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SUMMARY

The objective of the proposed research is to develop muwdleagth lasers as cost-
efficient sources for broadband optical access networks. TotEgcommunications net-
works have widely adopted optical fiber as the backbone rimasson medium. Optical
fiber systems are promising candidates for the broadbaresaceetworks to féer high-
speed and future-proof services. To harness the availaoléwidth in fiber and to meet
the ever-growing bandwidth demand, wavelength divisiottiplaxing (WDM) techniques
have been investigated. There have been intense reseéxatiesdor the creation of new
low-cost laser sources for such emerging applications.hig¢ontext, multiwavelength
fiber ring lasers have been significantly investigated ag pinesent many advantages, in-
cluding simple structure, low-cost, and selectable masength operation.

We propose a new laser system architecture that emits aléemultiwavelength pi-
cosecond pulses operating at room temperature. Opticahlsgeneration is based on
a single active component, an unbalanced Mach-Zehndarfaraeneter, inserted in an
actively mode-locked erbium-doped fiber ring laser to pteviboth intensity modulation
and wavelength-selective filtering. Time and frequencytrai® of the light emission are
reached by inserting an additional modulator and a peribltés in the cavity. This ap-
proach focuses on the application of multiwavelength Essrsources for WDM passive

optical networks.

Xiv



CHAPTER 1
INTRODUCTION

Despite the collapse of the Internet bubble at the beginofrte 2F' century, the de-
mand for information technologies did not slow down. In tif8A) the Internet penetration
rate, nearly null 10 years ago, was about 68.1% in June 2Q@H{140.9 million American
lines reach the Net via a broadband connection [2]. In a aimwiy, mobile phones rep-
resent a real social phenomenon, as they now rival landhoags in number. The value
of global mobile business reached $414 billion in revenu2d@3, a tenfold increase in
the decade since 1993, while over the same period the ovel@iommunications sector
grew by an average of 8.8% to reach $1.1 trillion. Accordim@ trecent study published
by Infomedia Telecoms & Media, the number of cell phone stbscs globally reached
over 2 billion by the end of 2005, about 30% of the world popala and is predicted to
rise to 3.96 billion by 2011 [3].

Furthermore, the quantity of information exchanged keep®asing drastically. Nowa-
days, multimedia systems transmit not only voice, but tHeg exchange numerical data,
text, image, video... The multiplicity of communication ams - such as videoconference,
the Internet, videophony - has dramatically increased themwe of information exchanged
worldwide.

The current growth of data transmission is facilitated ®/daklvances of laser and fiber
technologies. In the sixties, with the invention of the faglee idea of using light as an
information carrier emerged. The continuous developmeaintptical components, such as
optical fibers and amplifiers, made light afiéent means of transmitting and delivering
information for backbones and wide area networks. To beayepl in the access networks,
technologies for high-speed, secure, and scalable netwoulst be amortized over a small
number of customers. Currently, other technologies hava baeecessfully implemented

as optical access is too costly. However, with the arrivdbakr cost mature technologies



and the positive experience on optical backbones, optwass networks, in particular
passive optical networks, have shown great interest iretkteféw years.

To optimize the use of the bandwidth in optical fibers and tiis§athe bandwidth
demand of future networks, multiplexing techniques thaisist of merging several com-
munications channels into one have been exploited. Thelersyth division multiplexing
(WDM) techniques have shown to unlock the available fiber céypand to increase the
performances of broadband optical access networks. Ome @ssential component is the
creation of new low-cost laser sources. Candidates for spphcations are multiwvave-
length fiber ring lasers as they have simple structure, avectist, and have a multiwave-
length operation.

The present research investigates such mutliwavelength ffilhg lasers. We present
a new fiber laser source generating multiwavelength piarsepulses at GHz repetition
rates and the potential applications of multiwavelengtirses in broadband optical access
networks.

This document is organized as follows. After this brief antnction, a description of
some relevant backgrounds and optical components is giMehapter 2. The next chapter
studies current advances in broadband access networkste€CBdpriefly summarizes the
general techniques that have already been developed anssés in detail passive optical
networks. Then, a state of the art regarding existing lagerces that are used in such
networks is presented. Chapter 4 introduces the principtensw laser architecture emit-
ting alternate multiwavelength picosecond pulses at roemperature at GHz repetition
rates. This original pulse generation is based on a singileeamomponent, an unbalanced
Mach-Zehnder interferometer, inserted in an actively miod&ed erbium-doped fiber ring
laser to provide both intensity modulation and wavelersglective filtering. The behavior
of this laser is studied theoretically. We report how its modl operation was numerically
simulated and experimentally verified and evaluated. Weequrea detailed description of

the design, the development, the building, and the testirlgi® original laser source. In



Chapter 5, we discuss ways to improve the laser design aneritsrmances. Specifi-
cally, time and frequency controls of the light emissiontared by inserting an additional
conventional modulator and a periodic filter in the cavitiallization of the pulsed laser
source is also made possible by mixing two harmonics of thddmental cavity frequency
and driving a phase modulator with this signal. In Chapter&jmroduce a dferent type

of laser: a continuous-wave multiwavelength fiber ring tdsesed on semiconductor op-
tical amplifier as gain medium. This laser is then used as aetiestive light source for

wavelength division multiplexed passive optical networkée performances of the sys-
tem for downstream signal are experimentally investigataédally, Chapter 7 concludes
the current work and introduces possible future work, enbarents or avenues for appli-

cations.



CHAPTER 2
INTRODUCTION TO FIBER OPTICS COMMUNICATIONS

The idea to use guided light for data transmission appeddegedrs ago with the in-
vention of the laser. Over the past few years, the field of fiptics communications has
experienced tremendous growth. This impressive develaopreelue to the crucial break-
throughs that have been achieved in several key domains.

The objective of this chapter is to introduce the fundamenté optical fibers that
constitute the key element of today’s optical networks.nllwee will focus on two specific
technological advances: optical amplifiers and lasersallyinan overview of dierent

optical pulse generation techniques is provided.

2.1 Fundamentals of optical fibers

Optical fibers transport and guide light. They provide hugedwidth, low loss rate and
cost-dfectiveness. In this section, we will present the basic thanderlying the properties
of optical fibers. We will focus on the optical transmissioithis optical waveguide, as well
as the diferent impairments of a signal when propagating through,fiteanely attenuation,

dispersion, and non-linearities.

2.1.1 Light guide
An optical fiber is a dielectric cylindrical guide that tramiss light, as shown in Figure 1.
Fiber is generally made of silica. The fiber consists of a su@ounded by a cladding
layer, whose refractive index is lower than that of the cofeprotective layer, called
coating and usually colored, is employed to protect the fibechanically and to prevent
spurious light noise to enter into the fiber.
Considering the refractive indices of the core and the clagidiespectively equal tio,

andn,, we can distinguish two main categories of fibers [4, 5, 6]:

e step-index fiber: both refractive indices are constant withabrupt change at the



core-cladding interface and with > n,.

e graded-index fibem; decreases gradually inside the core. The refractive ingéx

thus a decreasing continuous function of radial distance

step-index fiber graded-index fiber

& S

A index n A index n
n, Ny
'__|| n, /\I n,
a' a'
e N, [ Ny
b | b
[e——/—— [e—————m>
T 1 N [ | -
L L
radial distance r radial distance r

Figure 1. Cross-section and refractive index profile for stejex and graded-index fibers.

Light propagates by total internal reflections at the cdaelding interface. Total in-
ternal reflections are lossless. A wave may propagate thrthug fiber following many
possible ways: each allowed way is called a mode. More fdygreaimode corresponds to
a solution of the wave equation derived from Maxwell’s egurag and subject to boundary
conditions imposed by the optical waveguide. The number @fieés actually allowed to
propagate in the fiber is thus a function of the system gegmietparticular depending on
the relative size of the core compared to the consideredleyth 1, there are two types

of fiber:

e single-mode fiber (SMF): when the size of the core iisently small, only one

mode exists. In standard fibers, the core and the cladding dadiameter of 8-gm



and 125um, respectively.

e multi-mode fiber (MMF): the size of the core is larger (abo0t&® ym) and more
than one mode may propagate through the fiber. The advantageltd mode fiber
comes from the fact that injection of light into the fiber withiv coupling loss can be
done by using inexpensive, large-area light sources. Hew#s disadvantage is that
it introduces the phenomenon of inter-modal dispersiorsuich a fiber, each mode
travels at a dferent velocity due to dlierent angles of incidence at the core-cladding

boundary. This fect results in a pulse which is spread out in the time domain.

The use of SMF when building a fiber ring laser contributessdransverse single-

mode functionality and thus to a part of its stability.

2.1.2 Attenuation
As light propagates along a fiber, its powkrdecreases exponentially with distarge

expressed in kilometers, due to fiber attenuation:

1(2) = 1(0) exp ———-aus(4)

10

In10 z), (1)

whereagyg() is the fiber attenuation céiecient, expressed in dBm, at wavelengtil and
[ (0) the optical power at the start of the fiber.

Many dfects can lead to attenuation in a fiber: absorption, scatfeend radiative
losses of the optical energy. Absorption losses are caug@ufwrities in glass material
from residual foreign atomic substances, such as the hytiom OH~ or metallic ions
(Cr3, Fe** or C/#*). Scattering losses, namely Rayleigh, Mie, Brillouin, and BRam
scattering, arise from microscopic variations in the matatensity and from structural
inhomogeneities. Radiation losses come from fiber bendmginsic fiber characteristics
can also cause loss of energy: changes in core diametefferedice in refractive indices,
for instance.

Figure 2 represents the absorption profile of a standardalgdtber: attenuation is a

function of the wavelength. Typically, three spectral oggi are used for data transmission:
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Figure 2: Absorption profile of a standard optical fiber.

at 850 nm (first telecommunications window), at 1300 nm (sdamindow), and at 1550
nm (third window). The lowest attenuation occurs at thedthwmindow and is below 0.2

dB/km.

2.1.3 Dispersion

Dispersion is the broadening of a pulse duration while pgagiag through a fiber. If a
pulse widens too much, it can interfere with neighboringpsl leading to intersymbol in-
terference. For this reason, dispersion is a critical patarmimiting the transmission data
rate on a fiber-optic channel. Fiber dispersion can be ¢iadsnto two basic categories:
chromatic dispersion and polarization mode dispersion.

Chromatic dispersion Chromatic dispersion is the result of material dispersiah an
waveguide dispersion. The refractive index of the matésialfunction of the wavelength.
As a result, if the transmitted signal consists of more tha@ wavelength, the fierent
wavelengths will travel at diierent speeds.

This phenomenon can be modeled by expanding the wave priogadgctors(w) in a

Taylor series around the center frequengy
_ B2 2> B3 3
B(w) = Bo +,81(a)—w0)+5(w—a)o) +E(w—wo) o, (2)

whereg; = [%] fori=0,1,2...
w=wq



The first termgy is related to the phase velocity of the wave, the second f&rim the
inverse of its group velocityy, and the subsequent terms to group velocity dispersion of
increasing order.

Chromatic dispersion is also the result of the waveguideadtaristics, such as the
indices and shapes of the fiber core and cladding.

Dispersion in fibers is usually quantified by the valuggfgenerally expressed in units

of ps/km, or by the dispersion paramef@r which is related tg, by

2nCo

D=-"7

2, (3)

wherec, is the celerity of light in vacuumD is most often expressed in/pgykm. De-
pending on the sign of the dispersion parameter, dispeisi@aid normal D < 0) or
anomalousD > 0). In the normal case, the shorter wavelengths (“blue”datayed more

than the longer wavelengths (“red”).
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Figure 3: Typical dispersion curves for standard and dspershifted fibers (DSF).

For typical standard fibers (norm ITU-T G.652), used in mdshetropolitan and wide
area networks, dispersion at 1310 nm is zero and it is ivhgkm at 1550 nm. However,

by carefully designing the waveguide, it is possible to obero dispersion at 1550 nm.



These fibers are called dispersion shifted fibers (DSF, ndtRT G.653). Figure 3 rep-
resents the typical dispersion curves for standard ancedism-shifted fibers. A recent
norm, called ITU-T G.656, adopted in April 2004, introdudiers where the dispersion
is small, but not zeroD is between 2 and 14 frsrykm from 1460 nm to 1625 nm. In
this case the influence of non-linedfexts is reduced. These fibers are called non-zero
dispersion shifted fibers (NZ DSF).

Polarization mode dispersion If the fiber is not perfectly cylindrical due to the fabri-
cation process or if the fiber is put under mechanical or théstness, this waveguide will
behave as a birefringent element. The fiber core becomesie@hind the two orthogonal
polarization components (birefringent axes) of the fielguae a diferential group delay.
This dfect, called polarization mode dispersion (PMD), varieddoanly along the fiber.

It is quantified by measuring the standard deviation of thmugrdelay between the two
components. Standard fibers have a PMD of 0/2/gs.

Fiber lasers are sensitive to spurious birefringence asaViey must be as stable as pos-
sible to avoid drift in the emission. To counteract this peoi, special high birefringence
fibers have been designed [7], e.g., PANDA fiber. Then, adlfjcinduced birefringence
maintains the original degree of polarization by keepirggpurious birefringence caused

by PMD negligible.

2.1.4 Non-linearities
All the above €ects are linear, i.e., they were independent of the intgoslight. When
the intensity becomes ficiently intense, non-linearfiects appear [8, 9].
Kerr effect In electromagnetics, the electric inductibnis equal toD = gE + P,
wheregy is the vacuum permittivityk: the electric field and® the polarization. To take into

account the non-linearities, the optical polarization tinesexpanded

P=coy!XE +ey?xEE + ey xEEE + ..., (4)



wherey' is a " tensor anck denotes the tensor product. The first tarhtorresponds to the
linear susceptibility while the higher order terms accdiantthe non-linear contribution.
In centrosymmetric media, such as silica, the optical jmd¢éion must verify the same
symmetry condition as the medium, and so all even-order coiepts are equal to zero.
Thus, the next non-zero term is the third order and it causest of the non-linearféects
affecting light propagation in optical fibers: they are called Kerr gfects, ory® effects.
In the following paragraphs, we will briefly discuss the miogportant phenomena due to
third-order non-linearities.

Self-phase modulation In optical fiber, the refractive index depends on the optical
intensity of signals propagating through the fiber. The hio@ar variation of the refractive

indexAy, Is proportional to its intensity(t)
n(t) = ng + AnL = Ng + N2l (). 5)

whereng is the nominal value of the refractive index anglis related to the non-linear
susceptibility. Hence, a field traveling in the fiber will etfence a phase shift proportional
to its intensity: for this reason, thigtect is called self-phase modulation (SPM).
Cross-phase modulation Cross-phase modulation (XPM) refers to the non-linear
variation of the refractive index, i.e., the non-linear phaahift, induced by the co-propagating
signals at dferent wavelengths or with flierent polarizations. When the two waves are at
the same frequency but with orthogonal polarization stakesnon-linear variation of the

refractive index is given by [8]

A = {120 + 21200) ©

wherel; andl, are the respective intensities of the two signals. When tveoriseof same

polarization are at dierent frequencies, the variation is given by [8]
A = o130 + 21200} @)
Since the phase fluctuations introduced by XPM, and also SPdlintensity dependent,

different parts of a pulse will undergofiirent phase shifts. It leads to frequency chirping,
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in which the rising edge of the pulsefBers from a red shift in frequency (toward higher
frequencies), whereas the trailing edge of the pulse expees a blue shift in frequency
(toward lower frequencies).

Four-wave mixing Four-wave mixing (FWM) occurs when two or more signals at
different frequencies are launched into a fiber. For instancenwwio signals interact with
a third one, a fourth signal is created at another frequefayilarly, when two optical
signals at frequencief and f, are co-propagating along a fiber, they mix and generate
signals at 2, — f, and 2, — f;. In general, folN wavelengths launched into a fiber, the

number of new generated wavelengiss
1 3 2
M = E(N - N9). (8)

These new signals are called sidebands and can cause renedef they overlap with
frequencies used for data transmission. However, FWM carseeé for wavelength con-
version [10] or demultiplexing [11].

Non-instantaneous non-linearities Apart from the previous non-linearities presented
so far, there also exists non-instantanedtesots that couple light with the vibration modes
of the medium, called phonons. We can distinguish two tygesioh interactions. Both
effects cause energy to be transferred from a high-power opticap to a weaker signal,
accompanied by either the creation or the annihilation di@npn.

The stimulated Brillouin scatteringfect (SBS) involves acoustic phonons that have
a very low group velocity, lower than the speed of light in thedium. SBS occurs at
relatively low input powers for wide pulses (greater thars) and has negligiblefiect for
short pulses (less than 10 ns). The frequency range of SB® iglb0 GHz in silica) and
its gain bandwidth is only on the order of 100 MHz.

The stimulated Raman scattering (SRS) involves optical phetiwat propagate in the
lattice at a velocity close to that of light. Thiffect covers a large bandwidth of around 30
THz below the frequency of the input light in silica. It has aximum gain at a frequency

of around 13 THz less than the input signal frequency.
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2.2 Optical amplifiers

Although manufacturing technology has made a lot of pragragenuation and losses
are still detrimental to long-haul telecommunication syss$, as the number of photons in
the signal becomes too small to be detected after long patipagdistances. It is thus
necessary to boost the power of the signal periodically. fireesolution was to use opto-
electronic amplification: the optical signal was first caed into an electric current and
then regenerated using a transmitter. This solution pteseany drawbacks in terms of
effectiveness, complexity, and cost. All-optical amplifiersing the principle of stimulated
emission or non-instantaneous non-linefies, have been developed to mitigate these
issues. This section gives a general overview of the twacligpes of optical amplifiers:

fiber amplifiers and semiconductor optical amplifiers.

2.2.1 Fiber amplifiers

Fiber amplifiers are optical amplifiers which use an optidaifi which bears the data
signal. Two main categories of such components exist: eardét doped fiber amplifiers,
based on stimulated emission, and non-linear optical dienslj based on phonon-photon
interaction.

Rare-earth doped fiber amplifiers These amplifiers were introduced by Koestner
and Snitzer in 1964 [12] and became commercially availablgears later. The idea is to
dope the core of the fiber with a rare-earth element, suchb@gney ytterbium or thulium,
during its manufacturing process [13]. These dopants arigeekinto a higher energy level
by an optical signal, referred to as pump signal, at a wagttelower than that of the
communication signal. This allows the data signal to stateithe excited atoms to release
photons.

Many variations have been proposed on this basic themedier d0 optimize many
criteria, such as gainfigciency (measurement of the gain as a function of input power
in dB/mW), gain bandwidth (range of wavelengths over which the drapis effective),

saturated gain (gain when the value of output power no loimgpeeases with an increase
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in the input power), polarization sensitivity (dependentéhe gain on the polarization of

the signal)...
wavelength
selective
optical coupler optical
signal in isolator isolator i
o splice Splice signal out
e o — L 2 : | — —
A=1550 nm A=1550 nm
Pump|
laser
A=980 nm termination
or 1480 nm

Figure 4: Schematics of an erbium-doped fiber amplifier.

As far as optical communications are concerned, the moguémt dopant is erbium
ion (Er). These amplifiers are called erbium-doped fiber amplifiE8FA) [14]. They
typically provide gain amplification over the C-band (conmvemal band from 1530 nm to
1565 nm) with a peak around 1535 nm, but recent EDFAs can aissr the L-band (long-
wavelength band from 1565 nm to 1625 nm) [15]. Most EDFAs amaped by lasers
with a wavelength of either 980 nm or 1480 nm. Typical maxingains are on the order
of 30-50 dB. The gain saturation power is around 10 dBm and tdB 8ain bandwidth
is around 35 nm. As compared to other means of optical amgtiific, EDFAs have a
large number of advantages, including fiber compatibitiéguced insertion losses (0.1-2
dB), low noise figure <5 dB), polarization insensitivity and bit-rate transpagerio most
cases, non-linearities are negligible and as the carfatirtie is on the order of 10 ms, any
phenomenon shorter than this value will néieat the equilibrium of the system.

