self-pulsations have been observed in various laser types such as Fabry-Perot, DFB, and
DBR lasers. These lasers provide optical power which varies spontaneously and periodically
without bias current modulation. They are so called self-pulsating lasers. The self-pulsation
results from the laser dynamics. In a simple view, if two oscillating modes of the cavity
exhibit close threshold gains, a mode competition is then established. In the active region,
beating of the two modes is produced at the frequency which corresponds to the frequency
difference. Gain and index of the active region are then modulated at this beating rate and
the modulation result in self-pulsation. An optical clock signal is produced. At high beating
frequencies (upper 100 GHz), the self-pulsation phenomenon could not be explained only
by the dynamics of intraband effects any more. But the four-wave-mixing (FWM) should
be also considered.

It is demonstrated that injection of a modulated optical signal into a SP laser can lead to
a synchronisation of the generated clock to the injected signal. Locking mechanism relies on
gain and index modulations created by the external optical signal within the active region.
If the gain spectrum is homogeneously broadened, then the gain of each mode is modulated
exactly at the same frequency. Modulation spectral lines of each mode appear. If the clock
frequency of the injected signal is equal to the laser Free Spectral Range (FSR) then the
modulation lines and the laser longitudinal modes overlay and synchronisation takes place.
Operation of an OCR scheme based on SP laser is described in Figure (5.3).

Simple OCR device could be constituted of a SP laser, an optical circulator (OC) and
an optical filter. The incoming data signal is injected into the laser via the OC. The optical
filter is placed at the circulator output to select clock signal generated by the SP laser.
When the SP laser is not synchronised to the incoming data, the OCR is in unlocked
regime. In that case, temporal waveform and electrical spectrum of the detected output
signal take arbitrary forms as shown in Figure (5.3 (a)). No clear pulse stream is observed
on the oscilloscope. The spectral lines at the clock frequency of the data signal and at the
free pulsating frequency of the laser are separated in the electrical spectrum. By adjusting
the operation parameters, the SP laser synchronisation to the incoming data signal could
be achieved and the OCR function is now in locked regime. In that case, the laser emits
an optical clock which is in phase with the injected signal and at the transmitter clock
frequency. In other words, the signal clock is recovered. In general, we observe a clear clock
signal on oscilloscope and only one spectral line in the electrical RF spectrum as shown in
Figure (5.3 (b)) (case of a quantum-dot based SP laser).

5.2.2 Advantages and limitations

Besides integration potential, low power consumption, deployment simplicity and high bit
rate operation, OCR devices based on SP semiconductor lasers attract also a lot of in-

vestigations for other interesting features: pulsation frequency tuning possibility, ultrafast
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locking and polarisation insensitivity [148], [128], [41].

The first CR function operating at 35 Gbit/s and totally integrated on chip was demon-
strated [157]. An SP laser based CR was performed at 80 Gbit/s with predicted operations
at 160 Gbit/s and even higher [158]. Bit rate flexibility is not available with CRs based
on phase-locked loop or spectral filtering. On the contrary, SP lasers offer continuous fre-
quency tuning possibility via driving DC currents. An SP laser based OCR was reported
by [148] with a frequency range from 3 to 5.2 GHz. This range was enlarged later from 10
to 40 GHz to cover different SDH bit rates [128] and from 25 to 82 GHz [158]. Bit rate
flexible 3R regenerators become possible thanks to optical CR based on SP lasers.

A new challenge for CR functions is arising from the future asynchronous networks. In
such system, clock extraction device has to be able to recover the signal clock packet by
packet. This characteristic leads to requirement of ultrafast synchronisation. Some CR
configurations based on SP lasers were proven compatible with asynchronous packet traffic
thanks to short locking times of few nanoseconds [128], [159]. We remind one more time
that ultrafast synchronisation to asynchronous data packets is a real problem for electronics.

Wavelength and polarization insensitivity will make a CR device ideal for all-optical
3R regeneration. In optical transmission system, the CR function should be operational
independently from the wavelength of the incoming signal. SP laser based CRs can offer
operating wavelength range covering entirely the C band for the incoming optical signal
[149], [160].

At last, a key quality criterion of an OCR, device is the timing jitter of the recovered
clock. A lot of technological efforts have been and are carried out to achieve SP lasers de-
livering high quality clock and being compatible with telecommunications standards. RMS
(root-mean square) timing jitters of an extracted clock less than 300 fs were obtained with
SP semiconductor lasers [161], [162]. These results satisfy jitter performance required for
160 Gbit/s operations. New generation of SP lasers based on quantum-dot technology al-
lows new CR perspectives. The first CR function based on a quantum-dot Fabry-Perot
SP laser was reported by [118] at bit rate of 40 Gbit/s. Thanks to high spectral purity
of the quantum-dot laser, CR function exhibits an excellent timing jitter suppression ef-
fect. A jitter reduction from 1.37 ps on the input signal to 310 fs on the recovered clock
was reported. Moreover, another OCR scheme based on the same component type was
demonstrated compatible with multi-data rates operations [13]. Low sensitivity to input
chromatic dispersion and optical noise were also reported [121], [163]. To overcome the
intrinsic polarisation sensitivity of quantum-dot structures, a solution consisting in placing
a bulk based DBR laser in front of the QD laser has been proposed [164]. The tandem
inherits polarisation insensitive characteristic of the bulk laser and the excellent jitter fil-
tering efficiency of the QD laser [164], [123]. This CR scheme was used for a 3R regenerator
in synchronous modulation configuration. Cascadability assessment in re-circulating loop
showed a strong transmission distance enhancement thanks to the retiming function [12].

CR solutions based on oscillating systems are mainly limited by oscillators themselves
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because the clock frequency has to be close to their free pulsating frequency (or to multiple
of the SP frequency if the device is able to extract a subharmonic clock). CR devices based
on SP lasers also need a spectral line at the interested frequency in the signal electrical
spectrum. This is a difficulty in clock extraction from a NRZ signal with a simple SP
laser. A pre-processing circuit was developed to be combined with an SP laser based CR.
It consisted of an SOA followed by an optical filter. This scheme allowed clock extraction
from an NRZ signal. Good timing jitter reduction and stable locking at 40 Gbit/s were
obtained with this novel scheme [165].



Chapter 6

Experimental study of all-optical
clock recovery devices based on

self-pulsating semiconductor lasers

All-optical clock recovery (OCR) for 3R regeneration is a part of our laboratory expertise.
In this work, we investigated experimental studies on different OCR functions which are
principally based on SP semiconductor lasers. This chapter presents results concerning

these studies.

6.1 Characterisation techniques

There are many quality criteria for an optical clock and numerous methods to assess an OCR
device performance. Typical characterisations which are used to study an OCR function are:
component analysis, temporal analysis, spectral analysis, analysis in wavelength conversion

configuration and system analysis.

6.1.1 Components characteristics

Component analysis is usually considered first because it provides primary information
about the OCR device such as: self-pulsation frequency, emitted wavelength, electrical
linewidth, etc... Two main components which are used for all studied OCR functions are
a Distributed Bragg Reflector (DBR) SP laser and a Fabry-Perot SP laser. The DBR-SP
laser is a bulk material based laser consisting of three sections: Bragg section, phase section
and gain section [166]. The Bragg and gain sections are supplied by two independent bias
currents. The second SP laser is a Fabry-Perot laser based on quantum-dot material [51].
Both lasers are designed and fabricated by Alcatel-Lucent Thales III-V labs in the frame-
work of the national project ROTOR. Component characteristics are given in Table (6.1).
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Cavity type | Active layer Self-pulsation Typical electrical | Wavelength
structure frequency (GHz) | linewidth (kHz) (nm)
DBR Bulk ~42.66 ~1000 ~1550
Fabry-Perot | Quantum-dot ~42.66 ~100 ~1600

Table 6.1: Basic characteristics of the two studied SP lasers

According to information given by the component supplier, the cavity type (monomode
DBR or multimode Fabry-Perot) does not have any effect neither on the locking capability
nor on the phase noise spectra of each laser. Then spectral performance represented by
electrical modulation linewidth could be considered as intrinsically related to the laser
internal structures. For all following studies, we call the first laser simply bulk-SP laser and
the second one QD-SP laser.

6.1.2 Timing jitter

Timing jitter is the most important parameter which characterises the temporal quality of
a signal. It represents the pulse deviations from the nominal position in the stream. It
is expressed in unit interval (one clock period) or in time units. In the case of an optical
clock, timing jitter represents indirectly clock phase noise characteristics. In a transmission
system, the clock delivered by a CR device has to exhibit a low timing jitter even if the
input signal is strongly degraded. In most cases, CR functions are implemented in the
receiver or regenerators after long transmission distances and therefore the arriving signal
is degraded.

If the random process ergodicity is assumed then pulse position fluctuations or signal
timing jitter could be calculated from the phase noise spectrum of the signal. The Root

Mean Square (RMS) jitter is expressed by:

“+oo
Trms) = 5= | [ S0 dr (6-1)

Where fj is the signal modulation frequency, f is the frequency shift from fy and Sy (f)
is the power spectral density of signal phase noise. In general, the timing jitter of the
extracted clock is determined both by the intrinsic jitter of the CR device itself and by
the injected signal jitter. The intrinsic jitter is obtained by injecting a high spectral purity
clock into the CR device, then measuring the phase noise spectrum of the output clock,
and finally the jitter is calculated from Equation (6-1).

As we will discuss in Paragraphs 6.1.3 and 6.1.4, both temporal and spectral analysis can
provide an evaluation of rms timing jitter. In general, the clock jitter value deduced from
the temporal analysis is greater than the one deduced from the phase noise analysis. This
difference originates from the fact that phase noise measurements do not take into account

the jitter correlated with pattern effects and amplitude fluctuations [167]. On the other
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Figure 6.1: Eye diagrams of an injected data signal (yellow) and the extracted clock (green)
delivered by an SP laser

hand, the accuracy of jitter measurements in the temporal analysis depends directly on the
sampling number and there are no well defined criteria to evaluate CR device performances
via this value. On the contrary, tolerances for the timing jitter derived from phase noise
measurements within a given frequency band are standardised. Therefore, in the following
studies, the timing jitter calculated from phase noise measurement is used to evaluate the

recovered clock quality.

6.1.3 Temporal analysis

Temporal analysis of an optical clock is realised by using a sampling oscilloscope. The
first observation offers an evaluation of intensity fluctuations induced by sequence effects.
Depending on the injected signal characteristics (sequence length, modulation format, etc...)
the extracted clock can suffer intensity fluctuations. An example of injected data signal eye
diagrams and corresponding recovered clock is displayed in Figure (6.1). The second feature
offered is a measurement of the CR capture and unlocking times by using the oscilloscope in
pattern mode and the injected data in packet mode. These characteristics are particularly
important in asynchronous networks. They allow to evaluate the CR capability for clock
extraction packet by packet at an expected operating bit rate.

Sampling oscilloscopes allow also statistical analyses on the received signal. From his-
togram measurements in temporal domain, the rms and peak to peak timing jitters can be
deduced. New oscilloscopes with excellent temporal resolution enable to measure timing
jitters as low as 200 fs (Agilent 86100B).

6.1.4 Spectral analysis

Spectral analysis concerns principally power spectral density (PSD) measurements of clock

signal phase noise. Then phase noise curves allow the jitter transfer function of the device
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Figure 6.2: Example phase noise curve shapes of an injected data signal (red) and clock
delivered by a CR(black)

to be calculated by subtracting the phase noise spectrum of the input signal from the output
signal.

Clock phase noise spectra are obtained by using a phase noise analyser. The phase noise
analyser demodulates intensity and phase noise by mixing the interested signal with a local
reference at the same RF frequency but in quadrature. Figure (6.2) depicts a typical clock
phase noise spectrum which could be obtained from an SP laser based CR. Data are injected
into the SP laser and the phase noise spectrum is measured on the delivered clock. Phase
noise curves can be split into 3 regions. In the frequency region below f4, the phase noise
curves of the incoming signal and delivered clock are identical. In this region, the noise
is dominated by the injected signal. The CR could be considered as transparent because
there is no jitter filtering effect. Conversely, for frequencies superior to fp, a jitter filtering
effect is observed and it is presented by a negative slope on the phase noise curve of the
clock. In this frequency region, the noise is defined mainly by the OCR device. The range
extending from f4 to fp corresponds to a transition region in which both incoming signal
and laser noise contribute.

By subtracting the input phase noise spectrum from the output, the jitter transfer
function of the device could be obtained. In general, CRs exhibit transfer functions similar
to low pass filters. The cut-off frequency f¢o is usually used to qualify the filtering efficiency
of the device. The smaller fo is, the better jitter filtering is. In a complete study, it is
demonstrated that the laser electrical linewidth is closely related to the fo [168]. An SP
laser possessing a smaller electrical linewidth will exhibit a transfer function with smaller
cut off frequency fo.

Afterwards, the clock spectral purity can be examined by analysing its phase noise
spectrum. The clock quality could be quantified by using Formula 6-1 to deduce the rms

timing jitter within an interested frequency band. This phase noise measurement is so
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Figure 6.3: Principle of the remodulation experiment

called the ‘Single Side Band Phase Noise’ (SSB noise).

6.1.5 Remodulation technique

The two previous characterisations provide macroscopic information about clock quality.
However, they can not allow the impact of pattern effects, which could lead to occasional CR
locking loss, to be evaluated. A more adequate analysis is the bit error rate measurement
realised on the resynchronised signal. The technique principle is based on a wavelength
conversion experiment. It consists in information transfering from an incident signal at a
wavelength A; to a clock signal at a wavelength Ao. The clock signal is extracted from the
incident data stream. BER measurements are then performed on the remodulated clock
signal at the receiver. Principle of the proposed remodulation experiment is depicted in
Figure (6.3).

Data generated by the transmitter Tx are injected into the OCR device. The clock
delivered by the OCR function is then modulated by an electro optical modulator M. The
modulator can be considered as an ideal optical gate and is driven directly by the electrical
data signal from the transmitter. By this way, the quality of the optical signal received at Rx
corresponds to the quality of the recovered optical clock. On the other hand, the receiver is
also synchronised directly to the transmitter electrical clock in order to avoid all influences
of the receiver optoelectronic CR performance on BER. It is therefore possible to assess
the OCR performance through BER measurements. This original characterisation is based
on the OCR situation in a data driven 3R regenerator. In such regenerator, the extracted
clock is modulated by an optical non linear gate. The output regenerated signal is at the
wavelength of the recovered clock and inherits the low timing jitter. In our experiment, the
modulation applied on the extracted clock is realised by a simple modulator which is driven
by a high quality data signal. The lack of 2R regeneration function allows considering that
the quality of the remodulated signal is intrinsically related to the optical clock quality.
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Therefore, BER measurement can be used to quantify the CR performance under different
incident signal conditions. This technique enables a lot of CR behaviour analyses by varying
different input signal parameters such as: pattern sequence length, optical signal noise ratio,
polarisation state, etc... Most of our experimental studies presented hereafter exploit this

original characterisation technique.

6.1.6 System analysis

System characterisation focuses on CR behaviour in system environments. In a system
context, the studied CR device can be introduced in a 3R regenerator. System experiments
can not only demonstrate a good operation of the CR but also quantify its jitter suppression
capability. The most adequate means for such study is recirculation loop experiment. This
characterisation takes into account propagation effects and can be used to evaluate the
CR robustness versus signal degradations accumulated after long transmission distances.
Cascadability assessment of an all-optical 3R regenerator using SP laser based CR was
reported [12]. The assessment was realised via a recirculation loop experiment. The 3R
regenerator in synchronous modulation configuration demonstrated high performance. The

CR function was constituted of a SP laser cascade and demonstrated its retiming efficiency.

6.2 Clock recovery performances of bulk based and quantum-
dot based SP lasers

In this section, performance assessment of two OCR functions via remodulation experi-
ment is reported. The first one is constituted of the bulk-SP laser and the second one is

constituted of the QD-SP laser. Both lasers are presented in Paragraph 6.1.1.

6.2.1 Experimental set-up

Scheme of the experiment is described in Figure (6.4). Optical data signal at 42.66 Gbit/s
is generated by the transmitter Tx at a wavelength of 1553 nm. The signal consists of a
231_1 length Pseudo Random Binary Sequence (PRBS) with 33 % RZ pulses. OSNR at
the OCR device input is 18 dB/1nm. An optical circulator (OC) is used to inject the data
signal into the SP laser and delivers the recovered clock. The optical filter is centred on
the emitted clock wavelength. A polarisation controller (PC) is used to optimise the input
signal polarisation if necessary.

For the first CR, the bulk-SP laser locked regime is achieved with bias currents of 33 mA
and 141 mA for the Bragg and the gain sections respectively. The recovered clock obtained
at the optical filter output exhibits an electrical linewidth of 700 kHz measured at half of
maximum. For the second CR, the QD-SP laser synchronisation to the incoming data signal
is acquired only with the PC help. This fact is caused by the polarisation sensitivity of

quantum-dot structures. A deeper study on polarisation sensitivity characteristics of CRs
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Figure 6.4: Experimental set-up for BER measurements of two CR, configurations based on
bulk-SP and QD-SP lasers

based on different SP lasers will be presented in Section 6.4. In locked regime, the QD-SP
laser bias current is 412 mA and the electrical linewidth of the recovered clock is lower than
100 kHz.