The dominant source of noise is amplified spontaneous emi$8iSE), which arises
from the spontaneous emission of photons in the active megfiothe amplifier. Amplifier
noise can be a problem especially when multiple optical dierd are cascaded: each

amplifier will amplify the noise generated by the previouspéfiers. Another limitation
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is the unequal gain spectrum of these optical amplifiers.elhims that an optical amplifier
will not necessarily amplify all wavelengths equally. Thisits the performance of optical
amplifiers, particularly when a multiwavelength opticgrsal is considered.

A number of solutions have been proposed to flatten the gan &DFA. For instance,
a notch filter centered at around 1535 nm can be used to sepiepeak of the EDFA
gain [16]. Another approach is to employ several pump sgnal

Non-linear amplifiers Non-linear amplifiers dfer from the previous ones in that
they utilize non-instantaneous non-linedieets, such as SRS or SBS. In particular, in Ra-
man amplifiers, gain can be obtained over a large band (arb@dadm), but it is relatively

small (10-15 dB) [17]. The first observation was made by Stalahlppen in 1973 [18].

transmistted transmission o
signal amplified signal

RN @ fiber ] @ , o

V 5 circulator

A=1535 nm

Pump
laser

Figure 5: Typical Raman amplifier configuration.

The optical amplification occurs in the transmission fibselit, distributed along the
transmission path. This is a majoridrence and advantage compared to EDFAs. They
can also be used in any installed transmission fiber; the i@gyirement being to inject
a high-intensity pump signal. Pump power of several hurglocéanilliwatts is necessary,
and pump power from 1 W to 2 W is common. These amplifiers has@ allow noise

figure.
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2.2.2 Semiconductor optical amplifiers

Semiconductor optical amplifiers (SOA) are essentiallgiasodes, without end mirrors
but with anti-reflection (AR) design at the end faces [19]. yrhave fiber attached to both
ends. They amplify any optical signal coming from either ffiaed transmit the amplified
signal out of the second fiber: they can transmit bidirectaly. Even if the SOA is show-
ing great promise for use in future optical communicationveeks, the actual conventional
systems are still dominated by EDFAs. Many recent advamcidrication techniques and
device design result in improvements of their performanbastheir utilization is not yet

industrial.

current .
output signal

+ noise

output facet

input facet —>»  _mm
//i?:)ut signal

active region and
waveguide

Figure 6: Schematic diagram of a semiconductor optical diepl

SOA is of small size and electrically pumped. Potentiatlgain be less expensive then
EDFA and can be integrated with other devices. However, theahperformance is still
not competitive with EDFA. Typical maximum gains are on timdey of 30 dB. The gain
saturation power is between 5 and 20 dBm and the 3-dB gain hdtidis between 30 and
80 nm, especially when using a multiple quantum wells desidns design increases the
differential gain by confining the electrons in microscopicisestof the waveguide. SOAs
also sdter from high insertion losses (6-10 dB), a high noise figur&Z®B), and a short
carrier recombination lifetime<1l ns). These fast gain dynamics make the amplifier gain

react quickly to changes in the input signal. This chargstiercan cause signal distortion
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and make SOAs non bit-rate transparent. SOAs are polamizaénsitive due to a number
of factors including the waveguide structure and the gaitensl. Polarization sensitivity
can be reduced dB) by the use of square-cross section waveguides andedrgirantum
well material. SOAs also exhibit non-linear behavior. Tdheects can cause problems
such as frequency chirping and generation of inter-moutulgiroducts. They can also be

exploited to perform all-optical signal processing [20].

Table 1. Comparison between EDFA and SOA.

characteristic EDFA SOA
gain (dB) 30-50 30
insertion loss (dB) 0.1-2 6-10
3-dB gain bandwidth (nm) 35 30-80
saturation output power (dBm) 10 5-20
noise figure (dB) <5 7-12
carrier lifetime <10 ms <1lns
pump source optical | electrical
polarization sensitivity no yes
non-linear &ects negligible yes

As a matter of fact, SOAs can be used for basic network aggits, such as booster
amplifiers to increase a high power input signal prior to $raission, pre-amplifiers to
increase the power level of an optical data signal beforeatien, or in-line amplifiers
to compensate for fiber loss during transmission. Mored®@® is a versatile candidate
technology for executing many other operations that leyeiits non-linearity, e.g., cross
gain modulation (XGM) when a strong signal at one wavelemaf#tts the gain of a weak
signal at another wavelength, XPM, SPM, and FWM.

Among others, SOAs can be used in the following situations:
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e wavelength conversion: it can increase the flexibility aagacity of a network using
a fixed set of wavelengths. It can be used to centralize nktwanagement. De-
velopment of optical wavelength converters avoids the neddnsfer the data into
the electric domain before being resent on the new targedsélength and thus any

electrical processing bottleneck.

¢ all-optical switching: by simply turning the device curtean or df, an SOA can
be used as an optical gate, or switch. An unbiased SOA becbeasdy absorbing
and stops any signal. The switching time of a current swidcB@A is on the order
of several hundreds of picoseconds, but faster switchmmggican be obtained by
using SOAs inserted in non-linear loop mirrors for data irybased on a packet-

by-packet decision.

e optical logic: diferent configurations can create optical logic gates, usefugall-

optical signal processing applications in high-speedcaptietworks.

2.3 Lasers

Previously, we presented how to guide light in optical fibeit,also how to amplify such
a signal. In this section, we will focus on how to produce ightito be launched in them.
We will introduce some of the fundamental principles of fase&nd discuss various types

of lasers, especially detailing fiber lasers that are at tine of our research.

2.3.1 Fundamentals
The word laser is an acronym for Light Amplification by Stiratdd Emission of Radi-
ation. As indicated in its name, a laser produces intende pagvered beams of coherent

light by stimulated emission [21].
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Figure 7: Fabry-Perot laser cavity.

A laser is composed of an optical cavity in which light carcalate, and within this
cavity is placed a gain medium, which serves to amplify tgktli Figure 7 shows a typical
basic laser cavity, called Fabry-Perot cavity: two mirranse reflective and one partially-
transmitting, form the resonant optical cavity. The badeai is to excite electrons in the
gain medium to produce photons and to accumulate the enetty icavity. For this pur-
pose, an external device, called pump, brings energy todhergedium. This energy is
absorbed by the medium and its electrons are excited to ar gpgie: absorption is at the
origin of population inversion. When these electrons aréedcthey tend to drop back to
the ground state by spontaneous emission. Meanwhile, @reimcphoton of appropriate
frequency can provoke emission of a cascade of photons iylstied emission; so the
beam is amplified. Emitted photons have the same directidrcaherency as the stimu-
lating photon. When the gain obtained after one round-tripriger than the losses, laser
threshold is reached. Laser light is emitted out of the gd2i2].

Once laser fect is achieved, only specific waves can be supported in theabpes-
onant cavity: they are called the longitudinal (or axial)das of oscillation. These privi-
leged waves are those satisfying the resonance conditieragtical distance of one cavity
round-trip must be equal to an integer multiple of the wavetk (or in other terms, the
round-trip phase shift must be a multiple of)2 It means that il is the optical length of

the cavity andl the wavelength, the relationship is
L =gd, 9)

whereq is an integer. As shown in Figure 8, in the case of a FabrytRenafiguration,
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L is equal to twice the optical distance between the two nsrrive can also note that in
the case of a ring cavity, is equal to the length of one loop. This implies also that for
reasonable size cavities a large number of modes are tleadisepossible; but the real
number of emitted modes depends on several parametersereggy introduced in the
laser, cavity length, gain spectrum, and type of gain.

1 }\/2 1

—

L/2

[

TR

Figure 8: Representation of a wave propagating in a FabrgtRavity.

A longitudinal mode is characterized by its optical waveltn Theq order mode,

whereq is an integer, is at the frequeney, with

The spectral spacing between two successive madéescalled axial mode separation and
is given by
Co

AV = t (11)

This parameter plays a key role when using mode-lockingnigcie to generate optical
pulses with a laser.

Laser light presents many properties:
e monochromaticity: laser light is concentrated in a narrange of wavelengths.

e coherence: all the emitted photons bear a constant phasenship with each other

in both time and space.

¢ |low divergence: all light is concentrated into a narrow gpdtand.
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The gain medium is a critical element of a lasertf&ient media can generatdfdrent
behaviors. We can separate them into two categories. Saeneaded “homogeneous”
(case of doped fibers) when all the elements of the mediunt reélte same way. Thus,

a signal applied to such a group of atoms will have the saffieeteon any atom. In fact,
homogeneous broadening is an increase of the linewidth @it@mic transition caused
by effects which equally féect diferent radiating or absorbing atoms. All the elements of
a same group will have the same central frequency. Otheraregdi called “inhomoge-
neous” (case of gases because of Doppfiace when all the elements of a same group
react diterently. For instance, this can be caused by tifterdint velocities of the atom of

a gas or by dterent lattice locations of atoms in a solid. In this casethal atoms of a
same group will have slightly fferent resonant frequencies: inhomogeneous broadening
will thus result in a larger increase of the linewidth of aomaic transition but of smaller
amplitude at the central frequency than in the case of a hemeus broadening. The ho-
mogeneous characteristic of erbium-doped fiber, in therati®0 nm, can be a drawback
for a closely-spaced multiwavelength generation. Indeesljch circumstances, one mode

will prevail over the others and will fix the gain for the otheavelengths.

2.3.2 Categories of lasers

Townes and Schawlow extended the principle of the maserdmave amplification by
stimulated emission of radiation) to the optical domain {28 1960, Maiman invented the
first ruby laser [24]. Since then, many lasers have been deedland built. They can be

differentiated by the type of active medium used.

e Solid-state lasers: the active medium is a solid at room &atpre, e.g., crystal,
glass or optical fiber. Generally, the medium will consistaoflass or crystalline
host material to which is added a dopant such as neodymiumyniim, or erbium.
Common dopants are rare earth elements. Common solid-stats are Nd: YAG,

Ti:sapphire and Yb:glass lasers.
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e Semiconductor lasers: although semiconductor lasersl|soesalid-state devices,
they are often classified in another category than solitb &sers. Laser diodes pro-
duce wavelengths from 405 nm to 1550 nm. Low power laser di@ie used in
laser pointers (LmW-5mW), laser printers, and/BWD players. The highest power
industrial laser diodes, with power up to 10 kW, are used dustry for cutting and
welding. Vertical cavity surface-emitting lasers (VCSEBs¢ semiconductor lasers
whose emission direction is perpendicular to the surfadh®fvafer. VCSEL de-
vices typically have a more circular output beam than cotiweal laser diodes, and
potentially could be much cheaper to manufacture. VECSEkseaternal-cavity
VCSELs. Quantum cascade lasers are semiconductor lasehatleaan active tran-
sition between energy sub-bands of an electron in a steictintaining several quan-

tum wells.

e Gas lasers and excimer lasers: their active media are gdsels are typically ex-
cited with electrical discharges. Frequently used gasdade CQ, argon, and gas
mixtures such as heliyfmeon. Common excimers are ArF, KrF, and Bypically a
noble gas (rare gas) and a halogen. For instance, carboréli@sers are used in

industry for cutting and welding.

e Chemical lasers: they are powered by a chemical reactioncandachieve high
powers in continuous operation. They are used in industrgditting and drilling.
Common examples of chemical lasers are the chemical oxygimeitaser (COIL),
and the hydrogen fluoride laser and deuterium fluoride |&®eh, operating in mid-

infrared region.

e Dye lasers: they use an organic dye as the gain medium, yssadl liquid solution.

Some of the dyes are fluorescein, coumarin, stilbene, uifdvelie, and tetracene.

In the next paragraph, we will focus on fiber lasers becauseoik in this dissertation

deals with this particular type of lasers.
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2.3.3 Fiber lasers
Fiber lasers are referred to as lasers with optical rardrekmped fibers as gain media.
Some lasers with a semiconductor gain medium and a fiberycaxét also called fiber

lasers. Many configurations can be used for these lasers:

e Linear configuration: it is a type of Fabry-Perot cavity. Fastance, end mirrors
determining the laser cavity can be fiber Bragg gratings thretched into the core

of an optical fiber [25]. See Figure 9 (a).
¢ Ring configuration[26]. See Figure 9 (b).
e Figure-eight configuration [27]. See Figure 9 (c).
e o configuration[28]. See Figure 9 (d).

These three latter configurations are the most common, #iregeenable short pulse
generation and high repetition rate. In these architesfuhe isolator is inserted to force
light to circulate in an unique direction.

Fiber lasers have a lot of advantages compared to bulk la3éey are compact and
easy to build, to manipulate, and to transport. Fiber lasims can be very robust when
they are made with fibers only. They are easy to integrate antbtrequire any complex
alignment or coupling. They are also less expensive and thaveotential for high output
powers (several kilowatts with double-clad fibers) with ellent beam quality [29, 30]
due to high surface-to-volume ratio and the guidirfige which avoids thermo-optical
problems. These fiber lasers can also operate with small panvprs. Their axial mode
separation can be small (2 to 100 MHz for optical lengths af 330 m).

On the other hand, fiber lasersffar from various problems: stability, power fluctu-
ations, complicated temperature-dependent polarizavmtution, and non-linearfgects
which may limit performance. Significant dispersioffieets due to long length of fibers

can be detrimental.
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Figure 9: Diferent configurations for fiber lasers.
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The application fields of fiber lasers range from telecommaitions to car industry, but

also include medicine and aerospace [31, 32, 33].

2.4 Pulse generation

The output of a laser may be a continuous, constant-amplitwdput (known as CW
or continuous wave), or pulsed, by using the techniques siv@ching, mode-locking, or

gain-switching. In pulsed operation, much higher peak pewan generally be achieved.

2.4.1 Pulse carving

To emit optical pulses, a straightforward solution inclsidecontinuous light source and
uses a fast modulator which periodically lets the light gass short period of time. This
method is called pulse carving. This modulator acts as ackwitt can be an electro-
absorber or a Mach-Zehnder interferometer, driven by actrétal signal to carve the de-
sired optical pulses [34, 35]. The laser in itself does natehany influence on pulses
characteristics, except if the modulator and the laseredaré integrated on the same sub-

strate [36].

gain medium modulator

peak power of pulses

- <«— power of CW

time

— —

switch off switchon

Figure 10: Pulse carving principle: cavity and laser ougsua function of time.
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This method is simple and easy to implement. However it hagestrawbacks. With
this technique duty cycles are large (between 30% and 50%¥sarpulsewidths are sig-
nificant compared to repetition rates. Moreover, the marinpullse power cannot exceed
the power of the used continuous laser diode. Since mosedight is lost at the modula-
tor and since the pulse duration is limited by the speed ofrtbdulator, other techniques

based on intra-cavity modulation have been developed.

2.4.2 Q-switching

Pumping

X

Amplifier Switch

Figure 11: Q-switching laser cavity.

The idea of this method is to put an element that will play thle of a shutter inside the
cavity. It leads to a change of loss parametelt creates short pulses of high energy. This
method is called Q-switching because the decrease of losssponds to an increase of the
Q-factor of the cavity. The analysis can be parted into tepstas shown in Figure 12.

Step one:

e The shutter is §. The gain increases as energy in the amplifier is stored aseé$o
are high, maintained equal &q. the pump power is equal ®and is used to increase
the inversion of population without reaching the laser ¢oma. The diference in
population between electronic levedd\(t) stays at a valu®ri,., whererj, is the

exponential time constant of increase/df.
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Figure 12: Q-switching principle.
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Step two:

e The shutter is onAt time t,, losses become suddenly low and reach a vajuéhe
overall gain is greater than the laser threshold. There is®om. The emitted pho-
tons densityS(t), and the optical power increase. They rapidly reach stduraTlhe
resulting overall gain abruptly decreases and become#hiasshe laser threshold at

to. The photons densitg(t) decreases to 0 with a time constag,.

This technique generates short pulses of approximateidnrat. At t3, losses are set
again atr; and the same process restarts after a certain period of @iraer(drqeg), when
the diference in population is back to equilibrium.

The maximum emitted photons densitySs.x ~ Rrinc in Q-switched lasers, whereas
in CW lasers it iISScont ® Rrgee Ratio between these two valuesgjé > 1, showing that
peak power can be significantly large.

Two types of shutters are commonly used:
e rotative mirror;
e electro-optic switch (Pockels cell).

2.4.3 Gain-switching
Gain switching is a method for pulse generation by quicklydmiating the laser gain
with a varying pump power that will be alternatively turnedand df.

The principle of this technique is depicted in Figure 13:

e Pumping begins dt, and goes froniR; below the laser threshold valirg, to a value

R, above the threshold.

e The diference in populatioAN(t) begins to increase exponentially, with a time con-
stantrp,, and reaches the threshold limiNy, att,. The photons densitg(t), begins

to increase.
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e When reaching saturatiom\N(t) decreases and stabilizes aroukldy,. Therefore

S(t) stabilizes to a fixed valug, atts.
e At ty, pump is back to its initial valuR,, and saS(t) decreases to O.

This method is easy to implement and short pulses (around)LOgm be generated.
However, they are usually chirped and compression tecksigue used, especially for

long-haul transmissions [37, 38].

2.4.4 Mode-locking

The basic main idea of mode-locking is to coherently add reg¢vengitudinal modes
and to concentrate the energy of these interferences atcdispecation in the cavity to
create pulses at a specific wavelength, as shown in Figurel'thi. location propagates
through the cavity and cavity modes are locked together. @seplrelationship links the
longitudinal modes in the cavity; for instance, the propeggoptical signal is modulated

at a frequency equal to the inverse of the round-trip timénefdavity.

A
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< pulses
obtained by
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Time

Figure 14: Mode-locking principle.

2.4.4.1 Basic concepts

To combine energy of several modes to form a pulse train, agtelationship should

be imposed to the optical signal propagating in the cavity.

Any modulating signal at a frequendy, generates sidebands around each nip@e a
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Figure 15: Modulation sidebands synchronization.

frequencyvg). These sidebands are at frequenefgsandv;,, equal to

wherek is an integer. If the modulation frequency is

- KmodnAY
= -
kmodd

(13)
(Kmodn @nd kmogq are integers andv is the axial mode separation, as in Equation 11),
sidebands frequencies of mogléor k = knoqq COrrespond to frequencies of modes of order
g+ Kmodn @ndq — Kmodn- If the sidebands energy is large enough, coupling is aelieVhe
generated pulses are produced at a repetition rate equs foeguency spacing between

two successive coupled modes, kgedd fm-

The relationship between the phase of the electromagneliic$i, and its frequency,

is
1 dg
Therefore
2r
¢q+l - ¢q = ?t + ¢cte, (15)

wheregq iS a constaniy; is the phase of the modeandT is the cavity round-trip time.
Thus, if modes are in phase at 0, e.g., if they fulfill the mode-locking condition,

they will also be in phase at all timés= NT. Att = 0, we can describe the mode-locking

30



condition by

bgr1 — g = dcte (16)

which is equivalent to
¢q = Adcte + do. a7

The non constant value of the spectrum gain curve of the &mg@i medium causes
non uniform amplification of frequencies. Hence only some&esoare amplified enough to
satisfy the lasing condition. Therefore, let us assumeawithoss of generality that\ + 1

modes are emitted. In this case, the electric field is
M . .
E(t) = Z qu(|¢q—lwqt)’ (18)
o=—M

where Eq, ¢q, andwq represent magnitude, phase and frequency of ngpdén a first
approach, let us consider that all modes have the same mdgai. Using Equation 17,

we obtain

¢cte

sin|NmAvt+ —
TAY 2

IE@)P° = |Eol%, (19)
¢cte

sinjlrAvt+ —
TAY 2

with N = 2M + 1.