6.2.2 Results of BER measurements

Results of BER measurements on the remodulated clocks are presented in Figure (6.5).
The reference sensitivity curve (circles) is obtained in back-to-back configuration when the
data signal generated by the transmitter Tx are sent directly to the receiver Rx. The
receiver sensitivity curve measured on the remodulated clock signal which is recovered by
the bulk-SP laser (squares) is then plotted and compared to the reference. A penalty
of 7.5 dB at a BER of 10~® and an error floor at a BER of 3.107 are observed. For
the second configuration when the QD-SP laser is used for clock extraction, the receiver
sensitivity curve (triangles) shows an error free operation for receiver input powers larger
than -32 dBm and a penalty reduced to 3 dB at a BER of 1078, Penalty values in both
cases seem important. Nevertheless, receiver sensitivity degradations originate not only
from the OCR device insertion but also partially from the pulses format change. The
reference curve is measured with pulse duration of 8 ps which is typical for a 33 % RZ
signal at 40 Gbit/s. But pulse duration emitted by the two OCR configurations is about
3 ps. It was demonstrated that the receiver sensitivity depends also on duration of incoming
pulses among other factors [169], [170]. Therefore, the penalty values induced by the two
OCR functions include signal quality changes caused by OCR introduction and a receiver
sensitivity change caused by signal pulsewidths difference.

The bulk-SP laser emits pulses of 1.8 ps duration. In the experiment, a 2 nm filter was
used to enlarge the pulses to 3.5 ps. So that the pulse duration at the receiver is similar to

the one emitted by the QD-SP laser and the sensitivity curves measured on the remodulated
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Figure 6.5: BER of a function of Rx input power for 2 OCRs based on bulk-SP laser and
QD-SP laser

signals can be compared.

The BER results show clearly that the quality of the remodulated signal is better when
the QD-SP laser is used for the CR. A 4.5 dB penalty reduction at BER of 10~% is achieved
and the error floor disappears. The signal degradations shown by the BER curves are
attributed to the poor clock quality recovered by the bulk-SP laser. This is probably due to
an excessive internal amplitude and phase noise in bulk structures and an insufficient jitter
filtering capability of the laser. On the other hand, the error free operation demonstrates
high clock quality and confirms good performance of the OCR based on QD-SP laser.

The performance difference between the OCRs based on bulk-SP laser and on QD-SP
laser brought out by the remodulation experiment is consistent with results reported by
other characterisations. It is shown that a QD-SP laser exhibits a better jitter suppression
capability in comparison to a bulk-SP laser [168]. In the same study, it is also demonstrated
that a narrower free running spectral linewidth corresponds to a transfer function with
smaller cut off frequency. In our case, the clock spectral linewidth of the bulk-SP laser is
1000 kHz compared to only 100 kHz of the QD-SP laser. This implies that the QD-SP laser
presents a higher jitter filtering efficiency. This advantage is achieved thanks to the high
spectral purity of quantum-dot based material and considered as the main explanation for
the BER measurement results.

To conclude, the bulk-SP laser shows insufficient timing jitter filtering effect. It is
difficult to use the laser to fulfil retiming task without any additional device to improve
the recovered clock quality. A simple and promising solution to enhance the bulk-SP laser
based CR performance is discussed in Section 6.3. Otherwise, the QD-SP laser emits a good
quality clock. This is demonstrated by an error free operation and a reduced penalty on the

receiver sensitivity curve of the remodulated clock signal. However, it is essential to note
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Figure 6.6: Scheme of OCR configuration consisting of a Bragg Gratings Fabry-Perot filter
followed by the bulk-SP laser

that the QD-SP laser suffers from strong polarisation sensitivity because of its quantum-
dot material. The control of the input signal polarisation is inevitable to obtain QD-SP
laser synchronisation. A continuous polarisation state adjustment ahead of the QD-SP
laser in a real transmission system context will be impossible. An OCR solution consisting
in placing the bulk-SP laser in front of the QD-SP laser was proposed to overcome the
polarisation sensitivity problem [164]. A polarisation sensitivity assessment of this new

OCR configuration is presented in Section 6.4.

6.3 Passive pre-filtering for performance enhancement

The previous section showed that the quality of the recovered clock delivered by the bulk-
SP laser is not sufficient because of excessive internal laser noise. Therefore the bulk-
SP laser could not be used alone as a CR device. In this section, we propose a new
configuration to enhance the extracted clock. The principle of the proposed solution is first
presented. Temporal and spectral analyses to verify the OCR operating principle are then
discussed. And finally, BER are measured via the remodulation technique to show the new

configuration efficiency.

6.3.1 Proposed configuration using passive pre-filtering

Because the jitter filtering effect of the bulk-SP laser is limited, a signal pre processing stage
could be introduced to assist the laser and consequently enhance the output clock quality.
We propose an OCR configuration using a passive pre-filtering stage ahead of the bulk-SP
laser. The pre-filtering stage consists in a Bragg Grating Fabry-Perot type filter (BG-FP
filter). The proposed OCR scheme is depicted in Figure (6.6).

The BG-FP filter is an all-fibre-based device which has been fabricated by IXFiber. It
is constituted of two identical and uniform 1.3 mm fibre Bragg gratings separated by ap-
proximately 2 mm. Because of the photoinduced birefringence, two Fabry-Perot resonances
corresponding to two perpendicular polarisations exist. In order to limit influences of this

problem, the gratings are photo-written in a polarisation maintaining fibre, which enables
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us to select separately one of the two resonances by adjusting the input polarisation. A
Polarisation Controller (PC) is therefore introduced to align the input signal polarisation
on one of the two intrinsic axes of the BG-FP filter fibre. The component is packaged in a
passive thermal insensitive module without temperature control. Data signal is injected to
the BG-FP filter via the PC. The intermediate clock obtained at the BG-FP filter output
is delivered to the bulk-SP laser via an optical circulator. A 5 nm optical band pass filter
is placed at the OC output which is centred on the wavelength of the final emitted clock.

Passive technique for OCR based on spectral line filtering has been largely investigated
[130], [171], [132]. Clock extraction could be obtained simply by injecting the data signal
into a periodic optical filter. However, high performance clock signals can be achieved only
with a very high finesse filter. In our case, the Fabry-Perot filter exhibits moderate finesse
but allows extracting an intermediate clock from the incoming data signal. The basic idea
is to use the filter in order to deliver a clock signal to the bulk-SP laser instead of the data
signal. Hence the laser can be synchronised regardless of pattern effects. The overall CR
task is shared between the pre-filtering stage and the SP laser. Thus efficiency requirements
on each component can be relaxed compared to the cases when each component is used
separately. At the OCR output we can expect a clock signal exhibiting a higher quality
than when the bulk-SP laser is used without pre-filtering.

6.3.2 Filter characterisation

The spectral transfer function of the BG-FP filter is measured by injecting an optical white
source and measuring the output optical spectrum. The measure is performed by using
a high precision optical spectrum analyser called BOSA (from Aragon Photonics) which
presents a spectral resolution of 0.08 pm. The transmission spectrum of the BG-FP filter
is shown in Figure (6.7).

The transmission peaks of the BG-FP filter correspond to two cavity Free Spectral Range
(FSR) sets because of the photoinduced birefringence mentioned previously. Separations
between main peaks of the two peak classes are 347 pm and 342 pm which corresponds
to FSR values of 43.2 GHz and 42.5 GHz respectively. The measured bandwidth at half
maximum is 0.7 pm for the central peak and 1.5 pm for the adjacent peaks. Thus, the finesse
of the central peak is very close to 500. It is important to note that with this bandwidth
range, the filter is not sensitive to the frequency jitter of the transmitter laser which is
typically less than 10 MHz (0.08 pm) for conventional DFB laser (used at the transmitter
Tx). The filter insertion loss is 7 dB.

The data signal at 42.7 Gbit/s is injected into the BG-FP filter via the PC. The optical
signal generated by the transmitter Tx is at 1553 nm. Signal polarisation at the filter
input is adjusted by using the PC and is aligned on one PM fibre intrinsic axis. The signal
is transmitted by the peak class exhibiting 42.5 GHz of FSR. Figure (6.8) displays the
temporal trace and the spectral trace of the intermediate clock signal at the BG-FP filter
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Figure 6.7: Transmission spectrum of the BG-FP filter

output.

The temporal trace is obtained by using a 50 GHz photodiode for detection and dis-
played with an electrical oscilloscope Agilent Infinium DCA-J 86100C. The clock signal
spectrum is given by an Optical Spectrum Analyser Anritsu MS 9710 B operating at a
resolution of 0.07 nm. The obtained clock presents a poor extinction ratio of only 8 dB and
strong intensity fluctuations. We remind that the incoming data signal generated by the
transmitter Tx exhibits an excellent Extinction Ratio (ER) of at least 16 dB and nearly no
intensity noise. This ER decreases and the induced intensity noise results from the clock ex-
traction processed by the BG-FP filter. The low quality of the emitted clock originates from
three facts: filtering process which is not selective enough to eliminate the data spectral

components, carrier wavelength drift and resonance detuning [172].