This leads to a series of pulses with temporal pulsewidtrabfes

1
and the pulses are spaced by
1
™= A (21)
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Figure 16: Mode-locked pulses characteristics.

This approach of the mode-locking technique allows us tcetstdnd how pulses can
be generated when locking in phase the modes of the cavityor ahetailed analysis of

this concept will be presented in the next paragraph.

2.4.4.2 Theoretical mode-locking analysis

We will consider a Gaussian approach to study pulse projmemat the cavity [39].
While this study considers transmission occurring at a mawrirof the modulator transfer
function, it describes quantitatively and qualitativelye tgeneration of pulses. As repre-
sented in Figure 17, the cavity we consider has a ring cordtgur and has two compo-
nents: gain medium and loss cell.

gain medium

losses

Figure 17: Schematics of mode-locking principle.

Gain medium transfer function Let us suppose that the input optical sigrig)(t),
traverses an homogeneous gain medium represented byngdetrdunctiong(w). The

output signal in frequency domalkf,(w) satisfies

Eou(w) = Ein(w)9(w), (22)
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whereEj,(w) is the Fourier transform d&j, (t).

It is assumed that the gagiiw) of the medium is Gaussian

PIRY
9(w) = exp(—%), (23)

wherewy is the reference angular frequency axd is the 3 dB gain bandwidth.
Loss cell transfer function The losses are introduced by an intensity modulator. Its

transfer functionl y(t) is

Eoult) = En(0T(0) = En(t) cof 220, (2

where
7(t) = AtpSin(@pt), (25)
Aty being the modulation depth a2}, the modulation frequency, as we drive the modu-

lator with a sinusoidal signal.

Considering first order approximations, this transfer fiorcaround = 0 is

Tot) ~ cos(%mpgpt) (26)
1

~ - SWATOE (27)
1

~ exp{-SwRATIOR?) (28)

Main analysis Figure 17 represents propagation of the optical signaliindhe di-
verse elements in the cavity. The initial pulse is assumdmktGaussian and with optical
frequencywy

f1(t) = Aexplwot — I't?), (29)

wherel’ = a; — i is the complex Gaussian pulse parameter.

By computing its Fourier transform, we obtain

A1 (w — wp)?

B=2 /= (31)

Let's denote



After amplification, the pulse is described in the spectaahdin by

Fao(w) = Fuw)g(w) (32)
_ (- wo)z) p( (w - wo)z)
= B exp( T ex A2 (33)
’ Aw? + 4T
= BeXF(—((J) - (Uo) [W]) (34)
_ (w— wo)z)
= Bexr( ) (35)
where
, F'Aw?
U= Rezear (50)
B (Aw*ey + 4Aw*(@? + B2)) — iB1AW? 37
R YT N T 0
= o) —iB;. (38)
In the temporal domain, we find that
f,(t) = 2BVl explwot — I't2). (39)
After the intensity modulator, we have
fat) = f()To() (40)
~ 2BVAT expliwot — ') exp(—%wgmf,ggtz) (41)

As the signal should be the same after one round-trip fodgtetate operationf; and f;

should be equal, and so
ay = +}w2AT2Q2 (42)
1 8 0 p=ep
B = B (43)

Using Equation 37, we obtain

_ ﬁlAw4
 (Aw? + day)? + (4B1)%

B (44)
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Assuming that" is not zero, we have
B1=0, (45)

meaning there is no chirgdfect. Thus, the second parameatglis

_ (Aw'ay + 4A0af
= (AU)Z + 4&1)2

1
+ éﬂ)éAT%Q%. (46)

Considering the typical values of theffldirent parameterse{ ~ 8, ~ 10?* s? andAw =~
10'2 rad/s), we have:

A0l < Away, 47

and we find, after expansion okg? + 4a;)7?,

AT, QA
ay = 2000 (48)
8
As a result, the full width at half maximum (FWHM) is
7, = (2In2)ta;"? (49)
4+In2
= L (50)

\VWoATpQpAw .
If phase modulation is considered instead of intensity netchn, similar results are
obtained concerning temporal pulsewidth. However, a edirpulse is generated and in

this case, absolute values®f andg; are equal [39].

2.4.4.3 Practical implementation techniques

To obtain this locking of modes, two methods can be used:

¢ active mode-lockinga modulator is introduced in the cavity to modulate in pharse

in intensity at a frequency,, equal toAv [40, 41];

e passive mode-lockinga non-linear all-optical method is able to produce ultnars
pulses without any active component within the cavity. Ulsuaaturable absorbers

or Kerr lenses are employed [42, 43, 44, 45]. A saturablerblesas a non-linear
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optical component with an optical loss that decreases htdpgjcal intensities. Laser
emission can only occur if and only if modes are locked togietb produce high
intensity light to pass through the saturable absorber.rii@ drawback is lack of

synchronization from an external clock.

2.4.4.4 Fundamental, harmonic, and rational mode-locking
When modulation frequency is equal to the axial mode sejpaxdte., to the inverse of
the cavity round-trip timd’, the technique is called fundamental mode-locking.

If modulation frequency is equal to an integer multiple of #xial mode separation,
mode-locking can still be achieved. This situation is chi@rmonic mode-locking [46].
Then, if the signal is modulated at a frequengy = 2rNAvy, with N € N, it can produce
up toN pulses in the cavity. The temporal spacing between two sseaepulses is then
T/N. Obtained repetition rates can be high. All the modes withengain bandwidth are
thus grouped intdN sets, calledsupermodesThe energy shifts among these groups and
the relative phase-slides among them are the main sourcgamitade fluctuations of the
emitted pulses. It can lead to suppressions of pulses:sthigipulse drop-out phenomenon
[47, 48, 49].

Equation 13 can also be satisfied for a modulation frequequgleo a rational ofAv.

It is called rational mode-locking [50, 51].

2.5 Conclusions

This chapter was dedicated to the introduction to fiber sptmmmunications. After a
review of the fundamentals of optical fibers, we detailedlibsics of optical amplifiers
and laser sources. In the next chapter, we will introducedifferent broadband access
networks as well as the challenges they have to face. Weaili§ in particular on passive
optical networks. We will emphasize the need of adequake figurces for this particular

type of access network.
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CHAPTER 3
BROADBAND ACCESS NETWORKS

Over the last few years, the area of data communicationsipesienced rapid develop-
ment. As a result of the information superhighway, the ghorate in bandwidth demand
is very high. Actual telecommunications networks have Wi@elopted optical fiber as the
backbone transmission medium. Fiber is also a promisindidate for access networks.
An important research activity has also been undertakeherfield of coding and mul-
tiplexing. Among all possibilities, WDM techniques have leda great interest in fiber
optic communication systems. However, to be practicallplemented, these methods
need adequate sources.

In this section, we introduce the background of the propossdarch. First, we give a
brief overview of actual telecommunications access nétsi6Fhen, we focus on the issues
to solve for passive optical networks (PON). To conclude prasent diverse typical laser

sources that may be used in these systems.

3.1 Types of access networks

With the expansion of servicedtered by the Internet, the last mile, also known as the
first mile or broadband access, still represents a bottlepeablem. Depending on the
competitors, dterent solutions are imagined and deployed. These can bsfiddsnto
two main categories: wired and wireless. This section gewia brief overview of the

different solutions, particularly emphasizing passive optietworks.

3.1.1 General considerations

Access networks connect business and residential custicimenetropolitan area net-
works (MAN) and wide area networks (WAN). As shown in Figui& fomorrow’s net-
work is very dense and complicated. Because of the multiplafibroadband multimedia

applications, a huge demand for bandwidth has been impaostx telecommunications
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companies. Nowadays, access networks represent theneatléor end-to-end broadband
applications. Unlike long-haul networks, access netwonkist serve a more diverse and
cost-sensitive customer base. A good adequacy has to be bmiween a good quality of

service (Qo0S), thefeer bandwidth to the premises, cost, and performance.

Care Backbone Core
POP POP

Gore
POP

Regio Metro/Regional

Core : DWDM Transport
Legacy SONET 5
Intelligent < Optical Label
OXC Network Switching

of Distribution O Lo

Next Gen, Gigabit
SONET (T O o T T Ethernet
| [ [ |
FiberA=2201) { Fiber

Enterp"se POP: point of presence
Cable ... Wireless CO: central office
@/ ~\@ OXC: optical croszonnect
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Figure 18: Tomorrow’s network.

For the moment, the two most popular solutions are digitélsstber line (DSL)
techniques deployed by telephone companies and cable nsollem cable companies.
Telecommunications companies try to take benefits of thetalled infrastructure to elim-
inate deployment costs and to increase their return on timesgs to the maximum. For
these reasons, DSL and cable are still the globally, maskandroadband access tech-
nologies. However, cable modemsfeu from ingress noise and DSL systems from crosstalk.
For these reasons, and because they are bandwidth linitesk solutions appear to be
temporary. Even if wireless technologies are good for badiscalability in terms of
number of users and if mobility is their main asset, thesatswls are prone to security
problems and interference.

A new technology is steadily creeping up on the market: apfiber. Fiber dfers the
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best guarantee that a network provider will have the infuastire needed to deliver desired
next-generation services, stay competitive, and retastocoers. As a matter of fact, it is
one major objective of these companies: to reduce churauseche acquisition of a new
customer is a very expensive hunt in a highly competitivarenment. But to be a viable
access network choice, fiber-based solutions need to faog omallenges. The main one
concerns the deployment costs. Fortunately, impresswvaraes in fiber splicing, trench-
ing, and connectors have reduced installation costs. Timsdechnologies and processes
made also fiber installation easier and less time consurttiegeby reducing labor costs

[52]. However, cost-ective solutions are still required in terms of light sowr.ce
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Figure 19: Data bandwidth projections (Source: InfongResearch 2004).

Finally, we observe that the market is undergoing transédion from a broadcast one-
way technology to an interactive, on-demarttedng. Triple play services (voice, data,
and video) are driving customers behaviors. To satisfyntdielemands, the question is to
know how much bandwidth will be enough in the future. With tigcoming necessary
delivery of many high definition television (HDTV) channalsd video-on-demand, con-
sumer appetite for higher and higher speeds for high-speechet keeps outpacing market
projections for growth in this service. Figure 19 projetis tuture expected needs in terms

of data bandwidth. It seems that 25 Mlwill suffice for a basic serviceffering in the near
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term, but it will not be enough in the far future [53].

3.1.2 Digital Subscriber Line
Digital Subscriber Line (DSL) provides broadband access twisted-pair copper phone

lines. DSL separates the available frequencies to provade \wice and data services si-
multaneously over the same line.fi2¢irent variants of DSL exist, such as asymmetric DSL
(ADSL), High-Data-Rate DSL (HDSL), and Very High-Speed DSIDSL). The end users
separate the data by using filters: a low-pass filter for vaiwka high-pass filter for data.

DSL line rates are typically beyond 1.5 Mbps. The ADSL carche® Mbps and uses
the standard G. 992 issued by the International Teleconoatian Union (ITU). The new
standard released by the ITU in 2003, ADSI, 2ncreases the downstream data rates up to
24 Mbps on phone lines over 5 km and 20 Mbps over 10 km.

The main advantage of this solution is that it allows quickldgment because wiring
is not required and is already installed. The connectioriwsys on and there is no in-
fringement on phone lines. However, because of its physltalacteristics, copper cannot
support high-bandwidth communication and has a high adtisoru As a consequence,
DSL is restricted in data rate and distance of transmis$d$1. is distance sensitive: per-
formance is better when the subscriber is close to the derffiee. Thus, it can cause
problems from a customer point of view. Another drawbacke DSL is not symmet-
ric: the connection is faster for receiving data than fordseg information through the

network.

3.1.3 Hybrid Fiber Coax

The Hybrid Fiber Coax (HFC) network is a combination of two teallogies and of two
media: optical fiber and coaxial cable. Originally, HFC waSable TV (CATV) concept.
CATV was invented to solve the issue of TV broadcasting andptan in rural areas. It
makes use of the 50 to 750 MHz frequency spectrum, each chaoctigpying a 6 MHz
band.
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Figure 20: HFC configuration.

Pure coax systems are not able to provide high-speed réisideroadband services.
Moreover, they are dlicult to design and maintain. Transmission degradatiorsaisur
during transmissions because of the limitations of ampéfieTo overcome these prob-
lems, cable operators suggested using fiber as a trunk mexfidra coaxial cable network
between the customer and the fiber node. It makes use of batalofiber and coaxial
cable, as depicted in Figure 20. The information is trargahifrom a master head-end to
the customer set top box via fiber rings, local head-ends; fibdes, coaxial cables, and
amplifiers. The standard used is made by Cabelabs and is E4ll&86IS. Version 1.0 was
published in 1997, version 1.1 in 1999, and version 2.0 ir220Me per-user bandwidth is
about 10 Mbps.

In this network, the services are shared and always on. Omgegthe speed is ten
times faster than with a telephone line. However, HFC hasadd upstream bandwidth:
this is a major problem for important applications like peepeer, video telephony, or

web servers.

3.1.4 Wireless access network
The wireless access network has a majdredence from the previous ones: there is

no wiring. This solution is very attractive because it akoeonsumers to communicate



without the installation of wires. Thisfiers a significant advantage: mobility. Initially,
wireless was confined to voice communication, but with igsriendous success, its use
rapidly expanded. Wireless access is excellent for thebiddy of the network architecture
in terms of number of users. From the service provider pdimtew, a large percentage of
the deployment cost arises when a new customer subscribes.

As a matter of fact, the standardization of the 802.11 Wilinfat by the Institute of
Electrical and Electronics Engineers (IEEE) has paved the far the deployment of this
type of access network. The per-user bandwidth is 1.5 Mbpen i the idea is very
appealing, the wireless spectrum seems too small for daftectr There is a bottleneck
between the data transported over fiber and the signals d@kattb be fed into a wireless
channel. To solve this problem, a new solution is emergingrldinteroperability for
Microwave Access (WiMax), known as standard IEEE 802.16s Tkes a large frequency
band, from 2 to 66 GHz, and should provide a per-user bantvatlZO Mbps up to a
distance of about 50 km.

Other developments concern the use of infrared and freeespatics. These tech-
niques include the modulation of data onto an electromagwetve. The limitation mainly
comes from the fact that free-space optics means pointitet-pommunication and is con-
sequently limited by line of site.

Finally, the main drawback of this wireless technology @ne security: these systems

are more prone to eavesdropping, attacks, arfidr@analysis than the other systems.

3.1.5 PON: a promising candidate

A passive optical network is a point-to-multipoint opticaitwork with no active element
in the signal path between the source and the destinatiemiinly based on optical fiber
and a power splitter. A PON configuration is shown in Figure e passive elements are
located in the distribution network (also called the owggithnt) and the active elements at
the endpoints of the network. The source endpoint is calledptical line terminal (OLT)

and at the receiver side, the endpoint is called Optical Netwinit (ONU) [54]. Typically,
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the PON is deployed in a single fiber tree configuration; tharfiber is called the trunk

fiber and the last drop fibers are called the branches.

branc
trunk fib
oLT runk fiber S branch ONU 2

power splitter

branch

Figure 21: PON configuration.

Compared with the first and currently mass deployed accessriesystems, PON
appears as a very promising candidate to provide high taatd symmetric-bandwidth
distribution. Regarding its competitors, the PON approadsgnts a lot of advantages

[55]:

¢ |t makes use of the total bandwidth available in fibers. It pribvide more bandwidth

to the customer.

e It allows for longer distances between source and destimaltian with DSL. Typi-

cally, a PON can operate at distances over 20 km.

¢ It minimizes fiber deployment costs. Service providers shiaeir costs of fiber and

equipment at the OLT among several susbcribers.

e It reduces the capital expense of outside plants and retgtehtion costs. Mainte-

nance is simplified and is not a critical point.

e It provides greater flexibility. Service providers can wgdg or add new services by

changing only some pieces of equipment at the OLT on a peoites basis.
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Figure 22: Diferent approaches of passive optical access networks.

PON technology includes fierent categories and approaches of access networks, as
shown in Figure 22. For intense, researchers commonly spbalt FTTP (Fiber-to-
the-Premises), FTTH (Fiber-to-the-Home), FTTB (Fibethe-Building), FTTC (Fiber-
to-the-Curb), or FTTCab (Fiber-to-the-Cabinet). Genengéliey are called FTTx archi-
tectures. The closer fiber comes to the final user, the morensie is the deployment.

PON-based technology is already being rolled out, but @ mint rates and with dif-
ferent standards depending on the part of the world. The negions are currently Asia,
North America, and also Europe. As of September 2005, Japa2 [T million FTTP sub-
scribers, Europe 892,000, and North America 322,700. laadTT announced in 2004
a plan under which it is to spend $48 billion to reach 30 millsubscribers with EPON by
2010. In the United States, Verizon and SBC launched FFTP &iidNFising BPON. In
Europe, Deutsche Telekom announced the deployment of FO&0f cities in Germany.
In France, France Telecom has just revealed its strateggptmy FTTH using GPON in

strategic urban areas to study the market.
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3.2 Designissues for PON

With all the characteristics detailed in the previous peaph, PONs lead to an intense
interest for broadband access networks. Among all the gibpos and research, many
challenges still have to be solved. In particular, desigms@terations and issues have to be

clarified, like frame format, Medium Access Control (MAC) probl, or topology.

3.2.1 Frame format

Different data-link technologies can be used for transmissi®QNs. The final choice
of frame format and related protocol will not only depend ba types of services to be
delivered, but also on the interfaces with the metro and-leengl area networks. Currently,
three formats are in question: asynchronous transfer mdt), Ethernet, and generic
framing procedure (GFP).

ATM PON (APON)/Broadband PON (BPON) Until now, most of the deployments
have been based on APONSs. These proven PON technologiegsa@ d&n the first specifi-
cations defined by a consortium formed by seven network ¢qeran 1995. This initiative
is called the Full Service Access Network (FSAN) [56, 57]jethuses ATM as its layer-2
protocol. It was originally thought that ATM would becomeetprevalent technology in
the diferent networks. Later, the name APON was replaced by the Beomdband PON
(BPON) to emphasize the system’s support of broadband ssr\scich as video distribu-
tion. The original standard was defined by the ITU under tltemenendation G.983. It
specified an architecture with symmetric 155 Mbps upstrezardawnstream bit rates. The
original recommendation was improved in 2001 to allow aswtnim 155 Mbps upstream
and 622 Mbps downstream transmission. The transmissidngmiouses a downstream
frame of 56 ATM cells of 53 bytes each for the rate of 155 Mbpd ah224 cells for 622
Mbps. At the beginning and the middle of a downstream frarhgsieal Layer Operation
and Maintenance (PLOAM) cells are inserted: it is used byah€ to control the commu-
nication with the ONUSs. In each upstream slot, a three-by&etead header and a 53-byte

ATM cell are transmitted to allow for burst transmission aadeption. In each ATM cell,
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five bytes are for the header and 48 bytes are for the payload.

Finally, ATM has the advantage of allowing the implememtatof various quality of
service (QoS) policies and guarantees. It also appearsaaybed choice to support real-
time trafic. However, data has the form of Internet Protocol (IP) peckdo traverse
the network, the packets have to be broken and put togettiee &nd user; this induces
complexity and cost. The overhead of ATM for carrying valéalength IP packets is high
and therefore is a major drawback for Interneftica Also, if an ATM cell is corrupted, it
will affect an entire transmission and will consume ressourcésdieatly. Moreover, the
data rates appear relatively slow compared to other teabsignd ATM has not become
an inexpensive technology, as was promised.

Ethernet PON (EPON) Ethernet PON is a PON using Ethernet frames as defined
in the IEEE 802.3 standard [58] released in mid-2004. It @sglst data bits encoded as
ten line bits and operates symmetrically at a standard B¢thapeed of 1 Gbps. Itis very
convenient to carry IP packets via Ethernet frames: theopobtoverhead for IP services
is very small. Data transmission occurs in variable-lergfibkets of up to 1518 bytes.
The scalability is very high, up to 10 Gbps. Moreover, thediare is cheap; EPON
deployment is a costfective solution. Ethernet technology has now become a widel
used standard,fiering enormous economies of scale. Ninety-five percent adllarea
networks (LAN) use Ethernet and Ethernet has become vernylaoglso in Metropolitan
and Wide Area Networks (MAN and WAN). Ethernet deploymengriswing rapidly and
10 Gigabit Ethernet products are available. As a conse@é¢ne choice of Ethernet as a
frame protocol would ease the integration and the intereotion of PONs with existing
networks. With the EPON standard, there is no limit on the loeinof ONUs reached, but
it is supposed to deliver up to 64 ONUs when using forwardrexoorection.

Gigabit PON (GPON) With the emergence of EPON, the FSAN group realized that
its architecture would require higher bit rates and a méieient scheme of data transmis-

sion. Being limited by the intrinsic characteristics of thEM\ frame format, the FSAN
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group decided to adopt GFP, allowing a mix of variable-sizathes and ATM cells. It is
referred as GPON [59], the ITU G.984 standard. GFP has thentalge of being SONET
compatible, enabling service providers to link their vasomnection into the PON without

adding IP. The requirements include the following:

¢ full service support, including voice (TDM, both SONET andih), Ethernet, ATM,

etc.
e physical reach distance of 20 km, at least.

e support for various bit rates using the same protocol, gholy 622 Mbps, symmet-

rical 1.25 Gbps, and 2.5 Gbps downstreat?5 Gbps upstream.
e security at the protocol level for downstreanffi@a
e support up to 128 ONUSs.

For all these reasons, GPON is a fierce competitor of EPONh®future deployed

architecture.

3.2.2 MAC protocol

As a PON is a point-to-multipoint system, wheiffdrent ONUs transmit data at the same
time, collisions may occur. Then, a medium access contréi@Mprotocol must be used
to avoid this phenomenon and to fairly share the ressournes@the diferent users. Two
protocols are described here: time division multiplexifi@i) and wavelength division
multiplexing (WDM).

TDM  Currently, the MAC protocol that has been intensively stddee TDM. The
method is to put multiple data streams on the same mediumgaratng the signal into
short time intervals. One segment is entirely dedicatedsieegific user. It combines many
advantages. In particular, it implies low cost and low mamatince. All ONUs can transmit

over only one wavelength and so all the components in thierdnt ONUs are identical.
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For this reason, OLT only needs one receiver. In a TDM-POBEéms easy to change the

bandwidth allocated to each user, by only changing the tiotdength assigned.
—
—
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Figure 23: Time division multiplexing.

Despite all of these features, TDM-PONSs face many challenda particular, end
terminals must be accurately synchronized; the clock regoean be challenging. The
prime problems of TDM-based access network are faced irt nwde reception at OLT
and synchronization within overhead period of each upstrsit. It seems diicult to
easily upgrade and scale these TDM-based optical accessrket

WDM To extend the capacity of access networks without changdiegfiber in-
frastructure too much, a method where each data signal islated onto a dierent optical

wavelength has been considered: WDM.
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Figure 24: Wavelength division multiplexing.

In such a configuration, WDM makes full use of the large bantwat optical fiber
[60]. By using diferent channels, WDM networks are easy to scale and to upgrade.

The connection between source and destination is indepeonéi¢he line rate and of the
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frame format. WDM-PONSs are still expensive architecturesalise specific wavelength-
dependent devices, like dedicated transceivers for eathuser, are required. A WDM-
PON system also needs filters at the receiver side, which beugined very precisely to
match the signal to its subscriber. Thus, inventory and temance become issues. There-
fore, the cost of such a network appears prohibitive. Howete deployment costs are

expected to decrease when the components become more ienadiusee mass produced.
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Figure 25: Hybrid TDMWDM PON configuration.

With WDM, an important choice still has to be made regardingelength assignment:
between coarse WDM (CWDM) and dense WDM (DWDM). CWDM uses 18 chatueels
tween 1290 nm and 1610 nm. The spacing between the chanoédism, with a channel
bandwidth of 13 nm. The main advantage of the CWDM solutiorsisaist. CWDM com-
ponents are cheap because their requirements are noesitrinbhe emitted wavelengths
may vary. There is no need for temperature control and stabdn. However, the number
of channels is limited to 18. Some channelfasuthe peak absorption of water in the opti-
cal fiber. Attenuation will diter from one channel to another. Moreover, there is a lack of
good optical amplification for theseftkrent channels. On the other hand, DWDM imposes
a separation between wavelengths of 50 GHz (0.4 nm for then@lza 100 GHz (0.8 nm
for the C-band). It achieves better spectriicgency and, by using the C-band, fully ex-
ploits the commercially available optical amplifiers. Ihcalso provide longer reach. For

all these reasons, the performances with this method ayeguerd and this technology
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appears to be the best option in the long-term future. Horvewst remains a problem.

A pragmatic scenario for the transition from current TDMNOto future DWDM-
PONSs uses a hybrid TDMVDM access network architecture [61], as shown in Figure 25.
It consists of a shared TDM downstream link on a dedicatedeleagth (for instance 1310
nm) and a set of specific WDM upstream links (for instance dveiG-band between 1530
and 1565 nm).

3.2.3 Physical topology

PON is basically a point-to-multipoint architecture. Tapil@ment such a network, many
topologies have been proposed, some of which we present R€&BIs can be deployed
in a tree, ring, or bus configuration, as shown in Figure 26n@souplers and splitters,

PONSs can easily be used in any of these architectures.
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power splitter \
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Figure 26: PON topologies.

In the field, two scenarios can be implemented with WDM-PONgl& or dual fiber
systems. In the single-fiber case, one fiber cable will suppath downstream and up-
stream signals, whereas in the multiple fiber case, one Shidicated to the downstream

transmission and another one to the upstream transmisSimmetimes, one fiber can be
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used for broadcast and another one for data. Figure 27 shfferedt scenarios for optical
bands allocations in the two cases. Th#&atences are mostly economical, in the sense
that there is less fiber deployed in the first case. Howevdaharsecond proposition, the

terminal components are less complicated to design andfanznte.
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Figure 27: Typical downstream and upstream optical bandsifigle and dual fiber PON
systems.

The successful deployment of PONs requires diverse empt#ithnologies, such as
low cost and high-speed filtering. In this area, researchiges on tuning mechanism,
devices design and fabrication. Then, wavelength mukgrke/ demultiplexers will play
a key role in the implementation of PONs. Switches and spéitare also investigated to
optimally route the information to the subscriber. Alsofiogl transceivers operating at
high bit rates have to be made suitable for access netwonkally; especially in the case

of WDM-PON, adequate sources are required to emit the ligepetific wavelengths.

3.3 Light sources

To pratically implement such multiplexing techniques aptaal network architectures,
adequate emitters are required. Three categories of bptiaaces can be distinguished:

fixed wavelength, tunable, and multiwavelength sources.
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3.3.1 Fixed wavelength sources

In WDM networks, the multiplexing of dierent wavelength channels in a single fiber
requires laser sources generating these wavelengths.impkest idea consists of consid-
ering many emitters, each producing one specific fixed waggte

Currently, Fabry-Perot (FP) laser sources are cheap sotutidowever, if there is no
control of the temperature, FP lasers cannot emit at speuificcalibrated wavelengths.
Moreover, these sourcesfBr from mode partition noise. One solution is to use an
injection-locking technique to adjust the wavelengths [&3.

There are also three other types of such sources: distilfatziback lasers (DFB),
distributed Bragg reflectors (DBR), and vertical-cavity scef@mitting lasers (VCSEL).

In all cases, these threefidirent types of lasers are monolithic semiconductors. Tleel fix
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Figure 28: Types of fixed wavelength lasers.

active
zone

(c) VCSEL laser

wavelength emission is obtained by inserting an intragaytical filter. A Bragg grating

will notably be incorporated in the laser to control the fadi@de wavelength. When the
grating is integrated within the active zone, this is a DFBela otherwise it is a DBR
laser. These two categories of sources emit in the planeed®thjunction: they are called

edge-emitting lasers. These lasers have excellent waytelstability.
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These lasers havefficult coupling with optical fibers. Therefore, another seuhas
been developed: source emitting in a direction perpenai¢althe PN junction, known as
VCSEL. The active zone is generally made of quantum wells badangth of a VCSEL

is small compared to its width. On both ends, DBR lasers actiasns

3.3.2 Tunable sources

The main drawback with the previous sources is that one sp&ser can only generate
one single wavelength. This leads to obvious cost, marwiagf, and inventory concerns.
For these reasons, tunable lasers have been developeeé. areenainly two tuning meth-
ods and many practical implementations.

Tuning techniques Two ways of reaching optical wavelength tunability are @ine
able. The first and simplest one consists of using an optitat that will move to select
different longitudinal modes under the gain curve; this is manfgpimg tuning. On the
contrary, the second method is to change the positions dbtiggtudinal modes; this is

continuous tuning.

longitudinal
modes  fier
PN ° //\\
gain
curve
frequency v Va Y Var1 Vs frequency v
(a) mode hopping tuning (b) continuous tuning

Figure 29: Wavelength tuning methods.

Practical implementation Two categories of tunable lasers are described: semicon-
ductor lasers and fiber lasers.
In semiconductor lasers, a widely used technique is to ntakedfractive index vary via
current or temperature fluctuations [64]. A filter can alscaldded to the laser, such as

sampled Bragg gratings [65]. A second method takes advamiatiee insertion of the
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laser in another cavity, called an external cavity. Theserkare known as extended cavity
lasers. Forinstance, concerning VCSELS, one idea is to neoomtro- electro mechanical
system (MEMS) on one mirror to change the cavity length bypmapplying a voltage
[66]. For the moment, VCSELs are commercially available favglengths at 850 nm and
1310 nm, but not yet for 1550 nm. However, VCSEL shows greatme as it has the
potential for low-cost mass production and for high-leveégration.

Regarding fiber lasers, thefiiirent solutions mostly incorporate an intracavity filteamy
types of filters have been studied: Bragg filters [25] FabmoeP#lters [67], unbalanced
Mach-Zehnder interferometers [68], acousto-optic fil{é8], etc.

The tunability range of theseftirent techniques depends on the considered gain medium.

3.3.3 Multiwavelength sources

Tunable sources appeared to have a great interest for WDM comations systems.
Nevertheless, in many cases, they are not optimal. Ano¥iper of source has been ex-
plored by researchers: multiwavelength laser sourceteddf tuning the emitted wave-
length for one source, this approach consists of generatirije diferent channels via a
single device.

Categories of multiwavelength sources When speaking about multiwavelength sources,

two main categories can be identified: continuous wave [2(,ahd pulsed [72, 73]
sources. Within the pulsed sources, research studies bausefd on two types of oper-

ation. Indeed, as shown in Figure 30, wavelengths can béegmit

e simultaneously74, 75]: all the wavelengths are contained in each pulse.

e alternatively[76, 77]: successive pulses are dtelient wavelengths.

Practical implementation Many methods have been proposed to implement these
multiwavelength sources. This section gives a generalverof the possible involved

mechanisms.

54



>
>

A A A A

A Iy A A

N ¥ ¥ > ol MM M A A A A A A A A A
(O] o
e) =}
=] =
g 2
g =

> >»
time time
(a) simultaneous generation (b) alternate generation

Figure 30: Categories of multiwavelength pulsed sources.

Lasers array The simplest idea consists of choosing many semiconduesers pro-
ducing diferent optical wavelengths and then mounting them togethirin an array of
lasers [78]. To miniaturize the source, the lasers can bemptiie same wafer [79]. Zah
et al demonstrated the design and fabrication of an arrap) @B laser diodes with in-
tegrated combiner and optical amplifier. The chip size wd@swn x 1.4 mm [80]. Even
if the compactness of this array is very attractive, sofffierieare still needed to reduce
the facet reflectivity and cross-gain modulation beforeutiameous modulation becomes
practical.

As a matter of fact, the potential of these laser arrays igam because manufactur-
ing these sources becomes more and more complex with theamwohmtegrated lasers.
One of their main drawbacks is the high insertion loss int dbtical fiber. Moreover,
when one laser diode is broken, it causes a major problem witemance to replace and
fix it. 1t also means that the user must have many DFB lasersdokup. Using one DFB
laser for each channel requires complicated procedurasdaitoring and controlling ei-
ther temperature or injection current to inhibit waveldngfifts and power fluctuations.

Supercontinuum generationThe use of many laser diodes to form a multiwavelength
source appears to be cost{ifi@ent, especially when the number of desired wavelengths
becomes large. An other candidate was proposed: suparaantigeneration. The super-
continuum generation is a phenomenon in which an intenseppptical pulse spectrum

is broadened over a continuous range due to non-linffacts in an optical fiber [81].
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The generated spectra extend to both longer and shortetematies from the pump wave-
lengths and can exhibit an almost flat profile by choosing adexgparameters. By using
an arrayed-waveguide-grating (AWG), one mode can be egttaébrming CW light for
transmission.

Even if the number of wavelengths can be very large (up to I®@Mnels with 12.5
GHz spacing), their use is limited by the noise performaite combination of FWM and
ASE during the supercontinuum generation process resutlsgradation of the coherence
and decrease of the signal-to-noise ratio [82].

Spectrum slicing The use of numerous lasers to form a single multiwavelermince
turns out to be expensive.fiiarts have been made to create a single source directly pro-
ducing many wavelengths. One technique consists of usinigl@ spectrum source, such
as a broadband light-emitting diode (LED) or an amplifiedrdpneous emission (ASE)
source, and an adequate filter to select the wavelengtlssiidtihod is known as spectral
slicing [83, 84].

This technique using broadband light source with spectrlicmg sufers from the
need for the high power front end, as well as the powfciency of discarding much
of the available spectrum in the filtering process. Moredkiese sources may have high
packaging costs.

A similar method consists of building a simple fiber ring lasavity consisting of
just a gain medium and an intracavity filter [85]. The gereddiser output is thus a

multiwavelength CW light. Many filters are commonly employ&dr example,
e Fabry-Perot filters [71].

¢ delayed interferometer: when the two arms of the Mach-Zehimiderferometer have

different path lengths, it acts as a periodic filter [86, 87].
e chirped ladder filter [88].

e Bragg gratings: if sampled or chirped, they act as specttatdi[89]. These chirped
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gratings allow the separation of the pulses #edent wavelengths before their am-

plification.

e filters resulting from nonlinearfiects [90]. For instance, in [91], a sampled fiber
Bragg grating initiates the multiple wavelength generatiod the number of wave-

length increases through FWM in a high non-linear photorystet fiber.

¢ high-birefringence fiber loop mirror [92, 93]. The idea isfdit the input optical sig-
nal equally into two counter-propagating signals whicleifére at the coupler after
propagating around the loop. This interference will be tatsive or destructive de-
pending on the birefringence of the cavity. The loop reftects indeed wavelength

dependent. This is also called a Sagnac interferomete®fg4,

e intracavity polarizer [96, 97]. In this simple method, agriter is inserted in the
cavity containing a birefringent gain fiber. Because of theelength dependence of

the phase shift induced by fiber birefringence, wavelengliacsion occurs.

Gain medium managementn the previous methods, erbium-doped fiber amplifiers
were largely represented and used as gain media becausérdfitiih gain with broad gain
bandwidth and compatibility with fiber-communication srss. The number of wave-
lengths that can be generated in a fiber laser is criticalpoirrant as it is directly propor-
tional to the system trasnmission capacity. However, thedgeneous character of the
erbium normally poses a major barrier to obtaining a stahlkiwavelength emission [14]
at room temperature. Consequently many gain medium managéactniques have been
investigated to combat against this limitation. As a matfdiact, scientists observed that
by inserting an intracavity filter associated with an acoaptic frequency shifter in the
laser cavity, multiwavelength operation was feasible [98jis frequency shifting forbids
the existence of a stationnary state in the cavity. By codliggain medium in liquid

nitrogen at 77 K, homogeneous broadening of erbium is lgmgeluced. The disadvantage
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is that this technique is not easily integrated in induksystems [99]. It is an inconve-
nient method and it may impact the device durability, legdmcomplexity in component

configuration. In [100], a single piece of erbium-doped tare fiber is used to provide
an inhomogeneous gain medium through macroscopic spalaldurning. As the avail-

able gain at each lasing wavelength is partially decoupienh fthe others, simultaneous
operation of several single frequency modes can be reported

Compared with EDFA, SOAs can suppress mode competition at temperature be-
cause of their inhomogeneous gain broadening and faeilitatltivavelength oscillation
with ITU-grid spacing [72, 101]. Unfortunately, SOAs ardlstot deployed in industrial
networks, even if they are intensively studied in reseaabbiatories. However, they have a
lot of potential for next-generation networks, even if tilséi)l possess relatively high inser-
tion loss. Some other schemes propose to form a hybrid gagiumeby inserting a SOA
into a EDFA-based ring cavity to increase the bandwidth efghin medium to increase
the number of emitted wavelengths: in such a situation, oumiand broadband gain
spectrum can be obtained and a stable simultaneous muttieveyth laser operation can
be achieved at room temperature [102, 103]. Recent studief@us on Raman optical
amplifiers [104] and linear optical amplifiers [105, 106].

Dispersion tuning The previous methods were mainly dealing with multiwavgtan
CW light sources. To generate pulses, mode-locking is wids&d and pulses are emitted
when inserting a modulator in the cavity. By adding a modulata laser cavity with a gain
medium and a comb filter, it is easy to produce simultaneouswawelength generation.
A more dificult task is to emit alternate multiwavelength pulsed lightmethod consists
of using dispersion [77, 107, 108]. For instance, in [77§,tdchnique relies on sequentially
self-seeding the modes of a directly modulated laser diodgedispersion-managed fiber
loop. In this scenario, all the pulse trains arrive at the eséinne at the modulator and
are then temporally separated when traveling through ivegaispersive elements. These

trains continue to propagate and when they arrive at theip®siispersive medium, they
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will propagate at dierent speeds, so that they will fall into the same transomissindow
of the modulator.

This method requires a good optimization of the experinigraeameters to synchro-
nize correctly the dferent pulse trains at the modulator: tunability and updoditia are
the weaknesses of this configuration. Moreover, the numibgagelength generated with
this technique is still limited: between two and ten wavglbs.

Dispersion can also be used to control the emitted waveien@pacing between two
wavelengths emitted by the laser is linked to the modulatiequency, the cavity length,
and the intracavity dispersion. For given two first paramsetan adjustment of the dis-
persion &ects the wavelength spacing. It allows smooth wavelengtimg¢yl which means
that the oscillating wavelength can be continuously tungahmnging either the modu-
lation frequency or the cavity length without interruptitige stable pulsing state. This
approach fiers the advantages of a relatively low cavity loss and a wideng range, but
only dual-wavelength pulses have been experimentally dstreted [109].