So, despite low intensity noise of the incoming signal, the intensity fluctuations at the
filter output are inevitable. After passing through the FP filter, optical pulses are inserted in
the ‘0’ slots of the data signal with few bits [135], [173]. Then the data signal is transformed
by the filter into a pulse stream with unequal amplitude. These intensity fluctuations can be
limited only by increasing the filter finesse. Secondly, the drift of the filter transmission peak
from the data carrier wavelength induces also clock intensity fluctuations. In our case, the
optical carrier wavelength is adjusted accurately at the transmitter Tx to be superimposed
on one of the filter transmission peaks. Then the carrier frequency drift impact can be
neglected. However, both extinction ratio degradation and intensity noise introduction are
also consequence of the filter FSR detuning from the transmitter clock frequency [172]. The
clock frequency of the transmitted signal is 42.7 GHz while the filter FSR is 42.5 GHz. The

FSR detuning leads to the fact that in the signal spectrum, the lateral modulation lines
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Figure 6.9: Output recovered clock pulses recovered by the bulk-SP laser when an optical
data signal is injected (a) and an optical clock is injected (b)

slip out of the filter transmission peaks and then will not be correctly transmitted. That
means the spectral line levels decreases while the noise inside the filter pass band increases.
In addition, the asymmetric transfer function of the BG-FP filter leads to unequal spectral
line transmissions. This can be observed on the output clock spectrum. Combination of all
these problems makes the clock provided by the BG-FP filter not suitable for transmission.
In spite of the low quality of the extracted clock, this filter is used to perform a pre-filtering

for bulk-SP laser synchronisation.

6.3.3 Temporal and spectral analyses

To verify the proposed OCR principle, the bulk-SP laser behaviour is studied in two cases:
the first one in which an optical data signal is injected into the laser for synchronisation and
the second one in which an optical clock delivered by a modulator is injected. Input pulse
durations and intensity noise characteristics are identical in both cases. Qualities of the
recovered clocks in the two experiments are compared via temporal and spectral analyses.

Pulse shapes of the extracted clocks are presented in Figure (6.9). They are obtained
by using an Optical Sampling Oscilloscope (OSO) in the persistent ‘Eye Diagram’ mode
and with a time resolution of 1 ps (Picosolve, PSO 100 Series).

It appears clearly that the intensity noise is not identical in the two cases. The output
clock in the first case exhibits a fluctuation of 50 % of pulse amplitude. This fluctuation is
only 30 % in the second case. Hence, the intensity noise of the recovered clock is smaller
if the laser is synchronised to a clock signal. This result is attributed to the absence of
pattern effects in the incoming signal.

Spectral analysis is then investigated. The phase noise curves of the clock achieved
by injecting optical data or an optical clock into the bulk-SP laser are displayed in Fig-
ure (6.10). The phase noise densities in both cases are identical in the low frequency region

under 300 kHz. For frequencies above 300 kHz, the phase noise of the extracted clock is
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Figure 6.10: Clock phase noise curves obtained when the bulk-SP laser is injected optical
data (bright curve) and an optical clock (dark curve)

lower if the laser receives a clock signal instead of a data stream. In order to have a quan-
titative evaluation, the phase noise results have been compared with the ITU T G825.1
recommendations. The rms timing jitter in the frequency range (16-320 MHz) has been
computed. For the recovered clock in the data injection case, an rms jitter of 629 fs is
deduced. This value is much larger than the maximum rms jitter tolerated at 40 Gbit/s
which is of 232 fs. On the other hand, the deduced rms jitter value in the clock injection
case is 125 fs. This is largely smaller than the 232 fs threshold and hence demonstrates a
suitable clock quality. The results of the phase noise measurement confirm that injection
of optical clock instead of optical data into the bulk-SP laser can provide a better clock

quality.

6.3.4 Results of BER measurements

The recovered clocks performances delivered by the bulk-SP laser with and without pre-
filtering stage are evaluated by BER measurements in remodulation experiments. The first
receiver sensitivity curve measured on the remodulated clock is obtained when data from
the transmitter Tx is injected directly into the laser. The second one is obtained by inserting
the pre-filtering stage constituted of the BG-FP filter in front of the laser. The reference
curve is plotted by connecting the transmitter Tx output to the receiver input Rx. The
BER measurement results are shown in Figure (6.11).

The OCR configuration corresponding to the bulk-SP laser alone exhibits a penalty of
5 dB at 107® and an error floor at a BER of 1072, The signal degradations caused by

the laser introduction can be predicted from Section 6.2. The insufficient recovered clock
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Figure 6.11: BER as a function of Rx input power for two OCR, schemes: the bulk-SP laser
alone (green) and with the BG-FP filter for pre-filtering (red)

quality is assigned to poor jitter filtering effect offered by the bulk-SP laser. When the
BG-FP filter is introduced as pre-filtering stage in front of the laser, the corresponding
BER curve shows a penalty of only 2.5 dB at 10~8 compared to the reference and no error
floor is observed. The clock quality improvement brought by the pre-filtering is then clearly
demonstrated. This OCR performance enhancement is characterised by a penalty reduction
of 2.5 dB and the error floor absence. The result is in agreement with temporal and spectral
analyses. The pre-filtering stage suppresses pattern effects and consequently the recovered

clock quality is improved.

To conclude, the performance enhancement of an OCR based on bulk-SP laser by using a
simple passive optical filter is demonstrated. The recovered clock quality is clearly improved
in spite of strong amplitude fluctuations of the intermediate clock delivered by the pre-
filtering stage. The results are quantified thanks to BER measurements. The temporal
and spectral analyses show that the pre-filtering process leads to an intensity fluctuations
reduction. The phase noise spectra measured on the recovered clock show a stronger noise
level caused by pattern effects. Therefore a periodic filter will be useful if the spectral purity

of the SP laser is not sufficient to assure a high clock quality.

The OCR performance can be more enhanced by optimising the pre-filtering stage. A
FP filter with a higher finesse and a FSR precisely equal to 42.7 GHz will give a better
intermediate clock and therefore certainly improve the recovered clock quality at the OCR

output.
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Figure 6.12: Experimental set-up for polarisation sensitivity assessment

6.4 Polarisation sensitivity assessment

As mentioned in Section 6.2, despite that OCR based on QD-SP laser shows high timing
jitter filtering performance, its sensitivity to the polarisation of the incoming signal is the
principal obstacle to its deployment in real transmission systems. A solution has been
proposed to overcome the polarisation problem [164]. It consists in a tandem of 2 SP lasers:
a polarisation insensitive bulk-SP laser followed by a QD-SP laser. The laser cascade can
offer a polarisation insensitive OCR with high timing jitter performance, thanks to the
polarisation insensitivity of the bulk-SP laser and to the jitter suppression of the QD-SP
laser. In this section, we investigate the polarisation sensitivity of two OCR configurations
via remodulation experiment. The polarisation sensitivity of the QD-SP laser based OCR
is first assessed. Then the polarisation insensitivity of the laser cascade based OCR is

analysed.

6.4.1 Experimental set-up

The experimental set-up used for the polarisation sensitivity assessment relies on the typ-
ical scheme of a remodulation experiment as shown in Figure (6.12). The optical data
signal generated by the transmitter Tx is linearly polarised because it is delivered by a
DFB laser. For this study, a polarisation control block is elaborated to control the ori-
entation of the signal polarisation at the OCR input. The block comprises a polarisation
controller (PC) and a variable polariser. By changing the polariser angle and optimising
the transmitted data signal with the PC, the polarisation orientation at the OCR input
can be changed without changing the input power. The fibre connecting the polariser to
the OC is short and well fixed. This ensures that no important polarisation change caused
by environment is induced during propagation. By this way, a polariser angle corresponds
to a signal polarisation orientation at the OCR input. The BER measurements performed

on the remodulated signal for various input polarisations allow to evaluate the polarisation
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Figure 6.13: BER as a function of Rx input power measured on the remodulated clock
recovered by the QD-SP laser based OCR for various input signal polarisation orientations

dependence of the recovered clock quality. Consequently BER results could be used to
quantify the polarisation sensitivity of the studied OCR function.

6.4.2 Polarisation sensitivity of QD-SP laser based OCR

The polarisation sensitivity of the QD-SP laser based OCR is analysed via remodulation
experiment. BER evolutions shown in Figure (6.13) illustrate the dependence of the re-
modulated clock quality on the incoming polarisation angle.