Diverse methods Optical sources capable of generating multiple wavelengte
been intensively investigated and many techniques have iné@duced. Here are some
other examples of the methods developed.

A method developed by Chen et al generates dual-wavelengttelganode-locked
pulses in an EDFA-based fiber ring laser. As shown in Figuré 8%es two nearly identical
serial arrays of fiber Bragg gratings having opposite orignido spread the pulses before
amplification and de-spread them before time-gating [1p0]Jses generated atffirent
wavelengths pass through the time-gating element sinmediasly. Another demonstration
was made with two nearly identical linearly chirped fiber Byragatings [76]. This prin-
ciple is interesting but becomes less practical when thebeurof wavelengths increases.
Moreover, fiber Bragg gratings generally result in highlypbkd pulses.

In the case of multiwavelength mode-locked pulses, sineedbnd-trip time for each

wavelength is dterent, precise control of the cavity length is required toi@ge optimum
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Figure 31: Schematic diagram of an alternate multiwavelehaser source using fiber
Bragg gratings (MOD: modulator).

mode-locking condition for each wavelength: the arrivaddiof each pulse must be coin-

cident. One solution is to use multi-cavities oftdrent lengths with only one gain medium

[111, 112]. The main drawback with this method is that it ieegia lot of €fort to adjust

carefully the lengths of the flerent cavities.

A simultaneous generation of multiwavelength short pulsesbeen demonstrated by
self-injection of a laser diode [113]. The idea is to use agavitched laser diode in an
external cavity. Owing to the quasimonochromatic naturinefself-seeded gain-switched
laser output, the multiwavelength operation can be reatiyeithtroducing many wave-
lengths elements back into the diode provided that the itepetrequency is a multiple of
the round trip propagation frequency for each pulse. Theeleagths are selected by the
use of multiple optical paths in an external cavity consgtof a grating, a beam splitter,
and two mirrors. Three 0.9 nm spaced wavelengths are gedenath tunability over 14
nm.

A widely used set-up uses sigma laser configuration. Tyjgidalcomprises a loop in
which an electro-optical modulator is included to createdexocked pulses and at least
one arm coupled to the loop by the means of a power beam splitiehe arm of the
laser, fiber Bragg gratings are used to play the simultanesas of wavelength-selective

mirrors, tunable optical filters, and output fiber couplefs. obtain simultaneous multi-

wavelength operation, fierent schemes have been exposed: the gratings can be put in

60



series [114] or in parallel, forming multiple arms [115].

Recently time-lens compression has been proposed [11&e®ale formed by pulse
carving before being sentinto a time lens. In addition t&palompression, it also displaces
the pulses according to their center wavelengths. Altergahultiwavelength trains are

thus produced.

3.3.4 Laser sources in WDM-PONs

Many issues have to be solved when deploying a PON systemasseebed previously.
In a WDM context, the question of light sources is of primeliagt because costfective
solutions have to be found to be commercially competitive na active element is allowed
in the distribution network, light sources represent aness the ONU (customer side) and
at the OLT (central fiice side). In this paragraph, we will briefly describe the texdtbgies
that have already been studied.

To send an upstream signal, the most straightforward solut implement the ONU
transmitter is to use a stabilized laser source. A solutmrsists of employing dedicated
lasers for each specific ONU. Fabry-Perot lasers are theelgssnsive sources, but the
upstream bit rate will be limited and stabilization of theiged wavelength might require
bulky optics and power-hungry electronics [117]. Link rea@n also be limited by the
mode partition noise, because multiple longitudinal moalkes excited in a Fabry-Perot
laser. To excite only one designated wavelength, researtia@e proposed an injection-
locked technique [62]. In this case, the laser behaves asaltator that synchronizes with
external excitation and modulation index, laser bias curr@nd the power of the injected
signal must be carefully chosen to optimize ttigcgency of the system. Moreover, using
one specific source for each user becomes considerably gxpemhen the number of
subscribers becomes large. The objective is to avoid wagtiespecific ONUs to decrease
the costs of operation, administration and maintenancetifums. Since mass production
becomes possible with just one specification, productiatsoweill also decrease.

For these reasons, many alternatives have been propose@il]60rhe first one is to
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use a tunable light source without wavelength stabiliratibeach ONU, but with wave-
length monitoring functionality in the OLT. However, tudatiasers are still expensive for
access networks solutions. In the future, VCSEL have thenpatdor low-cost mass pro-
duction and when tunable VCSEL around 1550 nm will become airmaechnology, it
might be an ideal candidate for WDM-PON. A second approaahesitploy a light source
with broadband optical spectrum, such as light emittingldjaat each ONU. The signals
generated by the ONUs are then spectrally sliced by AWGs [1T8jjs system is low
cost, but the power after spectral slicing is low and thuditilereach can be limited. The
last option is to use an external lightwave provided by th& @hd to simply employ a
modulator in the ONU: the light source is centralized at th&.@or this option, diferent
configurations have been suggested and demonstrated. Mdidg @odels have been sug-
gested by using étierent modulation formats for upstream and downstreamnressson or
by using amplitude signal regeneration and advanced deviceinstance frequency-shift
keyingintensity modulation [119] and fierential phase-shift keyiiggmodulated on4b
keying [120] have been demonstrated. One idea is to use awdatimg loop composed of
a circulator, a modulator, and a gain medium to boost thea$idi21]. Many schemes use
reflective SOA (RSOA) for remodulation for the upstream traission [122, 123, 124].
Prat et al use a single RSOA in the ONU performing two operatiaietection but also

modulation and amplification [125].

3.4 Conclusions

This chapter was dedicated to the introduction of broadlaaedss networks techniques.
We particularly emphasized the passive optical networésadle at the center of our study.
We presented the fierent light sources that can be used in such networks. Weaeabin
the interest and the need for multiwavelength laser soureshieve cost{écient sys-

tems. This kind of source is the main object of our work. In tlext chapter, we will
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introduce a new type of sources that we designed, develdpgt, and tested: an alter-
nate multiwavelength picosecond mode-locked erbium-ddiier ring laser based on an

unbalanced Mach-Zehnder interferometer.
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CHAPTER 4
ALTERNATE MULTIWAVELENGTH PULSED FIBER LASER

Mode-locked lasers emitting picosecond pulses around366 @m region are potential
signal sources for high bit rate communication systems. etiuce the cost and increase
the capacity of future systems, recent studies focused@unréation of multiwavelength
sources. They are expected to find wide applications in thetipal implementation of two-
dimensional optical code-division multiple access (OCDM®6] and photonic analog-
to-digital conversion [127]. The proposed work studiesdbsign of a novel architecture
with alternate multiwavelength behavior. The successiukiwavelength pulsed operation
is reached in an actively mode-locked erbium-doped fibesrlas which an unbalanced
Mach-Zehnder interferometer (UMZI) has been introduced.

The following sections introduce the general principlelo$ specific fiber laser setup.
Then, we report the theoretical, numerical, and experialeesults of the multiwavelength

generation.

4.1 Presentation of the source
4.1.1 General principle

The main objective is to produce picosecond pulses at GHzitEm rates in the third
telecommunication window, i.e., in the 1550 nm region. $mabetween emitted wave-
lengths should be on the order of some nanometers. As showigiume 32, the setup
comprises an erbium-doped fiber amplifier (EDFA) as gain nmagia polarization con-
troller, an output coupler, and an UMZI [128].

To generate the alternate multiwavelength emission, tveich@perations are needed,
pulse generation and wavelength selection. To do so, tWerdnt techniques are used:
active mode-locking and tunable filtering. The originabfyjour scheme is to use the UMZI
as a single device to realize both operations. A similargyie was first used by Olsson

and Tang in a bulk laser, but with separated tunable filtemaode-locker elements [129].
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Figure 32: Schematic diagram of the alternate multiwvagletaser.

When no radio-frequency (RF) signal is applied onto the UMZbehaves as a spectral
filter, with a sinusoidal frequency transfer function andeefspectral range (FSR) of 60
nm. Upon the application of a time-varying electrical sigiais transfer function shifts
accordingly. Equivalently, each wavelength seedi@dint temporal transfer function that
depends on the bias of the UMZI and the frequency and modualatepth used. This
results in a wavelength-dependent mode-locking conddimth in an alternate generation
of pulses at dferent wavelengths. In the time domain, for a specific wayglerthe UMZI
acts as an intensity modulator and thus will concentratetigggy of the cavity under the
maxima of its transfer function. It will produce optical pak by active mode-locking. To
reach Gigahertz repetition rates, harmonic mode-loclksngsied, i.e., the UMZI is driven
at a harmonic of the fundamental frequency of the cavity.

To obtain an alternate multiwavelength operation, it isassary for the maxima of the
ouput power of the UMZI for dferent wavelengths to alternate. Figure 33(a) shows an
example of an alternate dual-wavelength pulse emissiothigrsituation, the maxima of
the output power for wavelength, correspond to the minima of the output power figr
We can observe that the bias point of the modulator is on tiséip® slope linear part of
the transfer function fol, and on the negative slope linear part figr Figure 33(b) shows
the alternate generation of multiwavelength pulses wheibi#s point is near a maximum
of the transfer function. It leads to a frequency doublingation: the pulses are emitted at

twice the modulation frequency of the UMZI.
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Figure 33: Principle of the multiwavelength pulse generatvith an UMZI.
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4.1.2 Possible applications

Code Division Multiple Access To meet the dual demand for high speed and high
security communications, an alternative all-fiber acceswork technology has been pro-
posed: Code Division Multiple Access (CDMA). This spread $pen (SS) technique is
frequently used in radio networks. At the origin, SS systemse been developed for mili-
tary applications, where resistance to jamming is obviopsgimordial. Other applications
were found in the civilian domain, such as in multiple acagsamunications.

In this type of architecture, transmitted signals have adhbadaith much greater than
the dfective message bandwidth. This appears to be a method dfriguthe information
bearing signal: it makes the signal have a noise-like ajppearso as to blend it into the

background.

Transmitter #1 Receiver #1

code #1 code #1
: v : :
i| Data CDMA | {| CDMA Data
|o# Encoder | | ' | Decoder #1
Data CDMA | || cDMA Data
#N Encoder || ‘| Decoder TO#N
i R
code #N : : code #N
VVVVVVVVVVVVVVV Trmsmerdn T R e

Figure 34: Typical CDMA architecture.

Multiplexing and band spread are achieved by assigning eaeh pair a dterent
spreading code, generally called a pseudo-noise (PN) seguthat is independent of the
message. A typical schematic of CDMA systems is representédyure 34. Each trans-
mitter sends data through a CDMA encoder, using a specific Bikesee. All the dterent
signals are then transmitted simultaneously through taeesihnetwork. On the other side,
each receiver collects its specific message as well as teeiatkrfering signals. A CDMA
decoder will employ a replica of the assigned code in orddetpread the signal to recover

the message corresponding to a specific user.
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Figure 35: Examples of user codes for CDMA.

By emitting successive pulses affdrent wavelengths, codes associating one time slot
with one wavelength can be implemented. The alternate wauglength source might
enable the implementation of two-dimensional wavelenjie optical CDMA [130, 131,
132, 133]. This two-dimensional codes are generally regmtesi by two-dimensional spa-
tial signature patterns, as shown in Figure 35. In this cesées use 4 time slots and 4
wavelengths. The code weight is thus equal to the numberagktdquares: in the exam-
ple, the code weight is 3. We can notice there is no speciftdetsn: one time slot can
have two wavelengths (multiple pulses per column), and ceeslgngth can be present at
two different times (multiple pulses per row). We can note that rekegroups also work
on three-dimensional codes: time, frequency, and spacedtance [134].

Photonic analog-to-digital conversion For real-time data transmission, ultra-high
speed sampling is required. To overcome the electroni¢ckehetk, multiwavelength pulse
trains can be used [127, 135, 136, 137]. The idea is to use dlielangth multiplicity to
increase the sampling rate of analog-to-digital convert&s shown in Figure 36.

Optical demultiplexing The multiwavelength source generates alternate pulsestrai
at different wavelengths. This laser might be used to demultipkigraal, as represented
in Figure 37.

In this example, we suppose that at the emitter, three ctaane multiplexed in the

time domain in order to create the pulse train called “sigagh fixed wavelengtil,.
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Figure 36: Photonic analog-to-digital conversion (PD: tedamde, ADC: Electronic
analog-to-digital converter).
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Figure 37: Principle of temporal demultiplexing by using altmvavelength laser.
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At the receiver, by using nonlineaffects ), this train will interact with the three-
colors @1, 1, and A3) train, called “control”, produced by the multiwvavelend#ser. It
leads to the generation of three new wavelengfiasA, and A,,) that we can separate by
using adequate filters: thus the signal is demultiplexedseftsal to the operation, we
have to synchronize the trains “signal” and “control” at teeeiver with a clock recovery

system.

>
1
2
3
el 4

channe
channe
channe
chann

TDM signal
Mg

multiwavelength
source

Figure 38: WDMTDM converter.

By looking more precisely, this scheme might also be consdi@s an optical time
division multiplexing (TDM)/ wavelength division multiplexing (WDM) converter. By
adapting this technique, as shown in Figure 38 with four okés) we might also think
of a WDM/TDM converter, but the requirements seem to be more strindédre dtterent
channels at the output of the converter should be exactlgeasame wavelength. Thus,
such a system might beficult to practically implement.

Other applications This new type of laser might also be useful in other situaion
Such a source can be used to test optical components. Fandesta tunable multiwvave-
length laser allows the measurement of the polarizatioderdispersion in optical fibers
[138]. A multiwavelength laser is also employed for appimas in diferential absorp-
tion Lidars [139]: these devices are used to monitor tragega In [140], a system is
introduced that combines a mode-locked fiber ring laser nitfa-cavity spectroscopy to
distinguish between fferent gas cells. It is a multiplexed network that would redtie

cost per point by sharing the same fiber source and the sama-gigpcessing unit. When
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the laser is locked at a gas absorption line, the cavity loa®ases and the output power
decreases because of absorption. The change of output pawée related to the change
of gas concentration and in this way, the weak gas absorptiarbe amplified and easily
measured.

The medical application of lasers is also an active field:iristance, for coagulating
and anastomosing or for cutting and ablation. New appboatare being explored because
of the availability of new multiwavelength sources. Detivef multiple energy sources to

a tissue site thanks to one single device could be very Hdlpad].

4.1.3 UMZI model

By inserting the UMZI in the cavity, pulses will be formed bytige harmonic mode-
locking. The chosen gain medium is an EDFA, leading to a gamdividth of approx-
imately 40 nm. The free spectral range of this filter is reate the optical path length
difference between the two arms of the interferometer and ialtoshe equal to 60 nm.
Therefore, only one maximum of the transfer function willbeated under the EDFA gain
curve. By applying a sinusoidal voltage to the UMZI, the maxmof the filter will shift

under the C-band and select one specific wavelength for eantento

filter filter
EDFA A o7 EDFA A i
gain /:.'< cavity mode  gain /’\ s : /

—

L L e

1530 nm M 1560 nm )\ 1530 nm a2 1560nm 3

Figure 39: Wavelength selection by tunable filtering.

The complex amplitude field at the output of the UMEL(t), is related to the input

field, Ei(t), and given by

Eou(t) = % [Em (t - g) +En (t ; f)] (51)
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wherer is the delay introduced by the unbalanced interferomet=yuraed to be of the
form 7(t) = 19 + Arsin(Qt), whereQ is the modulation frequency of the UMZI. Electric

field amplitudes are equal to

Eou(t)e! = % [ (t- 5) @0 + Bt 7 )e0+2)]. (52)

wherew is the angular frequency, in the neighboorhood of a referenc Considering
that the low-frequency temporal envelope of the input fiédevky varies during timer, the

ouput field amplitude is
Eau()€ = SEn (O]9 + 0], 53
and so
Eou(DE“ ~ Ep(t)e! cos(%T). (54)

The UMZI transfer function is then evaluated as

H(t) ~ cos(%). (55)

The extrema oM are given by the extrema of the cosine function, that is, thgular
frequency has to be equal to

Akr
Wmax = T = Zﬂfkmax’ (56)

wherefy__, is a frequency maximum of ord&re N. Thus, we also have

dkn
@max = ¥ Arsin@Qul)’ 67
= “e (58)

[1 + 4 sin(th)]

wherewy is chosen to be a maximum of transmission for the filtdr-at0: wg = 4kr/7o.

Using a Taylor expansiommmax Can be evaluated as

At
O~ wo(l _ar sm(th)). (59)
To
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If optical wavelengths are considered rather than angrgguincies, this relationship is
At .
A 10(1 _ar sm(th)). (60)
To
This allows the prediction of the theoretical evolutiontod maximum of the transfer func-

tion of the UMZI as a function of time, and thereby of the esdtivavelength.

4.2 Theoretical analysis

In this section, we report the theoretical study of the psggbmultiwavelength source
[142]. Temporal and spectral parameters of the producesepuare derived analytically by

using a circulating Gaussian pulse analysis [39].

4.2.1 Extended UMZI transfer function

The signal at the input of the UMZI is assumed to be Gaussian:
X(t) = Aexplwot — I't?), (61)

wherel’ = a; — iB; is the complex Gaussian pulse parameteragnthe angular reference

frequency. Being in a push-pull configuration, the UMZI outisugiven by

Y(t) = % [X(t - izt)) + X(t + izt))] (62)

and so

Y(t) g{exp{iwo(t - @) - r(t - @)z]

2 2
; exp{iwo(t - izt)) - r(t ; izt))z]} (63)
- X(t) exp[%(t)(iﬁ1 - al)] cos(%(t) T+ tr®)(By + iafl)). (64)

As wyq is chosen to be a maximum of transmission for the filtér-aD and since the delay
_1
introduced by the modulator is small compared to the pulseatheristic times, > and

ﬁl%, the transfer function of the UMZI is proportional to

Y(t) N
m =To(t) = cos(

wot(t)

+ tT(t) (ﬁl + ial)) . (65)
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In the neighborhood df= 0, Ty(t) can then be approximated by

Tt =~ cos(%(ro + ATSIN@QY) + t(ro + AT SINQL)) (B1 + ial)) (66)
~ cos[(wOAZTQ + 10(B1 + ial))t] (67)
~ exy{—%(woéﬂ) +7o(By + ial))ztz] (68)

Strictly speaking, this is not a true temporal transfer figrcas it depends on the input
pulse parameters. Nevertheless, for clarity’s sdkgt) will be designated as the UMZI

extended transfer function.

4.2.2 Circulating Gaussian pulse analysis
As shown in Figure 32, the starting pulse in the cavity is dbed by a Gaussian enve-
lope:

f1(t) = Aexplwet — I't?), (69)

wherel’ = a3 — iB; is the complex Gaussian pulse parameteragthe angular reference

frequency. By computing its Fourier transform, we obtain

w — W 2
Fi(w) = Bexp(——( T o) ) (70)
with
A 1

The pulse propagates through the EDFA, modeled as a Gawsgsatral transfer function:

(w A_wa;O)z ) ’ (72)

o) = exp(-

whereAw is the gain bandwidth. At the ouput of the gain medium, theltegy pulse is

described in the spectral domain by

Fa(w) Fi(w)g(w) (73)

Bexp{—%), (74)
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with

(Aw*ay + 4Aa)2(a/§ + Bi)) — iB1A?