At the OCR input, the data signal presents a linear polarisation. It is collinear to
the polarisation privileged axis of the QD-SP laser when the variable polariser angle is
zero. Firstly, the BER curves show that within the synchronisation range, no error floor
is observed for all signal polarisation orientations. Secondly, the curves present a minimal
penalty of 3 dB compared to the reference curve. This penalty has been already identified in
Section 6.2. It is attributed to a receiver sensitivity change due to detected signal pulsewidth
changes. The pulse duration at the QD-SP laser output is 3 ps while the pulse duration
of the reference signal is 8 ps. At last, the BER curves show that by changing the signal
polarisation state ahead of the QD-SP laser additional penalties are induced. The OCR
sensitivity to the injected signal polarisation is clearly demonstrated. Figure (6.14) exhibits
the induced penalty at a BER of 107 as a function of the polarisation angle.

The curve shows that an average penalty of 3 dB is maintained in the range [-40°, 40°].
When the input polarisation angle reaches the value of £45° the induced penalty increases
steeply. From this curve, we can conclude that the tolerance of the input polarisation angle
is about +45° with respect to the QD structure privileged axis. Out of this range, the QD-

SP laser could not be synchronised anymore and BER measurements become impossible.
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Figure 6.15: OCR configuration based on cascade of the two SP lasers

6.4.3 Polarisation sensitivity of SP laser cascade based OCR

The OCR based on the QD-SP laser presents an efficient jitter filtering function but its
sensitivity to input polarisation remains a major obstacle for field applications. The OCR
solution proposed to overcome this problem consists in a cascade of two SP lasers: a bulk-
SP laser followed by a QD-SP laser [164]. This OCR configuration was demonstrated to
maintain a stable recovered clock while the input polarisation was varied by a low speed
polarisation scrambler. Moreover, the reported spectral analysis showed that the tandem
recovered clock exhibits the same phase noise characteristics as the clock recovered by the
QD-SP laser alone. Therefore the OCR based on laser cascade presents also a high tolerance
to the OSNR degradation while ensuring a low timing jitter. The OCR scheme is depicted

in Figure (6.15) with an example of recovered clock signal.

The bulk-SP laser is placed on first position to limit the impact of input polarisation
variations. The QD-SP laser is placed next, to enhance the clock quality thanks to its high
spectral purity. An EDFA is used to deliver the signal power required for QD-SP laser
synchronisation. In the OCR set-up, the signal polarisation at the bulk-SP laser output
is aligned to the QD-SP laser privileged axis. Because the bulk-SP laser emits a fixed
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Figure 6.16: BER as a function of Rx input power of remodulated clock provided by
the OCR constituted of cascade of the two SP lasers for various input signal polarisation
orientations

linearly polarised optical signal, the signal polarisation state at the QD-SP laser input is
well defined. The QD-SP laser is therefore in a stable locked regime and emits a steady
recovered clock. Stable recovered clock signals provided by the laser cascade are obtained
for any input polarisation angle as shown in Figure (6.15).

To demonstrate quantitatively the OCR insensitivity to the input signal polarisation,
BER measurements are performed on the remodulated clock for different polarisation angles.
The results are reported in Figure (6.16). Power levels at the bulk-SP laser and the QD-SP
laser inputs are 6 dBm and 3 dBm respectively.

For all polarisation angles between -90° and 90°, neither additional penalty nor error
floor due to polarisation change is observed by considering a receiver sensitivity measure-
ment error of 0.5 dB. Because of the pulsewidth change, all curves exhibit a penalty of 3 dB
at 1072 in comparison to the reference. The curves superimposition demonstrates clearly
an ultra stable recovered clock quality at the OCR output despite the input polarisation
changes. The polarisation insensitivity of the laser cascade is experimentally confirmed by

BER measurements in remodulation experiments.

6.5 Resistance to polarisation mode dispersion

Polarisation Mode Dispersion (PMD) effect causes impairments on system transmission
performance. At the receiver, the PMD presence in the optical signal leads to great diffi-

culties for optoelectronic CR operation. In this section, we investigate the PMD resistance
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Figure 6.17: Experimental set-up for assessment of PMD impact on receiver sensitivity

of the all-optical CR based on the bulk-SP laser. Although the laser was shown insensitive
to the input polarisation orientation, the PMD impact on its synchronisation performance
and on the extracted clock quality is far from negligible. At first, the principle of the PMD
emulator using in our study is described briefly. Then, the PMD impact on receiver sen-
sitivity when the optoelectronic CR is used is examined. At last, PMD resistance of the

bulk-SP laser based OCR is analysed via a remodulation experiment.

6.5.1 PMD emulator

A PMD emulator is a device which can simulate the PMD effect induced by a virtual fibre
link (as long as several hundreds of kilometres) on an optical data signal. By passing through
the PMD emulator, the two principal states of the optical signal polarisation accumulate a
differential group delay (DGD). At the emulator output, the optical pulses are broadened as
if they had suffered from the PMD effect after a long fibre propagation. PMD emulators use
typically randomly coupled PM fibres or highly birefringent crystals mounted on rotation
stages. For simplicity, we consider only the first order DGD. The used PMD emulator is a
PMD platform provided by General Photonics (Model PMD-601-S). The device is dedicated
for 40 Gbit/s applications and can provide first order DGD values in the range of [0 ps;
22.5 ps], with a resolution of 0.36 ps.

6.5.2 Impact of PMD on receiver sensitivity

The PMD effect can disrupt the operation of an optoelectronic CR and therefore lead
to receiver sensitivity degradations. PMD influences on the receiver sensitivity can be
assessed by inserting simply the PMD emulator into a back to back configuration as shown
in Figure (6.17).

The transmitter Tx generates 42.7 Gbit/s RZ 33 % PRBS streams. The transmitted
optical signal presents a high OSNR of 30 dB/1 nm. A manual PC allows to align the
signal polarisation to principal axes of the DGD emulator. In this experiment, the signal
polarisation state at the emulator input is in the worst case. The optical power is equally
distributed into the two principal axes of the emulator in order to obtain a maximal pulse
broadening by the first order DGD. At the receiver Rx, the optical signal is detected by a
50 GHz photodiode. The receiver CR function is performed by an optoelectronic module.

The optoelectronic CR scheme can be simplified as depicted in Figure (6.18).
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optoelectronic CR circuit(green) for various DGD values of injected data signal

The electrical signal delivered by photodiode detection is injected into the electronic CR
circuit. Its operating principle consists in modulation spectral line filtering at 40 GHz. The
electrical filter stage is assisted by a retroaction circuit. The eye diagrams of the received
signal and clock temporal traces recovered by the optoelectronic CR circuit for different
DGD values are presented in Figure (6.19).

As long as the DGD increases, the received pulses are broadened and distorted. The eye
diagrams become more and more closed on both time and amplitude axes. Good quality
clocks can be obtained for DGD values up to 10 ps. However, timing jitters observed on the
clock traces seem more important for the larger DGD values. At a DGD of 12 ps, the CR
is not stable and reliable anymore. The electrical clock signal presents large fluctuations
and moreover occasional random phase hopping is observed in real time on the electrical
oscilloscope. For DGD values superior to 12 ps, the clock signals seem clearer but the

random phase hopping is always present and appears more frequent. These observations
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Figure 6.20: BER as a function of Rx input power in back-to-back configuration for various
DGD values of optical data signal

allow a qualitative evaluation of PMD impact on the optoelectronic CR operation and on
its recovered clock quality.

The penalty induced by PMD effect on the CR performance is related to the fact that
PMD exhibiting in an optical signal corresponds to a selective attenuation on the signal
electrical spectrum [174]. Because the receiver CR is based on the modulation lines filtering
on the signal electrical spectrum, its performance and consequently the recovered clock
quality are sensitive to electrical spectrum changes. If the DGD is close to a half of the
bit duration, an attenuation maximum appears precisely at the modulation frequency. The
attenuation is much important in our case because the signal power is equally distributed
to the two principal polarisation states. The DGD value of 12 ps is very close to a half of
the bit duration at 42.7 Gbit/s and the worst scenario takes place. A recovered clock with
strong temporal fluctuations and random phase hopping is observed. However, the physical
mechanisms of random phase hopping are not well-known yet.

In order to have a quantitative evaluation of PMD effect on receiver performance, BER
measurements are performed. Signal OSNR ahead of the receiver is artificially degraded by
adding ASE noise to the received optical signal. The receiver sensitivity curves are plotted
for different signal DGD values as long as the synchronisation of the receiver optoelectronic
CR is maintained. By this way, the induced penalties on BER curves include not only the
degradations of the receiver CR performance but also of the distorted optical signal arriving
on the photodiode. The BER evolutions are shown in Figure (6.20).

The receiver sensitivity curves could be plotted only for small DGD values, up to 10 ps.
Because of random phase hopping appearing for DGDs superior to 10 ps, BER measurement
is impossible. As long as the receiver is correctly synchronised and BER measurement is

possible, the receiver sensitivity curves do not present any error floor. The sensitivity curve
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Figure 6.21: Experimental set-up for PMD resistance assessment of an OCR based on
bulk-SP laser

for 0 ps DGD is considered as the reference. An induced penalty smaller than 1 dB at
107 is observed for 5 ps DGD. When DGD value becomes greater, the induced penalty
increases. It reaches 1.4 dB at 10~ for 10 ps DGD.

The OSNR penalty originates from two phenomena: the eye diagrams of the incoming
signal become more closed and the sampling time is shifted away from its optimum position.
As we can see in Figure (6.19), for 10 ps DGD, the signal eye opening is strongly degraded in
comparison to the eye of a signal without PMD effect (0 ps DGD). Furthermore, when the
DGD increases, the sampling time shift with respect to the eye centre increases too [175].
The combination of these two effects results in a penalty on the receiver sensitivity. The
measured penalty of 1.4 dB for 10 ps DGD is very close to the 1 dB OSNR degradation
predicted by [23] for a DGD close to a half of bit duration.

This section brought out the impairments caused by PMD effect on the operation of
the receiver optoelectronic CR and the consequence on the receiver sensitivity. The PMD
effect, especially for DGD values comparable to the bit duration, leads to an increase of
the timing jitter of the recovered clock and to random phase hopping. Because of this
phase hopping, the CR synchronisation is totally lost for DGD values larger than 10 ps. In
addition, the eye diagrams of the incoming signal are more and more closed when the DGD
increases. This results in receiver sensitivity degradations which are presented by induced
OSNR penalties.

6.5.3 Resistance of bulk-SP laser based OCR to PMD effect

According to Section 6.3, the total polarisation insensitivity of the OCR based on the
cascade of the two lasers is achieved thanks to the polarisation insensitivity of the bulk
laser. In this section, resistance to PMD effect of the OCR based on this laser alone is
investigated. The experimental set-up of this study is a typical remodulation experiment
as shown in Figure (6.21).

The transmitter Tx emits a typical 42.7 Gbit/s RZ 33 % PRBS signal. The optical
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Figure 6.22: Signal eye diagrams in front of the bulk-SP laser OCR (yellow) and extracted
clock signals (green) for various DGD values

data signal presents an excellent OSNR of 30 dB/1 nm. This last allows to consider that
the signal arriving on the studied OCR device suffers principally PMD signal degradations.
The PMD emulator is placed ahead of the OCR. BER measurements on the remodulated
clock are performed for each DGD value of the incoming optical signal. In remodulation
experiment, the transmitter electrical clock is used directly for the receiver synchronisation.
By this way, all receiver synchronisation impairments due to the optical signal PMD can be
avoided. The signal eye diagrams in front of the OCR and extracted optical clock signals
for different DGD values are presented in Figure (6.22).

By observing the temporal traces of the recovered clock, the OCR behaviour seems very
similar to the one of the optoelectronic CR circuit reported in Paragraph 6.5.2. The OCR
device provides a stable output clock for DGD up to 10 ps. Synchronisation of the OCR
device is totally lost at 12 ps DGD. For all DGD larger than 12 ps, despite the clock temporal
traces can be observed, phase hopping appears frequently. Thus the recovered clock is not
reliable anymore. Although the synchronisation mechanism of the OCR device is different
from the one of the optoelectronic CR circuit, both CRs rely on the modulation line filtering
in the signal electrical spectrum. PMD quantified by DGD decreases the modulation line
level and therefore degrades CR devices synchronisation performance.

As long as the OCR function is synchronised, the recovered clock quality is assessed
by measuring BER on the remodulated clock. The receiver sensitivity curves obtained for
various DGD values of the incoming data signal are displayed in Figure (6.23).

For 10 ps DGD, the BER curve presents an error floor at 5.10~% while the curves for
DGD of 5 ps and 8 ps do not present neither error floor nor penalty compared to the
reference (0 ps DGD). The error floor points out that even if the OCR is synchronised, the
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Figure 6.23: BER as a function of Rx input power of remodulated clock given by bulk-SP
laser OCR for various DGD of the transmitted data signal

strong PMD degrade the extracted clock quality. This degradation could not be observed
clearly on the clock temporal trace. The zero penalty shows that the performance of the
OCR device is well maintained if the PMD effect of the incoming signal does not excess
8 ps DGD.

To conclude, the resistance to PMD of the bulk-SP laser based OCR is investigated. It
is shown that PMD effect damages the extracted clock quality and causes synchronisation
loss when the DGD is superior or equal to a half of bit duration. Nevertheless, the OCR
function presents a certain tolerance to PMD effect. It is quantified by a first order DGD of
8 ps. This tolerance is insufficient in an actual transmission system context. PMD exhibit
random characteristics. Sub functions of a regenerator will be interesting if they could
maintain good performances despite PMD effects in order of a half of bit duration. At
40 Gbit/s, such PMD effect corresponds to a DGD of 12.5 ps.
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investigations

This second part of the manuscript is devoted to present the experimental assessments of
different all-optical clock recovery configurations. The studied OCR, functions are princi-

pally based on self-pulsating semiconductor lasers.

In the fifth chapter, roles of CR function in optical networks are firstly discussed. It
is pointed out that regardless of the CR function position, at receivers, in node of OTDM
systems or in in-line repeaters, the recovered clocks must have a low timing jitter. The clock
quality defines the timing stability and synchronisation performance of the overall commu-
nication system. Then, different techniques which are usually exploited for CR devices
are briefly reviewed. They are classified in three categories according to their operation
principles: spectral filtering technique, phase-locked loop technique and injection locking
in oscillating systems. The principle, virtues as well as drawbacks of each technique are
discussed. It is shown that to go beyond 40 Gbit/s, the CR devices which are constituted
of only electronic components will be not the solution of choice. On the other hand, CR
functions operating at 40 Gbit/s and even higher can be performed thanks to the all-optical
approach. This brief review brings out our motivations to use self-pulsating semiconductor
lasers as the principal component of OCR functions for 3R regeneration applications. In
the second section of the chapter, the operating principle, advantages and limitations of the

OCR solutions based on these novel lasers are discussed.

The last chapter is dedicated to present the experimental study of various OCR config-
urations based on SP lasers. The used characterisation techniques and evaluation methods
are developed in Section 6.1. An original characterisation technique called remodulation
experiment is proposed to assess the performance of OCR functions.

Section 6.2 reports a comparison of two OCR functions: one is based on a bulk-SP laser
and the other is based on a quantum-dot SP laser. Bit error rate measurements obtained
via the remodulation technique show a better quality of the clock recovered by the QD-
SP laser. Error free operation is possible by using the QD-SP laser based CR. On the
contrary, an error floor at BER of 3.107? is observed when the bulk-SP laser is used. This
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performance difference of the two OCRs is in agreement with other studies. It is attributed
to the higher spectral purity of quantum-dot structures in comparison to bulk structures.

In Section 6.3, a solution is proposed to enhance the clock quality delivered by the CR
using the bulk-SP laser. It consists in placing a passive pre filtering stage which is a Bragg
Gratings Fabry-Perot filter ahead of the bulk-SP laser. In the presence of the pre filtering
stage, an intermediate clock is extracted from the incoming data signal and provided to the
bulk-SP laser. The laser is therefore synchronised regardless of pattern effects. This fact
leads to an attenuation of the intensity fluctuations and a timing jitter reduction on the
recovered clock. The timing jitter improvement is confirmed by phase noise measurements.
The quality enhancement of the recovered clock is clearly demonstrated on the BER curves
obtained thanks to the remodulation experiment. It is illustrated by an error floor removal
and a penalty reduction of 2.5 dB.

Next, a polarisation sensitivity assessment of various OCRs is presented in Section
6.4. The QD-SP laser shows a good performance for OCR functions thanks to its high
spectral purity but the strong sensitivity of QD structures to incoming signal polarisations
causes impairments for OCRs operation. By adjusting the input polarisation orientation,
it is shown that the QD-SP laser based OCR tolerates an input polarisation angle in the
range of [-40°, 40°] with respect to the privileged axis of the QD structure. Out of this
range the synchronisation to the incoming signal is totally lost. On the contrary, the OCR
constituted of the bulk-SP laser followed by the QD-SP laser presents a total insensitivity
to the polarisation of the input signal. The cascade does not introduce any penalty on
BER curves for any input polarisation angle. This performance is achieved thanks to the
polarisation insensitivity of the bulk based laser.