: (A + Bar)? + (462 (79)
= o) —iB;. (76)
The pulse is then
fo(t) = C explwot — I't?), (77)
with
C = 2B VnT". (78)
The pulse then goes through the UMZI andvas~ ; andg) ~ B4, it can be depicted at its
output by
fa) = ROTH) (79)
2
= 2BVl expliwot — I't) exp{—%(woéTQ +7o(By + ial)) tz]. (80)

For a steady-state mode-locked laser operatipand f; have to be equal. One must solve

the following equations:

2
— 1 woATQ\ 2 2
ay=aj+ 2[(Toﬁ1 + =5 ) Toa]

(81)
Br=pB]— To(ll(Toﬁl + #)
By usingI” expression, we find that
_ IBIAU)4 ( a)oATQ)
As % < 2 and as? « 1, we find
wWoATQ
) (83)
The non-zero value ¢, indicates that the pulse is chirped.
We also calculate that
a0y = (Awtas + 4Aa)2(a/% +ﬁi)) ~ }T(z)a’%. (84)
(Aw? + 4ay)? + (453) 2
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By using the same approximations as previously, we obtain

a)oAT Q 2
= . 85
1 To \/ 8+ T2Aw? (85)

Finally, the full-widths at half-maximum (FWHM) of the pulsé the time domain, and

in the spectral domainf are

1
8+712Aw? \ 4
— \[ 70 0
Tp = 2In2 woATQ( 2 )

_1 1
_ \2In2 8+‘réAw2 4 WoATQ ‘rész 2
Af = pis 2 70 2+ 8

(86)

We can note that if the gain medium is infinitely flat, the vaioles; does not change,

whereasy; becomes zero, indicating a continuous laser emission \aitiavie frequency.

4.3 Pulse characterization

To analyze the results obtained with the proposed lasgpiars necessary to introduce

the diferent methods used to characterize the generated pulses.

4.3.1 Main parameters
The first objective of the laser is to generate picoseconidagiulses. Let us character-
ize them, both in the time and frequency domains.

Time domain An optical field can be described by an analytical signal

&(t) = R{VP(t) expliwot + ig(®)]} = R{E®)), (87)

where P(t) is the power anglt) the instantaneous phase. It leads to introduce thentssta
neous frequency;(t)
d¢

wi(t) = wo + at (88)

Consequently, if the instantaneous phase is constant, tiealdpeld oscillates at the carrier
frequency. However, if this phase varies, the instantasidmguency varies also. It is

called the chirp phenomenon.
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An optical pulse can be described by its intensity profile. a4k focus on its peak or
mean power. Another important characteristic is the pulsattbn. We will consider the
full width at half maximum (FWHM) pulsewidth in this document

In the case of a linearly chirped Gaussian pulse, the fielsfiest [21]

&(t) = R{V/P(t) expT't?) explwot)}, (89)

wherel’ = a—ib. The pulse width at half maximum is

2In2
AT = | —, 90
=4 (90)
and the instantaneous frequency is
wi(t) = wo + 2bt. (91)

It explains the term of linear chirp used in this case.
Frequency domain Similarly, the field can be expressed in the frequency dorogin

taking the Fourier transform of its temporal expression

E(w) = f - E(t) expliwt) dt, (92)

(5]

and so

E(w) = {Plw - wo) expliglw - wo)), (93)

whereg(w-wo) is called spectral phase. In this frequency domain, wedgiae pulsewidth

at half maximumA f. Hence, we can define the time bandwidth product (TBP), equal t

TBP = ArAf. (94)

In the Gaussian case, the field is

= 1 (@ = wo)?

Elw) = exg]- (2] 05
@=0= i (95)

and the frequency pulsewidthf is

2
Af = Y2In2 a[1+(9) ] (96)
T
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The time-bandwidth product is then

2
Araf = 21N2 1+(b) 97)

T

As a consequence, an unchirped Gaussian pulse (for wkigj) BBP is about 0.44.
Evolution of the spectral pulsewidth as a function of thegenal pulsewidth is given

by the sign of
d(Af) d(Af) da
dAr ~ da dA7’

(98)

According to Equation 90;7‘1 Is negative, and according to Equation 96, we have

dAT) 1V2In2 a2-1? ©9)
da 2 7  +ab1pad

Finally, we can distinguish two cases:

e if a<b: chirp dominates. So, if the temporal pulsewidth increaske spectral

pulsewidth also increases.

N

chirp

optical power

NG
>

time

Figure 40: Case where chirp dominates.

e ifa>Db: chirp does not dominate. So, if the temporal pulsewidthdases, the spectral

pulsewidth decreases.

chirp

optical power

Y
>

time

Figure 41: Case where chirp does not dominate.
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Time, phase, and amplitude jitters Generated pulse trains are rarely perfect. They
undergo many fluctuations, called jitter. It cafiegt time, phase, or amplitude [143, 144].
These variations are represented in Figure 42. Amplitute g corresponds to fluctua-
tions in magnitude. Time jitter gbccurs when the pulse maxima are not regularly spaced.
Lastly, phase jitter gpintroduces phase changes between pulses. These phenoreena a

random and can only be statistically studied.

field 4

Y

time

Figure 42: Scheme of time, phase, and amplitude jitters.

4.3.2 Used techniques

We will focus now on these parameters measurements. A médheghluate them uses
the intensity autocorrelation function by second-harroganeration [145]. Assuming the
pulse shape, its intensity profile can be found. Althougb téchnique is sensitive and easy
to use, it cannot characterize skewness. Moreover, thisadetoes not give information
on the phase profile of the signal.

As direct measurements of the phase are impossible, inda@etiques are used. One
of the most popular technique if the frequency resolvedcaptating (FROG) technique
[146]. It is based on the autocorrelation spectra fietent temporal positions. The ampli-
tude and phase of the signal are then reconstructed.

In our study, the main goal is to validate the alternate maltelength operation. Two
methods can be employed. The first technique is to perfornrmadeal windowing and

to record the spectrum of every temporal optical pulse. Huwoisd method consists of
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implementing a spectral windowing. It simply consists addrting a filter at the laser
output and to observe its behavior in the temporal domainwiVeise this technique. The
bandwidth of the filter must be carefully chosen to corrersbfate each pulse.

In the temporal domain, a 30 GHz photodiode and a samplinfjasmpe are used to
detect pulses up to 10 or 20 ps, at repetition rates of se@Hal In the spectral domain,
the main characteristic is the central emitted wavelengtlte&ch pulse. An optical spec-
trum analyzer with 0.07 nm resolution will be used and a 1.2bamdpass tunable optical
filter will be employed at the laser output to operate the spewindowing. The spectral
windowing is chosen to accurately determine the spectnallerd of each pulse train. If
the laser output is sent to an adequate demultiplexer tosuseay oscilloscope inputs as
channels, all pulse trains atfiirent wavelengths could be displayed simultaneously on the
screen. However, this method is limited to small number ofelengths.

To validate the alternate multiwavelength operation of system, we will also use
spectrogram that represents instant frequencies prasensignal as a function of time.

This representation can be very helpful as chirp and putitevdan be evaluated.

4.4 Multiwavelength generation

The key element of our setup is the UMZI. We describe in detiad present some nu-
merical and experimental results that validate the prie@pthe alternate multiwavelength

mode-locked fiber laser [147, 148].

Ein(® Eout®

Figure 43: Scheme of an unbalanced Mach-Zehnder interomete
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4.4.1 UMZI practical description

The device used in the experiments is a component specidiguled by us and fabri-
cated by Photline Technologies for our application. It isdsaf two Y-junctions linked
together by two arms of tferent lengths: one short linear arm of lengthand one long
one of lengthL_, .

The interferometer is in a push-pull configuration for raftequency (RF) electrodes,

i.e., voltages applied on both arms are equal but oppositeveMer, direct current (DC)
electrodes are only applied on a single arm.

T A
1

>
>

0 V., 2V, \Y;

Figure 44: Transmission of a Mach-Zehnder interferometer.

Transmission of a Mach-Zehnder interferometer is givenhgyratio of optical pow-
ers at its input, R(t), and output, R«t). The half-wave voltage ) corresponds to the
voltage applied to cause a phase shifirofIn our case, for RF electrodes, V6 equal
to 5V, whereas it is 15 V for DC electrodes. Experimentallg ean measure the half-
wave voltage of DC electrodes by applyindgfdrent bias voltages to make a maximum of
transmission become a minimum, as shown in Figure 45.

This interferometer is an integrated annealed proton exggLiINbG 10-Gh's inten-
sity modulator that includes a fixed optical path lengtfiedence of 4Qum between its
two arms. Its free spectral range is 60 nm. The used crystalasx-cut, Y-propagation

configuration. The insertion losses, without connectaesadout 6 dB.

81



09 1
0.8
0.7
06 1
05 |
04
0.3
02
0.1

normalized transmission

1530 1540 1550 1560 1570
optical wavelength (nm)
(a) voltage \0 V

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

o1 | M
it

1530 1540 1550 1560 1570
optical wavelength (nm)

(b) voltage \=6 V

normalized transmission

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

normalized transmission

1530 1540 1550 1560 1570

optical wavelength (nm)
(c) voltage \E15V

Figure 45: Transmission of the UMZI forftierent DC bias voltage to measurg fér DC
electrodes.
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Scattering parameters, or S-parameters, are the reflestmiransmission céiécients
between the incident and reflection waves. Parametgrsr&lection coéicient at the
input, and electro-optic transmission @d@ent were measured with a vector analyzer and
are depicted in Figure 46. The secondficeent was obtained by using a photodetector at

the output of the modulator to convert the optical signad s electrical signal.
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Figure 46: Experimental parameters of the UMZI.

4.4.2 Numerical simulations
4.4.2.1 Modeling

Numerical simulations of the laser operation are undertakgive a qualitative behavior
and a physical description of the multiwavelength sour@®]1 They are carried out by
injecting a weak noise field and allowing it to numericallyke to a steady state subject
to the action of the various components shown in Figure 32.

EDFA To model the EDFA gain medium, we need to consider the gaitorfdry
itself, but also the amplified spontaneous emission (ASEenolo take into account the

gain saturation phenomenon, the amplifier power gain israsduo be

g = gO Pmean ? (100)

Jo — (Go — 1) i
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whereg is the small-signal gairRmeanthe mean power, anég,;, the saturation power at

the EDFA input. Using a first order Taylor expansion of theangntial function, we find

Jo

~ _ 101
9~ 7 P (101)
Sa‘n
The used model corresponds well to the expected behavior:
whenPpean— 0, we have g — g, (102)
whenPpean— o, we have g — 0. (103)

If (Pmean)neny represents the series of the signal mean powers for foapd @n)nan the

series of EDFA gains for loop, we obtain

I:)meam = Pmeam._lgn—l, (104)
= % Pmeam_l . (105)
1+ .-

Finally, whenn — oo, we havePpean — A, with

A=—2_A (106)
1+ P
and so
A = (do— 1)Psy,, (107)
~ Psay (108)

wherePg, , IS the saturation power at the output of the EDFA.

In our simulations, the small signal gagg is 30 dB and the saturation power at the
EDFA inputPsy, is -10 dBm.

The ASE noise of the EDFA(t) is modeled by a white Gaussian field with an autocor-

relation function given by

< NON) >= 2(g - Diwensd(t — ), (109)
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whereuwy is the reference optical frequency, is the spontaneous emission noise fadtor,
the Planck’s constant ardthe Kronecker’'s symbol. IE;,(t) is the input signal, the output
signalEq(t) is given by:
Eout(t) = VGEn(t) + n(t). (110)

Light propagation To simulate light propagation in the ring cavity, and espkgin
the optical fiber, we use a non-linear partiaffeiiential equation as mathematical model
and a classical numerical method to solve it.

NLSE The non-linear Schrédinger equation (NLSEMaster Equatiohis a mathe-
matical representation for the propagation of light thtodiger. If the propagating field
amplitude is given by

E(r,t) = F(x, y)A(z t)g¥zwod), (111)

where A(z,t) is the slowly varying envelope component, the&SH can be expressed from
Maxwell’'s equations by [8]

A a, iBA BPA

: i 0 O|AP
+ A+ = - =iy |APA+ — —(APA) - TRA A
a)oaT

oT I

= 112
0z 2 2 0T? 64713 (112)

wherea represents the absorption doaent,y = % is called the non-linearity coi-
cient,Acs is the dfective core areay, is the non-linear index cdigcient, andT is defined
as the first moment of the non-linear response function. ildfuation, a frame of refer-
ence moving with the pulse at the group veloaifys used by making the transformation

Z
T=t- o (113)

As we work with pulses larger than one picosecond, the lasténms of Equation 112 can
be neglected.

Split-step Fourier method The NLSE equation is a non-linear partiaffdrential equa-
tion, which in general does not have an analytical solutiéence, a numerical approach is
needed to solve this equation. The split-step Fourier ntefth®0] is widely used to solve
the pulse propagation problem in non-linear dispersiveimedhis is a finite-diference

method, close to the beam propagation method.
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The propagation equation is written as

i’;—é =(D+N)A, (114)

whereA = A(z T). The two operators are

= .ﬂz 32 ,83 (93 (0

_ P O @ 11
D a2t eaTe 2 (115)
N = iyA% (116)

D is a diferential operator that includes dispersion and lossesiimeard medium.N is a
non-linear operator that includes thigeets of fiber non-linearities.

If we consider thalN does not depend on distance z, we have:
Az+h,T) ~ exgh(D + N)]A(z T). (117)

Dispersion and non-linearity are considered to act indéeetty. The numerical method

becomes:

e The fiber is divided in small segments of lengith
e The non-linearity parN is computed at each segment.
e The dispersiorﬁ is then computed on each segment.
Hence, for each segment
A(z+ h, T) ~ exghD)exphN)A(z, T). (118)

dispersion only non-linearity only

NNEA
TS

Figure 47: Split-step Fourier method principle.
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The operator® andD are non-commuting, i.e.,
[D,N] = DN - ND # 0. (119)

From the Baker-Hausdfifformula, for two non-commuting operatdiandﬁ we have

a+b+ 5 [abl+5[a-B[ap)+. |

> (120)

exp@) expl) = exp

Thus, in this case, this method is accurate to second ordke istep sizé.

Exponential operator expD) is analytically computed in the Fourier domain
exphD)B(z T) = Fr exphD(jw)]FrB(z T), (121)

whereF+ is the Fourier transform anfé;-: its inverse.
The accuracy of the split-step Fourier method can be imprbyeadopting a symmetric

form of exponential operator. Each segment is divided inawd

Az+hT) = exp(g D) ex;{fﬂh N(z')dz') exp(gﬁ)A(z, ). (122)

In this technique, thefBect of non-linearity is concentrated in the middle of thersegt
rather than at the end of the segment. Since we use symmatmcdf exponential oper-
ators, it si called the symmetrized split-step Fourier radthThis approach is accurate to
third order in the step size h.

Finally, in the simulations, the UMZI is modeled using a detized version of Equa-

tion 62.

4.4.2.2 Simulation results

Figures 48(a) and (b) display the temporal trace and spaadfithe signal at the laser
output when the parameters of the simulation are chosen t@ be1.33 1013 s, wg =
1.216 10°rads,Q = 7.18 10°rads,Ar = 852 10 s, andAw = 2355 10 rads. In this
case, the dispersion in the cavity is set to fhpgkm. The round-trip length of the cavity

is 20 m, and the results shown are obtained after 200 loopen Wie signal is stabilized to
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a steady state. For this repetition rate ot Q/27n =11.33 GHz, two successive trains at

two different wavelengthsi{=1540 nm andl;=1560 nm) are observed.

Table 2: Simulation parameters for alternate multiwavgilergeneration.

parameter value

Jo 30dB

To 1.3310%s
At 8.5210%s
wo 1.216 18°rads
Q 7.18 16°rad’s
Aw 23.55 16%rad's
dispersion 0 pgnnykm
cavity length 20m

Actt 80101 m?
fiber loss 0.2 dBkm

N, 310%° m¥W
y 1.5 W-l/km

The pulse widths are recorded to be 7 ps and 6.5 ps, yieldingealdandwidth product

(TBP) of 0.72 and 0.61, respectively. As expected in a modkeld operation, two succes-

sive pulses of the same train are separated/fy=88 ps. Figure 48(a) also indicates the

temporal transfer function of the UMZI fot, andA¢, and Figure 48(b) its spectral transfer

function att;=-32 ps and,=-76 ps. It emphasizes the fact that each wavelength sees a

different temporal transfer function and that a specific pasiicthe filter corresponds to

a precise moment.

The multiwavelength pulsed laser operation is convenjentamined in the time - fre-

guency domain through the pulse spectrogram [146]. Fig8¢a)&dhows the spectrogram

for the results shown in Figure 48.
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In comparison, Figure 49(b) shows the spectrogram obtaidezh the gain is not as-
sumed to be Gaussian anymore, but infinitely flat. As expdotéte previous circulating
Gaussian pulse analysis, it can be observed that a consrerission with changing fre-
guency is produced. In this case, the UMZI is the only freqyeselective element in the
cavity and thus imposes the emitted wavelength through tbiiton of the maximum
wmax Of its transfer function, as described by Equation 59. Thiseovation indicates that
the filtering action of the UMZI prevails in achieving mulawelength operation, but that
the Gaussian gain of the EDFA acts as an extra intra-cavigr tib select precise wave-

lengths at specific times.

4.4.3 Experimental results

A photograph of the experimental setup is shown in Figure®8iGhe main components
used in the following experiments are detailed. The amplifsed is a gain-flattened EDFA
(Keopsys model 1 060 234). Figure 51 represents the EDFAl-sigalal gain (reached for
an input power of -7 dBm) and the spontaneous emission ndeaif@d for a pump cur-

rent of 0.8 A).

DC power

function supply

generator
EDFA

output

/\ — - ™ coupler

polarization o \
controller N
‘ output
[ UM
v‘ :

et

CI TR it AP A

Figure 50: Photography of the experimental setup.

90



Figures 52 (a) and (b) display the temporal trace and spactiua signal at laser
output, respectively. The experimental parametersg.33 101%s,A7=1.9 10 s, and
A0=1550 nm. The repetition rate is 3.8 GHz and the measureccantity dispersion is less

than 1 pgnnykm [147, 151, 148].

gain (dB)
optical power (dBm)
a3 ¢ & 58 8 & 8

o
a

1530 1540 1550 1560 1570 1520 1530 1540 1550 1560 1570 1580

wavelength (nm) wavelength (nm)

(a) small signal gain (b) spontaneous emission noise

Figure 51: EDFA experimental characteristics.

Three successive trains at thre&elient wavelengthsi{=1543.2 nm1,=1549.6 nm,
and 13=1562.5 nm) are observed using an optical spectrum analyizerod7 nm reso-
lution and a sampling oscilloscope with a 30 GHz photodiodike wavelength of each
pulse is identified by adding a 1.2 nm tunable bandpass ¢fitteaat the laser output, and
the pulsewidths are recorded to be 24, 25, and 38 ps, yieldtimge-frequency product of
0.81, 1.06, and 1.85, respectively. Since the center wagthieof the filter varies with time,
the generation of chirped pulse is expected and verifiedofijh@nd Equation 86 predict
pulses of width equal to 3.4 ps with a time-bandwidth prod@i€L89. The obtained values
are slightly diterent in the experiment and may be attributed to two mairofacthe be-
havior of the gain medium, both homogeneous and inhomogesneomore complex than
our model and laser emission does not occur at a maximumadihglas supposed in the
theoretical circulating Gaussian pulse analysis. Theethwavelengths’ operation is stable
for some hours at a constant room temperature. Neverthslasge no stabilization system

has been implemented, fluctuations of the peak power arevaase
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Figure 52: Experimental multiwavelength laser output.
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The time locations of these emitted wavelengths are plottdelgure 53, as well as
the theoretical evolution of the maximum of the transferction given by Equation 60.
Experimental behaviors of; and A3 are in good agreement with the expected behavior.
However, 1, is not accounted for by the filter transfer function. This highdicate that,
for this filter position, the overall frequency selectiordsminated by the EDFA transfer

function.
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Figure 54: Full-width at half maximum pulsewidth as a fuontof modelocking frequency
for the three emitted wavelengths.

As shown in Figure 54, the three pulse trains-three colossaipn of the laser has
been observed at fierent harmonics of the frequency axial mode separation fange
from some megahertz up to 3.8 GHz. As expected in a mode-doc&afiguration, the
pulsewidth decreases with an increase of the modulatiquénecy [39].

Typically, the large homogeneous broadening occurringer8BDFA causes mode com-
petition in a 10 nm window around each laser oscillation areVgnts the emission of
closely separated wavelengths [152, 153]. Neverthelsssjemtioned in [76], temporal-
spectral multiplexing helps overcome homogeneous broagémmultiwavelength pulsed
lasers. In this laser, the wide separation of the emitteceleagths (about 6 and 13 nm)
seems to be inherent to the specific mode-locking technigad.uThe large FSR of the
UMZI and the necessary adequation between the locatioregbilse in the time domain

and its spectral content, in the absence of any other camstaze imposing such widely
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separated wavelengths. The exact emitted wavelengtheteamdned by local extrema of

the gain curve of the EDFA.

4.5 Conclusions

In this chapter, a new original type of mode-locking has béemonstrated on the dual
use of an unbalanced Mach-Zehnder interferometer thatdexsibserted inside an erbium-
doped fiber ring laser. The UMZI serves both as active modkeloand tunable filter. The
design and the theoretical study of the laser display thieipated alternate multiwave-
length operation. The implemented prototype was able t@mgea pulse trains at three
separate wavelengths.

The repetition of the pulses was set by the UMZI modulatieqfiency. And the optical
wavelength of each pulse was determined by the interacebmden the bandwidth of the
erbium doped fiber amplifier gain and the UMZI modulation treqcy.

This first proof of concept showed significant jitter on thepditnde of the optical
pulses, as well as variations in temporal and spectral sgadietween the fierent pulse
trains. The following chapter will discuss methods and pmént solutions to address

these shortcomings.
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CHAPTER 5

IMPROVEMENTS OF THE MULTIWAVELENGTH PULSED
LASER

In the previous chapter, we numerically and experimentadijdated a technique to
generate successive pulses dfalent wavelengths using an actively mode-locked fiber
laser in which an UMZI is inserted. In this chapter, we wiltés on the improvements that
can be achieved for this new fiber laser source.

The drawback of the alternate multiwavelength source istitmes and wavelengths at
which the emission of pulses occur are not fully controlM& demonstrate in this section
a technique to set the emission of time-wavelength inteel@égulses on a predetermined
grid.

Moreover the source is a mode-locked fiber laser, hencefirsufrom many defects:
jitter and lack of stability. This chapter will introduce avel technique we developed to
address this situation: the multi-harmonic phase mocuigtViHPM).

Finally, we will present other possible improvements of tiehavior of this alternate

multiwavelength laser.

5.1 Control of the multiwavelength emission

From inspection of Figure 53, we can observe that pulsgg ahd 1, are separated by 6.4
nm in the Fourier domain and by 44 ps in the time domain, wisettease afl, and; are

separated by 12.9 nm and 147 ps. Besides, thode atd A, are separated by 38 ps. It
is clear that variations in both temporal and spectral spgcappear. It is primordial to
overcome these fluctuations and to have a better controeafdbirce for practical use and

applications of such a laser source.
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5.1.1 Control in the time domain

Emitted pulses can be controlled with an additional moduldtor instance, a conven-
tional intensity modulator (IM), integrated on LINRQs added in the ring cavity, as shown
in Figure 55. The IM is synchronously driven at a modulaticegtiencyf;,, equal to an
integer multipleN of the UMZI modulation frequency. Thus, kfpulse trains ak different
wavelengths are generated by the UMZI, these pulses wil lzdse to satisfy the mode-
locking condition for the additional intensity modulatdrhis new constraint imposed by
the IM fixes the temporal spacing between two successiveeputs an integer multiple
(within 1 andN) of the inverse of the modulation frequengy. It locks the emission of

pulses on a temporal grid, while the central wavelengthilisst by the UMZI.

= N & /4
— ]
polarization UMZI IM
controller
EDFA
output
coupler
laser
output

Figure 55: Multiwavelength laser controlled in time.

5.1.1.1 Modification of the Gaussian analysis
The theoretical analysis described in section 4.2 can ghtslimodified to include the
effect of the IM in the cavity.

The starting pulse in the cavity is still described by a ca@rgbaussian envelope
fy(t) = Ag it othit), (123)

Equation 68 gives the exponential approximation of thesferfunction of the UMZI

T(t) = exp{—%(woAzT O (B + ial))ztz], (124)
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whereQ,, is the modulation frequency of the UMZI. Chirp is still considd to be max-
imum atwo. The intensity modulator has no path lengtifetience between its two arms
and so its transfer function,Jis

1/ woATimQim \?
Tim(t) = F{——(—) tz],
m(®) = ex 2 2

whereQi,, = NQ,, is the modulation frequency of the conventional modulatud Ay,

(125)

its modulation depth. Thus, if we consider an infinitely flatrg after one loop, the input

pulsef,(t) becomes
f3(t) = FLOT ) Tim(V). (126)
The two signals have to be equal for a steady-state solutidn a

2
E
ay = a1+ g(ﬁ% —a3) + %wSATﬁn N2Q2 + %w%ATZQ% + %woATT()QmBl

(127)
B1 = Br— T5P11 — 3WoATTEQmay
By solving the second equation, we compgieFinally, we derive that
_ _ woATOQn
Pr=""m (128)
@y = wWoQimATim

2710

We can note that the value gf computed in this case is equal to the one determined in
section 4.2. Consequently, the temporal and spectral pigddeyAt andAf, are

At = 4 |h 27'0.
V ©oQimAtim (129)

Af = \/27r|n2\/onimATim [1+ 3( )]

270 NATm

If we consider a Gaussian gain represented by Equation 23ys$tem becomes
2
.
ay = @) + 2(B2 - @?) + gwiATE N2QZ + 2wiAT? O + SwoATToQmB:
B1 = By — Toh11 — 3woATTQmay

whereca] andg; are defined by Equation 75 and Equation 76. By using the santexapp

(130)

mations as in section 4.2, we find

ﬁ — _woATQm
1= 270

(131)

1
wo 207202 Aw?Ar2 02 |2

+ im=<im
2
\18+T%Aw2 70 4

a1 =
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The addition of the IM does not change the chirp valugobut only the value o,
and thus of the pulsewidth. The chirp is solely due to thetfeeqy sweeping of the UMZI.

The resulting pulsewidths are then given by:

1 2702 O2
_  [2In2 242\ [ 247202 | AwtArpOn
At = ,/—wo (8+ ToAW ) [ -+ 7

0
Af = N2in2 { wo [2A129r2n Aw?AT2 02
Ve

1/ 8+T(2)Aw2 75 4

0
1
AT2Q2 a2z Av?A202 17| 2
1+ =5m (8+12Aw2) oy im_im
0 T

_1
i

i
2

(132)

2
475 0 4

Figure 56 shows the theoretical evolution of temporal aretspl pulsewidths as a
function of the UMZI modulation frequency, when the IM moalitbn frequency is three
times the UMZI modulation frequency. We observe that the T&8Rdependent a2 when
the other parameters are fixed. The TBP depends more on thé/taf;,,/Q2, as shown in

Figure 57.

5.1.1.2 Numerical simulations

The influence of a conventional IM in the cavity aids to cohtine timing of the emitted
pulses. Synchronously driven at an integer multipleof the UMZI modulation frequency,
the IM locks the emission of pulses on a temporal grid, while ¢entral wavelength is
determined by the UMZI.

Figure 58 shows the simulation results after 200 loops, vithemodulation frequency
of the IM (fi, = Qim/27n = 34 GHz) is three times the modulation frequency of the UMZI
(fown = Q/27 = 1133 GHz). The other parameters are setutp= 1.216 10° rads,
To=133108s, A7 =12910%s,Arj, = 1.29 101° s, andAw = 235 10 rads.

Three series of pulses at thre&éient wavelengthsif = 1538 nm,1, = 1554 nm and
Ai = 1567 nm) are obtained. Two successive pulses are sepayaiég.and two pulses at
the same wavelengths byf},,, as expected. The pulse widths are recorded to be 1.9 ps,
2.5 ps and 1.7 ps, yielding a TBP of 0.57, 0.78 and 0.51. Theayigts a pulsewidth of
1.49 ps and a TBP of 0.56. We can also observe that two puldes saime wavelength are

separated by 88 ps, corresponding tig,1
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Table 3: Simulation parameters in the case of time control.

parameter | value
Jo 30dB
To 1.3310%s
Atim 1.2910%53s
At 1.2910%s
wo 1.216 16°rads
fim 34 GHz
fUMZI 11.33 GHz
Q 7.18 13°rad’s
Aw 23.5 16%rad’s
dispersion 0 pgnnykm
cavity length 20m
Acit 80 10’ m?
fiber loss 0.2 dBkm
Ny 3102 m¥/W
y 1.5 Wkm
EPI oo @3 W ®
A s
O 06 D06
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Figure 58: Simulation results in the presence of an additiomensity modulator in the (a)



Two successive pulses are separated by 29 ps, i.e/flRy This behavior matches our

expectations.

1570
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Figure 59: Spectrogram in the presence of an additionatsitiemodulator.

Based on our simulations, an intensity modulator in the gasiible to control both
the temporal spacing between two pulses at the same watleland the temporal spacing

between pulses atfiierent wavelengths. It imposes a temporal grid to the laser.

5.1.1.3 Experimental results

Based on the above results, experiments have been undettakenfy the temporal
control of the multiwavelength laser source. The IM usedunexperiments is integrated
on LiNbQ;, built using titanium in-dtused technology. The used crystal is in a X-cut,
Y-propagation configuration. The electro-optic bandwidth-3 dB is 10 GHz and the
insertion losses, without connectors, are about 6.2 dB. iteeferometer is in a push-pull
configuration. The half-wave voltage, V6 equal to 5.6 V for RF electrodes and 6.1 V for
DC electrodes.

Figure 60 shows the experimental results when the moduldtenuency of the IM
(fim = 4.837 GHz) is five times the modulation frequency of the UMZJ,{ = 9674
MHZ). The other parameters are setudg = 1.216 16° rads, 7o = 1.33 103 s5,A7 = 2
10 %% s, andAry, = 1.3 10 s.
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Figure 60: Time trace (a) and spectrum (b) at the laser outghe presence of a conven-
tional intensity modulator.
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Two series of pulses at twoftierent wavelengthsif = 1562.3 nm ands = 1563 nm)
are obtained. This confirms the ability to emit laser puldedasely spaced wavelengths.
The temporal pulses af, andAs are separated byf2,. The other locations on the temporal
grid are left unoccupied, probably because the two emittadelengths capture all the
available gain. The pulse widths are recorded to be 50 and4bgdding a time-bandwidth
product of 0.56 and 0.48, respectively. Theory predictsg@uidths of 2.8 ps and a TBP of
0.46. We can thus observe the experimental TBPs are close tohebretical ones, whereas
the experimental pulsewidths are much larger. We attribugefact to the homogeneous
character of the EDFA that needs a better modeling in the ¢fieal equations.

The birefringence of the IM combined with the polarizing aeior of the UMZI acts
as a filter that imposes a wavelength spacing of 0.7 nm. Onld cse this phenomenon to

anchor the emitted wavelengths on the ITU grid.

5.1.2 Control in the spectral domain

PC UMZ|
FMZ

EDFA

oC
laser

output

Figure 61: Improved experimental setup (FMZ: fiber Mach+xidr, PC: polarization con-
troller, AOFS: acousto-optic frequency shifter, OC: outpomipler).

By analogy with the time grid imposed to the laser output, we iogpose a wave-
length grid to control the spectral content of the generptésgles. Diverse methods can be
investigated, such as birefringence [93], dispersiomifi07], use of four wave mixing
[90], arrayed waveguide gratings [154] or Sagnac loop §lf265]. One could also impose

a constraint in the frequency domain by inserting a periitlear in the cavity.
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In our case, to control wavelength spacings, a fiber Macmdeh(FMZ) is inserted in
the initial ring cavity as well as an acousto-frequencytshifAOFS). The FMZ will play
the role of a periodic filter and the AOFS will prevent gainusation by a single wavelength
to allow multiwavelength laser emission at room tempegmafdb].

In the experiments, the modulation frequency was set to 6187 and the FSR of the
additional periodic filter isApyz = 5.8 nm. The results are shown in Figure 62(a), both
in the time and frequency domains. The spectal content df palse is also determined
to prove the alternate multiwavelength operation. Two @ulains at two dferent wave-
lengths Q6=1557.8 nm andi;=1563.6 nm) are obtained. As expected, even if only two
wavelengths are generated, we note that the wavelengtisepaeated byryz: the emit-
ted wavelength are anchored on the frequency grid impos#étetang cavity. This grid
is schematically represented in Figure 62(b) by the hotaddimes. The pulse widths are
recorded to be 20 ps and 28 ps, respectively. The TBP of eacle mi0.56 and 1.12.
Once again, the chirp is due to the time variation of the centvelength of the filter.
Figure 62(b) shows the theoretical evolution of the maxinmitte transfer function of the
UMZI as a function of time (withrg = 1.33 10%% s, wg = 1.216 1G° rads, Q = 3.56 10°
rads andAr = 1.65 10''° s as experimental parameters) and the corresponding mueri
tal data points.

5.1.3 Time-wavelength mapping
5.1.3.1 Principle

In order to fully control the laser output, both previousdgpf control can be simul-
taneously operated. The emission is anchored on a timelevegte map [156, 157, 158].
Figure 63 shows the setup used in this situation: a phaselatod(PM) is inserted as well
as a comb filter with an AOFS.

To have better control on the timing of the emitted pulsesyraventional phase mod-

ulator (PM) is added in the cavity. By synchronously driving PM at a harmonic of the
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Figure 63: Improved experimental setup.

modulation frequency of the UMZI, pulse emission is lockacademporal grid. In a simi-
lar way, by inserting an additional periodic filter in the itgvthe wavelength spacing of the
possible emitted wavelengths is fixed to an integer muliybleés free spectral range. An
acousto-optic frequency shifter is also introduced in tloplto prevent gain saturation by a
single wavelength and to allow multiwavelength laser eiorsat room temperature [159].
As a consequence, the laser output is restricted to a tinvelaragth map. Finally, these
time and frequency locking conditions, along with the ctindiimposed by Equation 60,

impose three constraints on the emitted pulses in the tianeel@ngth domain.

5.1.3.2 Simulation results

To validate this concept of time-wavelength mapping, nucaésimulations have been
undertaken. For the additional intra-cavity filter, a FaB®rot interferometer is consid-
ered. Its spectral transfer function is represented inréigd. The thickness of the sub-
strate is 10Qum and the reflectance R = 0.4. these characteristics imply a finesse of
F =2 - 33and aFSR of 6 nm.

In this simulation, the FSR of the additional intracavityeflis chosen to b&rsg= 6 nm.

The other parameters of the simulation age= 1.33 1013 s, wy = 1.216 10° rads,
fm = Q/27 = 11.33 GHz, andAr = 1 10*° s. The modulation frequency of the PN}y,

is three times the modulation frequency of the UME};, = 3 f,, = 33.99 GHz.
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Figure 64: Transfer function of the filter used in the simioias.

Table 4: Simulation parameters in the case of time-wavétemgpping.

parameter | value

To 1.3310%3s
At 110%®s
fn 11.33 GHz
fom 33.99 GHz
wo 1.216 16°rads
Aw 6 nm
dispersion 0 pgnnykm
cavity length 20m
Acts 80102 m?
fiber loss 0.2 dBkm
Ny 310 m?)/W
y 1.5 W-1/km
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The dispersion is fixed to be null. Figure 65 shows the nurakrasults of the simula-
tion in the time and frequency domains; three pulse traitisraé diferent wavelengthsi{
=1538.4 nm g, = 1550.2 nm, and, = 1562.2 nm) are observed. These values correspond
to the maxima of the transfer function represented in Figi4re The spectral content of

each pulse is examined to be able to attribute every wavisleéagevery pulse.
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Figure 65: Simulations of laser output with both time andérency control.

To prove that the laser output isfectively anchored on a time-wavelength grid, Fig-
ure 66 gives the spectrogram of the emission. We thus ob#eaté; and, are separated
by 2*Arsr in the Fourier domain and byfly, in the time domain, as well ak and,. As
a consequence, no shift in time and wavelength spacingseabderved. The time and
spectrum locations of the laser output are thus controlled.

The FWHM pulsewidth is about 2.8 ps in the temporal domain &él GHz in the

spectral domain, yielding a TBP of 0.46.
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Figure 66: Optical wavelength identification for each putsén.

5.1.3.3 Experimental results

In this experiment, a fiber Mach-Zehnder (FMZ), with a freedpal rangeAAgyz=5.8
nm, is inserted to act as an intracavity filter. Figure 67 shtwe experimental results
when the modulation frequency of the PN, f= 9.4 GHz, is seven times the modulation
frequency of the UMZI, f = 1.34 GHz. The experimental parameters aye1.33 10%3s,
At=1.2 10%® s, and1y,=1550 nm.

Once again, three pulse trains at threffedent wavelengths are obtained. The emitted
wavelengths ard, = 15369 nm, A5 = 15427 nm, andlg = 156Q1 nm. The pulsewidths
are 39, 44, and 48 ps, yielding a time-bandwidth product4801.1, and 2.23, respectively.

To verify the time and wavelength controls of our setup, weelaoking at the spectro-
gram of the laser output. In Figure 68, many comments can e nfarst, the PM being
driven at a harmonic of the modulation frequency of the UM&lemporal grid is imposed
to the laser. It is represented by the vertical lines on tleetspgram.

In the same way, the intracavity filter formed by the FMZ fixae tvavelengths that can
be emitted by the source. This spectral grid is representdtdhorizontal lines on the

spectrogram.
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FrEe A4 =+t ——F—7

(wu) yibusjorem

1200

600

-600

-1200

time (ps)

Figure 68: Spectrogram of the multiwavelength laser witheaaalic filter and a phase

modulator.

110



Finally, the last constraint is the theoretical temporalatéon of the maximum of the
transfer function of the UMZI and is represented by Equa6On It corresponds to the
sinusoidal function on the spectrogram. In this figure ase aidicated the experimental
points. We can observe that these points are preciselyeldcat the time-wavelength map
formed by the two grids previously described. Thus, thegmittis and 1, are separated
by 4AAemz in the frequency domain and byfg, in the time domain, whereas thosedat
and s are separated b¥Arvz and I¥f,nm. Itis interesting to note that these experimental
points correspond quite well to the theoretical sine curMevertheless, the grid use is
not optimal. The unoccupied grid locations arise from realdiltering in the cavity, which
might be eliminated by improved cavity design to yield tegld operation at any wavelength

on the grid.

5.2 Stabilization of the pulsed source

Mode-locked lasers emitting picosecond pulses around366 tm region are potential
signal sources for future high-speed optical communiocagistems because they are easy
to build and can produce picosecond pulses at high repetitites. A large number of
designs have been examined, attempting to optimize theabperof the laser to suit the
particular application [46, 160].