At last, a primary study is dedicated to the resistance to polarisation mode dispersion
of CR functions. PMD effect is an inevitable degradation of transmitted optical signals in
long and long haul fibre links. At 40 Gbit/s, it is demonstrated that the synchronisation of
the receiver optoelectronic CR is not reliable anymore when the incoming signal presents a
DGD superior to 10 ps. Moreover, the PMD presence leads to receiver sensitivity penalties
and the induced penalties increase when the DGD becomes more and more important. For
the OCR function based on the bulk-SP laser, the synchronisation is lost when the DGD
value of the input optical signal exceeds 10 ps. At 10 ps DGD, the receiver sensitivity
curve measured on the remodulated clock exhibits an error floor at BER of 5.1078. On the
other hand, up to 8 ps of DGD, neither error floor nor additional penalty compared to the
reference curve is observed. Thus, the bulk-SP laser based OCR shows a certain resistance
to PMD effect. The tolerance is limited at 8 ps DGD at the bit rate of 40 Gbit/s. Such
tolerance is insufficient in a real system context in which a functional device is interesting
only if it is able to resist to a PMD effect of at least a half of bit duration. Nevertheless,
this modest resistance of the OCR leaves a hope on the way to reach PMD tolerant OCR

solutions.
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Different OCR configurations principally based on SP semiconductor lasers are examined
and their performances are analysed via remodulation experiments. The OCR, configura-
tion of choice should be the cascade of the two SP lasers: the bulk-SP laser followed by the
QD-SP laser. This CR function presents a high performance in terms of jitter suppression
thanks to the QD-SP laser spectral purity. Moreover, it is totally polarisation insensitivity
thanks to the bulk-SP laser. This OCR device demonstrated its efficiency in a 3R regenera-
tor [12]. The lasers cascade was associated with a 2R regenerator to build a 3R regenerator
in synchronous modulation configuration. Thanks to the implementation of the OCR for
synchronous modulation, the accumulation of timing jitter was considerably reduced. Con-
sequently the maximal transmission distance was enhanced more than twice compared to

the case when the 2R regenerator is employed alone without the OCR function.



178 conclusions




Conclusions






Conclusions 181

The works carried out in this thesis could be viewed from two aspects associating with
studies of two key elements of optical signal regeneration: 2R regenerator and Optical Clock

Recovery.

Investigations on 2R regenerators were focussed on configurations exhibiting simplicity,
wavelength preservation and compability with WDM, which is a key issue for the possible
use of optical regenerators in future optical networks. Such a regenerator scheme could be
either integrated in 3R regenerators or directly used as a 2R regenerator. It consists in
a cascade of an SOA and a Saturable Absorber (SA), both in self-saturation, and exhibit
promising features in agreement with the aforementioned requirements. Earlier, this type of
regenerator demonstrated its efficiency for 2R regeneration at 10 Gbit/s and it was shown
that the main limiting factor for higher speed operations is the SOA response time [170].
In my thesis, the ultrafast dynamics of different SOA structures is specially investigated
in order to explore their limits and their potential for signal reshaping at 40 Gbit/s. Both
experimental and numerical results demonstrated that intraband effects play an important
role in gain dynamics of SOAs saturated by short pulses (a few picoseconds). Consequently,
SOA recovery times could be found as short as 25 ps despite the presence of slow interband
relaxations (lifetime in order of several hundred picoseconds).

Among the different studied structures, the highly confined bulk based SOA and the
long quantum-dot based SOA (QDot SOA) appear as the best candidates for operations
at bit rates exceeding 40 Gbit/s. At maximal bias current, their gain recovery times are
respectively 20 ps and 10 ps for 3 dB gain compression. Moreover, by associating the long
QDot SOA with a blue shifted filter, the response time could be reduced to 3 ps. This ultra-
fast recovery promises 160 Gbit/s operation without any patterning effect. Unfortunately,
the long QDot SOA sample exhibits excessive gain ripple which makes its assessments in
system environment impossible. Only the highly confined bulk based SOA could be studied
in noise compression experiment. The reshaping capability at 40 Gbit/s of the regenerator
scheme consisting in the bulk based SOA cascaded an SA was proven by both experimental
and numerical results. The cascade insertion in back-to-back configuration allowed ampli-
tude noise of the transmitted optical signal to be reduced. The signal quality enhancement
was clearly put in evidence by a penalty reduction of 1.3 dB on the receiver sensitivity.

In outlook, some further assessments of the regenerator should be taken into consider-
ation. First of all, the pulse duration used in the noise compression experiment was 4 ps.
It is necessary to perform the same investigations with 8 ps pulses, which are the typical
when using the RZ 33 % signal format currently used in 40 Gbit/s systems. Secondly, the
regenerator has to be assessed in re-circulating loop experiment to prove its cascadability

and transmission distance enhancement..

Exploration of different OCRs using self-pulsating lasers have been focussed on quality

improvement of extracted optical clocks and on polarisation sensitivity of the OCR devices.
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For the first time, remodulation technique is proposed to assess the performance of OCR
functions. This original technique allows the recovered optical clock to be modulated in
the same way as in a data-driven 3R regenerator and thus, impact of pattern effects on the
OCR performance could be taken into account. The studied OCR devices are based on two
self-pulsating (SP) semiconductor lasers and their operations were demonstrated previously
(within the framework of ROTOR project) at 40 Gbit/s. One SP laser is constituted of
bulk material and the other is constituted of quantum-dot based material.

Characterisations showed that the quality of the recovered clock obtained with the bulk-
SP laser is insufficient because of the excessive internal phase noise of the laser. In this
thesis, we propose using a passive pre-filtering in front of the bulk-SP laser to improve
the extracted clock quality. By inserting the pre-filtering stage, the timing jitter of the
extracted clock could be reduced and the quality of the remodulated signal was enhanced.
This signal quality improvement is illustrated by the absence of error floor on the BER
curve and a penalty reduction of 2.5 dB on the receiver sensitivity.

Concerning the OCR based on the QD-SP laser, the greatest drawback for applications
in actual systems is the strong polarisation dependence. Its polarisation sensitivity was
estimated via BER measurements. It is shown that the input polarisation angle tolerance
is about +45° (compared to the privileged axis of the quantum-dot structure). Out of this
range the QD-SP laser could not be synchronised anymore. The OCR solution consisting
in introducing the bulk-SP laser in front of the QD-SP laser was demonstrated totally
polarisation insensitive via BER measurements.

At last, a primary study about the OCR tolerance to Polarisation Mode Dispersion
(PMD) was investigated. It was shown that the tolerance to PMD effect of the OCR
constituted of the bulk-SP laser is about 8 ps DGD at 40 Gbit/s. Such a tolerance is not
sufficient for an actual 40 Gbit/s optical transmission system yet, but it is an encouraging

progress offered by all-optical technique in comparison to classical opto-electrical CR circuit.
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The amplitude and phase of the pulses travelling the SOA are separated by using:

A = VPexp(i®) (6-2)

and Equation (6-2) is injected in the propagation equation of the optical field:

0A 1 0A 1

— oA 6-3
0z + Vg % ot 2g (6-3)
with P(t, z) is the power, ® (¢, z) is the phase of pulses, and we change A(t, z) to A(7, Z)

to be in the reference frame moving with the pulse:

A(r,Z) = \/P(1, Z) exp(i®(1, Z)) (6-4)
= Z (6-52)
o= -2 (6-5b)

Ug

The first term on the left side of Equation (6-3) is now written by:

DA 0A 1 _9A

0: "7 w, “or (6:5)
and the second term becomes:
0A  0A
= -7
ot or (6-7)
Introducing Equations (6-6) and (6-7) in (6-3), we obtain:
0A 1
Y 2aA .
5, = 39 (6-8)
Equations (6-4) and (6-8) together lead to the following system:
opP
— = gP 6-9
o g (6-9a)
0P 1
oz -9b
0z 2 (6-9b)
System (6-9) can be integrated over the SOA length to provide:
P(r,L) = P(1,0) exp [h(T)] (6-10)
a
O (1,L)=®(7,0) — §h (1) (6-11)

The function h (7), which represents the accumulated gain at each point of the pulse

profile is defined by:
L
h (1) :/ g(z,7)dz (6-12)
0
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If the solution of the differential gain is known, then the evolution of the pulse at the
amplifier output is too. While the differential gain g (z,7) is a function of the population

N1 only, the evolutions of the two populations N1 and Ny are given by the following rate

equations:
oMy _IU PN N1 AN (6-13)
o q E, Ts Te
N, I(1-U) Ny AN
= _ 22 6-14
ot q Ts * Te ( )
with Ny and AN are defined by:
N =N;+ Ny (6-15)
AN = Ni(1 - U) — NoU = Ny — UN (6-16)
Sum of Equations (6-13) and (6-14) leads to:
ON I PNy N
- = - _ -1
ot q E, Ts (6-17)
Otherwise, by replacing (6-16) into (6-13), we obtain:
Ny I PNy N N N
oMy _IU_ PNy M M U (6-18)

ot q E, Ts Te Te
For all next calculations, we take into account the approximation: 7. < 7. By isolating

N from Equation (6-18) the following system can be obtained:

7. ONyp I7e Te Ny
N = % 1T PNy + L 1
v ¢ o™t T (6-192)
ON 7. O*Ny Te 0 (PNy) 1 oM
oy _ I —x &0 6-19b
a1 v o2 TUR. o TU" o (6-19b)

Introduction of system (6-19) into Equation (6-17) leads to one partial differential equa-

tion of only one unknown Nj:

92Ny 1X8N1 U Ly (U 1) 1 9(PNy)
g, 2 _ v L —

PN, -
B B )TN R T o

This equation corresponds to Equation (3-13) of Chapter 3. To clarify Equation (6-20), we

6-20
Ot? Te ot qTe  TsTe ( )

introduce some notations for all the constants:

1
A = —
Te
W U
qTc
1
Ay =
TsTe
U 1
A =
* ESTC+ESTS
1
As = —
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Then, Equation (6-20) becomes:

>*N ON
5+ A = Ao — ANy — 4PNy — A

0 (PNy)
ot

(6-21)

To obtain the equation representing the evolution of the differential gain g, the two

following relations are used:

Ta
= _—N 6-22
9= M (6-22)
Ta
A= — A 6-23
6= o ds (6-23)

Consequently, the differential gain is the solution of:

d%g dg d(Pg)
w"‘Ala = A¢ — A3g — AyPg — As ot

If (6-24) is integrated over the SOA length and we make use of (6-9) and (6-10) to

eliminate the product Pg, then h (7) is the solution of the following differential equation:

d’h dh L Ldp (r,2) d Ldp (r,z2)
—— 4 A — = Agdz—Ash— A —— 2y — As— —%d -2
dr + Var /0 642 3 4/0 dz § dr </0 dz Z) (6-25)

(6-24)

We remind that:

L
/O W dz = P(7,L) = P(7,0) = P (7,0) [exp (h) — 1] (6-26)

Introduction of Equation (6-26) into (6-25) gives:

diZ_(;—) + Aq df;S_T) = AgL — Ash (1) — A4P (1,0) [exp (h (7)) — 1]
—Asexp (h (1)) ‘“i;:o) — AP (7,0) exp (h (7)) ‘”";(TT)
+A5di§:0) (6-27)

Equation (6-27) is in fact Equation (3-15) of Chapter 3, with P (7,0) is the power of the

input pulse.
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The same transformations are applied to optical field expression as described in Ap-
pendix 1 and the function h (7), which represents the accumulated gain at each point of the
pulse profile, is always defined by Equation (6-12). In this model [56], it is considered that
all available carriers, which relax with the interband time constant 7, contribute directly

to the amplifier gain and the rate equation of the carrier density M is given by:

oM I M M
7:7_7_9( )‘A‘Q (6—28)
ot qV T hwg
The differential gain g (z,7) is related to the total carrier density M by:
g(M) = Ta (M - M) (6-29)
We remind that:
I is the current
a is the gain coeflicient
wp is the signal pulsation
M is the carrier density
My is the carrier density required for transparency
By injecting (6-29) into Equation (6-28), we obtain:
0 - P
99 _N=9_I- (6-30)

ot T E,

with gg = I'aMj (% — 1) is the small-signal gain
Iy = % is the current required for transparency
If we integrate Equation (6-30) over the SOA length and make use of (6-9) to eliminate

the product gP, then h (7) is the solution of the following ordinary differential equation:

@7 gOL—h_ P (7,0)
dr Ts E

[exp (h) — 1] (6-31)

For a given input pulse profile P (7,0), Equation (6-31) can be solved to obtain h (7)
and the output pulse profile is deduced from Equation (6-10).
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Résumé

Face a 'augmentation constante du trafic 1lié notamment a Internet, la demande de ca-
pacité dans les réseaux coeur ne cesse de croitre : le débit par canal des systemes WDM a
atteint 40 Gbit/s et va bientot atteindre 100 Gbit/s et 160 Gbit/s. A partir de 40 Gbit/s, le
traitement tout-optique du signal peut offrir une solution intéressante pour réduire la con-
sommation ainsi que le cout des systemes optiques du futur. L’objectif de cette these est
de développer des portes optiques non-linéaires et d’explorer des méthodes de récupération
d’horloge optique, toutes a base des semiconducteurs, pour la régénération tout-optique de
signaux a un débit égal ou supérieur a 40 Gbit/s. La dynamique ultrarapide du gain des am-
plificateurs optiques & semiconducteurs (SOA) est étudiée afin de I’exploiter pour développer
des fonctions simples et compactes permettant la remise en forme du signal. Concernant
la fonction de resynchronisation, différentes récupérations d’horloge tout-optiques ont été
étudiées dans cette these.

La premiere partie des travaux a été consacrée entierement aux portes optiques non-
linéaires a base des SOA pour des applications a la régénération 2R. L’expérience pompe-
sonde permettant mesurer le temps de récupération du gain a été réalisée pour étudier la
dynamique des SOA. Dans cette these, il a été démontré que le SOA massif a fort confine-
ment et le SOA ultra-long a boites quantiques sont les plus adaptés pour un fonctionnement
a 40 Gbit/s avec des temps de récupération du gain respectivement de 20 ps et 10 ps. Les
études expérimentales ainsi que numériques ont mis en évidence la contribution importante
des effets intrabandes a la dynamique du gain lorsque des SOA sont saturés par des im-
pulsions courtes (quelques picosecondes). Le SOA massif de fort confinement a été associé
avec un absorbant saturable (SA) pour constituer une fonction de régénération 2R com-
plete. L'efficacité du régénérateur SOA-SA pour la remis en forme du signal & 40 Gbit/s a
été démontrée expérimentalement and numériquement.

La deuxieme partie des travaux a été dédiée a la récupération d’horloge a base de lasers
auto-pulsants en vue d’une application a la régénération 3R & 40 Gbit/s. Nous avons pro-
posé une technique originale pour évaluer la performance des fonctions de récupération
d’horloge, qui consiste a remoduler I’horloge récupérée. Une nouvelle configuration a été
élaborée pour améliorer la qualité de ’horloge récupérée par le laser auto-pulsant a base de
matériau massif. Elle consiste a introduire un pré-filtrage passif devant le laser. La sensi-
bilité a la polarisation des récupérations d’horloge a été également étudiée. La récupération
d’horloge utilisant le laser massif suivi par le laser & boites quantiques a montré son insen-
sibilité a la polarisation du signal injecté par la mesure du taux d’erreur binaire. Enfin,
une étude préliminaire sur la tolérance des récupérations d’horloge a la dispersion modale

de polarisation a été menée.

Mots-clés : amplificateurs optiques & semiconducteurs, lasers auto-pulsants & semicon-

ducteurs, récupération d’horloge optique, régénération tout-optique



Abstract

The optical backbone networks are facing a continuous and tremendous growth of the
Internet traffic, requiring to increase the capacity of the transmission systems: WDM sys-
tems with a bit rate of 40 Gbit/s do exist and 100 Gbit/s and 160 Gbit/s will be reached
soon. At the bit rates of 40 Gbit/s and higher, all-optical signal processing techniques
are a very interesting approach in order to reduce the power consumption and the cost
of future optical networks. The objective of this work is to develop non-linear optical
gates and explore Optical Clock Recovery (OCR) functions based on semiconductor tech-
nology for all-optical regeneration at 40 Gbit/s and above. The non-linear dynamic gain of
Semiconductor Optical Amplifiers (SOA) was investigated in order to perform simple and
compact signal reshaping devices. For retiming function, several OCR configurations based
on Self-Pulsating (SP) lasers were investigated during this thesis.

The first part of this work is devoted to the SOA-based non-linear optical gates for
all-optical 2R regeneration. Gain dynamics assessments using the pump-probe experiment
were performed to measure the SOA recovery time. In this work, it is demonstrated that the
highly confined bulk based SOA and the long quantum-dot based SOA exhibiting respec-
tively gain recovery times of 20 ps and of 10 ps are suitable for 40 Gbit/s operation. The
numerical and experimental studies clarified the important role of intraband effects in SOA
dynamics under short pulse (a few of picoseconds) saturations, which makes these SOAs
compatible for ultrahigh bit rate operations. The highly confined bulk based SOA was cas-
caded with a Saturable Absorber (SA) to constitute a complete 2R regeneration function.
The reshaping capability of the SOA-SA regenerator has been successfully demonstrated at
40 Gbit/s by experiments and simulations.

The second part of this work explores some clock recovery functions based on SP lasers
for 3R regeneration at 40 Gbit/s. An original characterisation technique consisting in re-
modulating the extracted clock was proposed to evaluate the OCR performance. A simple
solution using passive pre-filtering was developed to enhance the clock quality extracted by
a bulk based SP laser. The polarisation sensitivity of various OCR devices was evaluated.
The OCR based on the bulk based SP laser followed by the quantum-dot based SP laser
exhibits a total insensitivity to the arriving signal polarisation thanks to Bit-Error-Rate
measurements. At last, a preliminary study was devoted to investigate OCR. tolerance to
Polarisation Mode Dispersion (PMD).

Key words: semiconductor optical amplifiers, self-pulsating semiconductor lasers, opti-

cal clock recovery, all-optical regeneration