Nevertheless, potential use of such lasers is ultimatedjtdid by their performances
in terms of pulse dropout, stability and jitter. Many scherha@ve been proposed to im-
prove the stability of mode-locked lasers: locking the &leal phase of the output optical
pulse with that of the drive source [161], introducing a nagbm of two-photon absorp-
tion [162], and using regenerative mode-locking by fee&hm¢he harmonic longitudinal
beat signal [163] or additive-pulse mode-locking [164]. Biximg two harmonics of the
fundamental cavity frequency and applying this signal @artentensity modulator, Takara
et al. [165] demonstrated an improved stability as well asgneration of shorter pulses.

In this case, pulses were emitted at a repetition rate equaktlowest of the two mixed
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frequencies. In our proposed scheme, we use multi-harnpiveise modulation (MHPM)
to mode-lock a fiber laser and, in particular, by adjusting tblative amplitudes of the
two mixed frequencies, we show that pulses can be emittdtedtighest frequency, thus
providing a high repetition rate operation while simultangly stabilizing the laser output

in terms of timing jitter and Bit-Error-Rate (BER) performand&, 167].

5.2.1 Principle
Figure 69 shows the experimental set-up. The laser caviigsed on an erbium-doped
fiber amplifier and polarization controllers that are useday and optimize the polariza-

tion orientation.

fy
synchronization
f

o
ﬁ
Onl

> =1
PC L—Ef

oC
laser
output

Figure 69: Experimental set-up (PC: polarization contrplEeDFA: erbium-doped fiber
amplifier, OC: output coupler, PM: phase modulator, D: RF djive

T

EDFA

A fused fiber coupler is used to tap the output signal fromdiser. To generate the op-
tical pulses, a phase modulator (PM) is inserted in the géwiserve as active mode-locker
element. The originality of the scheme is to apply to the PMdia-frequency signal that
is the weak mixing of two frequencies. The mode-locking dtowl is achieved for both
frequencies. The first frequendy is the fundamental frequency, equal to the axial mode
separation of the cavityfay, and the second frequenéy = N f, is a higher harmonic. The
two frequency synthesizers are synchronized, in ordertiongge the laser behavior. When
driving the modulator only af;, harmonic active mode-locking is achieved and thus su-

permodes appear. In &fth harmonic mode-locked laser, an axial mode is locked tegho
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that areN axial modes apart on each side. All the modes within the gaimdtvidth are
thus grouped intdN sets, called supermodes. Therefordy i the harmonic number of the
modulation frequency\N supermodes coexist in the laser cavity. The energy-shiftsng
these groups and the relative phase-slides among themearedim source of amplitude
fluctuations of the emitted pulses. It can lead, in the woaise¢to sporadic suppressions
of pulses in the train [21, 48, 49]. By combining this frequemadth the fundamental fre-
guency in a microwave mixer, the idea is to reduce the supgernompetition by coupling
them with each other. The cavity axial modes that form onesupde are separated by

i.e. by N other cavity modes. In a conventional mode-locking schexséhe diferent su-
permodes are independent from each other, thifgisdiverse losses and fluctuations. This
leads to a poor stability of the laser output. As shown in FegiD, if f; is mixed with the
fundamental frequencyy, modulation sidebands are created. #3s equal to the spac-
ing between dierent successive supermodes, the modulation creates angpamong
supermodes. Thus, all the supermodes will experience addrgn the same variations
in the laser cavity, improving the output stability. In tltiase, not only the mode-locking
condition is achieved for each modulation frequency, bsb alll the cavity modes and

supermodes are weakly locked together.
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Figure 70: Schematic diagram of thfext of MHPM in the laser in a frequency domain
representation.
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The voltage applied onto the PM is a mixing of two frequenciets time-dependent

and equal to:

V(t) = Vosin(2rf1t)[1 + msin 2 fot + ¢], (133)

with Vj the voltage amplituden the modulation depth angla constant. If the input field
in the PM isEj,(t) = Eq cost), its output is given by [21]:

Eoul®) = Eq COE(a)t + ”\\Zt)), (134)

wherew is the input optical angular frequency axgthe half-wave voltage. In reference
[165], pulses are only emitted when the peak positive vekaif the two sines coincide and
so the pulses are emitted at a rate equal to the lowest of trerfriequencies. In contrast to
this option, in our scheme, the repetition rate is deterthimethe highest frequency of the
two mixed signals. In order to allow emission at each locdtiage maximum, the relative
amplitude of the two mixed frequencies has to be carefuljysidd, and in particular, the
modulation indexm has to be low, as shown in Figure 71. Indeed, in this case i@g in
the cavity will concentrate under each extremum of the tearfsinction, their magnitude
being similar. Otherwise, the energy will be located onlyhat global maxima, capturing

the impact of the other extrema of weak magnitude.

A
voltage applied voltage applied

orto he meciator| | | e T T T A

T
ARRDAT-

l = pulse emission

Figure 71: Representation of the voltage applied onto theg@hadulator and pulses lo-
cation when the modulation depth is high (a) and low (b).
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5.2.2 Experimental results

Initial characterization of the laser performance invdNBER measurements. The fun-
damental laser frequency is equalftg=4.77 MHz, corresponding to a length of the laser
cavity of approximately 41.9 m. We séf to 2.52 GHz, corresponding to the 532th har-
monic, andf, to fy. Control of the value o leads to emission of pulses at a repetition
rate f;. The characteristics of the laser output are similar toehaistained in the case

M

oo

PC

laser

—

ET

Figure 72: Experimental setup for BER measurement (PC: gal&n controller, IM: in-
tensity modulator, ED: error tester).
of conventional mode-locking. Figure 73 shows the timedrand spectrum of the laser
output when the modulation depthis equal to 2.5x1¢. One pulse train at a repetition
rate f;=2.52 GHz is observed using a sampling oscilloscope with a B@ ghotodiode:
two successive pulses are separated/lly 4400 ps. The optical spectrum is obtained via
an optical spectrum analyzer with 0.07 nm resolution. THlewidths at half-maximum
pulsewidths are recorded to be 20 ps. The output of the lasetternally modulated us-
ing a LINbG; intensity modulator driven by a pattern generator syndzeshwith f;. The
length of the pseudo-random sequence’ig 2This signal is fed back to the BER test unit
for error detection. Figure 74(a) shows the obtained resulh two diferent modulation
depths and these results are compared with those achiead tiva mode-locker is only
driven atf; without mixing. Figure 74(b) and (c) show the radio-freqoyespectrum of the
signal applied to the PM for two fierent modulation depths, respectively equal to 1.4%10
and 2.5x10%. The BER performance increases with the modulation depth.sEnsitivity
gain of the MHPM method is 2.94 dB at TBER. This is an indication that the pulse drop

out phenomenon is reduced by the MHPM method.
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The higher the modulation depth, the mofiagent the coupling between supermodes,
and the more stable the laser output is. However, when the wdithe modulation depth is
too high, the coupling is too strong and the repetition ragnges front; to fy, viz., from
the highest to the lowest frequency. A compromise has to lnedbdetween the modulation
depth and the repetition rate in order to generate pulségdtitjh repetition raté; while
introducing a sftficient amount of coupling between supermodes. A modulatepidof
2.5x107?, case 2 in Figure 74, corresponds to this maximum couplittigoni turning the

repetition rate fromf; to fo. It is the optimum condition of operation of our experiménta

set-up.

—O  with mixing: case 2

N s +

— £ —  without mixing

timing jitter ratio (x 10®)
timing jitter ratio (x 10°%)

optical power (dBm) frequency (GHz)

Figure 75: Timing jitter ratio as a function of the opticalvper with and without mixed
frequencies (a) and as a function of the modulation frequéncf, being kept

equal tof, (b). Solid lines are linear regression of the experimendah drep-
resented by the points.

To study the improvement of the stability of such a laser, i8e emeasured the timing
jitter, o1, with and without MHPM. We investigated the timing jitterectly by using the
histogram function of a sampling oscilloscope with a 30 GHntpdiode. Figure 75(a)
shows the evolution of the timing jitter ratio, definedfas o1, versus the optical power
at a modulation frequenci; of 2.52 GHz and compares the performances achieved when
two frequencies are combined in the case represented oreFHd(c) and when no mixing

is made. Figure 75(b) shows the evolution of the timingijitegio versus the modulation
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frequencyf; with and without mixing betweefy, and f,. In both cases, mixing of frequen-
cies when driving the PM reduces moderately the timingrjit&tio, leading to a slightly
improved stability of the fiber laser output. The principfeoperation has been described
in the case of phase modulation. We expect that the samegeehcould be applied in the

context of amplitude modulation, since sidebands are asemgted in this case.

5.3 Possible investigations

We have presented and synthesized a new and original wayhefaéng alternate mul-
tiwavelength pulse trains via a fiber laser. The results te deamonstrate two or three
pulse trains at two or three wavelengths. We have also inted ways of controlling and
stabilizing the source. To be practically used, other mwid have to be studied to improve

the design of this laser.

5.3.1 Increase of number of wavelengths and pulse trains

As the UMZI is the key element in the laser setup, a changesatharacteristics will
change the output generation. The first idea consists ofgthgrihe optical path length
difference between the two arms of the modulator. By increasis@dlth length dterence,
the free spectral range of the filter will decrease, and timatavallow many maxima of the
filter to be under the EDFA gain curve. The functionality o fitber ring laser would be
upgraded by allowing a simultaneous multiwavelength eimrisgn this case, a pulse could
be at two wavelengths separated form each other by the vathe free spectral range of
the UMZI.

However, in our situation, we focus on an alternate multelength generation. To
do so and to increase the number of emitted wavelengthsptissokould be to improve
the selectivity of the filter. By cascading many UMZIs, a Lydiefi configuration is used
[168]. It would improve the filter finesse, i.e, its ratio FSReo bandwidth. Finally, a
simple solution would also be to use an extra intracavity leditter with a small FSR, in

order to increase the density of the wavelength grid. Sihgjlan the time domain, the
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density of the temporal mapping can be increased by driviegatdditional modulator at
higher harmonics of the modulation frequency of the UMZI.

In the previous experiments, we presented results for darardoped fiber ring laser.
However, many experiments have also been conducted witltgeductor optical ampli-
fiers (SOA). The SOA-based lasers can be shorter and moreambgan the EDFA lasers,
yet have internal fiber coupling loss not present in erbiuth@ften require strong isolation
in the cavity. To compare the influence of the gain medium, btaioed a dual-wavelength

operation in the same conditions, but with a change of thdiemp

5.3.2 Influence of gain medium

In a first experiment, a gain-flattened EDFA is inserted inrthg laser. The modulator
is driven at 1.6 GHz. Figure 76(a) shows the time trace andtgpa of the laser output.
Two pulse trains at two élierent wavelengthsi{;=1543.8 nm andl;3=1562.6.9 nm) are
observed. The pulse widths are recorded to be 25 ps and 4dgpgatively. The TBP of
each pulse is 1.25 and 0.55. The chirp is due to the variafitreacenter wavelength of the
filter with time. Figure 76 shows the theoretical evolutidrttee maximum of the transfer
function of the UMZI as a function of time (withy = 1.33 103 s,y = 1.216 18°rads, Q
=9.17 10 rads andA7 = 1.18 10'° s as experimental parameters) and the corresponding
experimental data points. The emitted pulses are in agnetenith the constraint given by
Equation 59.

Figure 77(a) shows the experimental results when the agaiue medium is a SOA.
The modulation frequency is kept equal to 1.6 GHz. Two othesetrains at two dierent
wavelengths {;4,=1537.1 nm andl;5=1588.3 nm) can be observed. In this case, the pulse
widths are 50 ps and 59 ps, yielding chirped pulses with a TBR7and 2.7, respectively.
Figure 77(b) shows the temporal theoretical evolution ef tivo maxima of the UMZI
covering the SOA gain curve. In this case, the experimeti@meters arey = 1.33 103
s, Q =9.17 10 rads andAr = 2.2 10 s, with wy = 1.216 10° rads for the below

sinusoidal curve and, = 1.17 16° rads for the above one.
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Figure 76: Time trace and spectrum (a) of the laser outputbeénpresence of an EDFA
and the corresponding spectrogram (b), with theoreticalluéon of the maxi-
mum of the transfer function of the UMZI as a function of tinsel{d line) and
experimental data (points).
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of the transfer function of the UMZI as a function of time (dgdine) and ex-
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The corresponding experimental data points are also gdlottethe figure. We notice
that the two wavelengths are selected by two distinct loligkentunable filter. The ex-
perimental behaviour ot;s is in good agreement with the expected theoretical behavior
However, 114 is not accounted for by the filter transfer function. This htigndicate that,
for this filter position, the overall frequency selectiondeminated by the SOA transfer
function.

When comparing the results in both cases, we remark that the bahavior can be
obtained. The use of a SOA in the ring cavity allows more |aifabe filter selecting the
wavelengths over a wider bandwidth than with an EDFA. Nédwadess, due to the faster
dynamics of the SOA, the pulses are wider than when inseatngDFA. Consequently, it

seems diicult to increase the number of trains when using a SOA.

5.3.3 Reduction of chirp or pulse duration

The generated pulses exposed in the previous paragrapbskngred. To be practically
used, these lasers need to produce transform-limitedgulsedo so, we need in particular
to reduce the spectral line-width of thdférent emitted wavelengths. For instance, we can
investigate the influence of the filter bandwidth on the posdlchannel.

Ultra-short pulse with a pulsewidth smaller than 1ps is seagy for over 160 Ghi
optical signal transmission. We could investigate how toegate this kind of pulse di-
rectly from the fiber ring laser. For pulses shorter than dygsgan use optical compression
technique to realize this function. For pulse compresdioere are mainly two methods
that are widely used and could be investigated in our schempeoduce ultra-short pulses:
compression by higher-order solitoffext and compression using dispersion. In this case,
many components can be employed, including for instana@etiimirrors, fiber Bragg
gratings or dispersion decreasing fiber (DDF). With theséhods, compression factors

greater than 10 can be obtained.
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5.4 Conclusions

In this chapter, we presented some improvements and sorsidlgosmvestigations that
can be made about the alternate multiwavelength laseresolins possible to control the
laser in time by incorporating an additional conventionaldulator in the cavity. Control
in frequency is also feasible by imposing a spectral grithédaser. To reduce the phenom-
enon of pulse dropout and to increase the stability of therlaatput, a novel technique of
multi-harmonic phase modulation was presented and denadedt Diterent possibilities
of investigations have also been proposed to improve thaifurality of the source.

In the next chapter, we will introduce affdirent type of multiwavelength fiber laser: it
is a continuous wave source, based on semiconductor optigalifiers as gain media. In

particular, we will investigate its potential as a light soeifor WDM-PONSs.
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CHAPTER 6
CONTINUOUS-WAVE MULTIWAVELENGTH FIBER LASER

Multiwavelength laser sources have attracted considenab¢rest because they can be
inexpensive and easy to build. Since one such laser carcespiany diferent laser diodes,
it implies less cost, less maintenance, and less invenitigse sources also have great po-
tential because of their versatile possible applicatisnsh as optical fiber sensors, optical
instrument sensing spectroscopy, or wavelength-divisioiitiplexed (WDM) systems.

The previous chapters were dedicated to the presentatian ofiginal alternate mul-
tiwavelength pulsed erbium-doped fiber ring laser, based new type of mode-locking.
We were able to demonstrate its principle thanks to numlesicaulations and experimen-
tal tests. We were also able to improve the design of the sowrgain better control
over it. However, the number of channels is still limited: toghree for the moment. For
this reason, if we want to use this laser in broadband acetesrks, the number of con-
cerned customers would be small. Therefore, this chapteydaces a dierent type of
multiwavelength source that is more suitable for accessarés applications.

In this chapter, we present a continuous-wave multivagglehber laser source. This
source is based on semiconductor optical amplifiers (SOAmg2oed to erbium-doped
fiber amplifiers (EDFA), SOAs have a dominant property of mlegeneous broadening.
Thanks to this characteristic, multiwavelength generaseasier and supports more chan-
nels than with EDFAs. As a consequence, more consumers gaadieed by a single light
source of this kind. We provide an overview of the SOA-basestl and we use it as
a source in a WDM passive optical network (WDM-PON) context. d@gail its actual

performances and also possible future investigations poane them.
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6.1 Presentation of the source

The source we are using in this part is a continuous-wave. |d%e setup of the new
laser is simple and easy to build, as shown in Figure 78. An Sé€®es as gain medium be-
cause its inhomogeneous broadening allows a lot of clogelges] channels to be emitted
simultaneously. As no optical pulse is generated, no aatiwde-locker is included in the
ring cavity. To precisely select the desired wavelengthsnterleaver is added to the cav-
ity. This interleaver fixes the spacing between the emittadeiengths. Thus, by choosing
a 2550 GHz interleaver, two successive generated wavelengthseparated by 50 GHz.
To obtain a cost{gective light source for WDM-PON, the multiwavelength SOAsbd
fiber ring laser should be able to produce as many waveleagthessible to accommodate
a maximum number of customers at the premises.

In our experiment, when the SOA bias current is set to 200 md\the operating tem-

laser output

Figure 78: Continuous-wave multiwavelength SOA-based fibgrlaser (PC: polarization
controller, Int: interleaver, SOA: semiconductor optieahplifier, OC: output
coupler).

perature is 20.8C, the center wavelength of the amplified spontaneous emi$siahe
SOA is located at 1455 nm with a 3-dB bandwidth of 60 nm, a swighal gain of 22
dB, a saturation output power of 12.7 dBm, a polarization dépehgain of 0.3 dB, and a
noise figure of 5.6 dB at 1528 nm for an input signal power ofdB&. Using this layout,
more than 40 simultaneous wavelength lasing oscillatioitis &frequency separation of
50 GHz are observed, as shown in Figure 79 (a) and (b). Théengpat50 GHz between

two successive wavelengths is imposed by the interleaver.
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With the optical spectrum analyzer resolution of 0.01 nne, diptical signal-to-noise
ratio is measured to be greater than 35 dB for all tHeedknt channels. The linewidth of
the generated oscillations is 0.12 nm. Because of this laafieeythe transmission will
sufer from chromatic dispersion. The state of polarizationigiitl in the laser cavity has
to be carefully adjusted to obtain a flat laser spectrum asd @ optimize the number
of emitted wavelengths. In our experiment, the multiwangtl laser output powers have
good flatness even though we can observe a small power variatross the 42 wave-
lengths. A WDM filter is also used at the laser output to obtdilataspectrum around the
C band. The total output powers before and after the WDM filter3a4 dBm and -2.2
dBm, respectively. The laser output remains very stable dgel hours in laboratory
conditions, as do the fierent multiwavelength laser output powers. We can notiegé th
a wider spectrum can be observed for a higher bias currentieir, with small current
changes around 200 mA, the performance of the source doekepend critically on the

bias current. Figure 79(c) represents one selected wagtbl&om the 42 other ones.

6.2 Downstream transmission for WDM-PON

The growth of the Internet is exponential worldwide. Theetyyd transmitted informa-
tion has changed from voice to multimedia, and the amountfofmation is always in-
creasing. The end users are attracted by the numerous asadileemerging applications,
such as high-definition videoconferencing, video-on-datnaigh-definition television, e-
learning, or high-quality audio transmission. To deliN@ede integrated serviceSectively
and at &ordable prices, providers strive to implement new techgiek

The use of WDM techniques in PONs appears to be a promisingdatedo solve the
bottleneck problem of broadband access for business amtengisl customers. WDM-
PON is an attractive method to deliver high bandwidth sewito the premises. This
technology has the potential for large capacity, easy nmamagt, protocol transparency,

and upgradeability [60, 117]. However, for practical impkntation, the deployment costs
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Figure 80: Experimental setup (PC: polarization contrpl®DA: semiconductor optical
amplifier, Int: interleaver, TOF: tunable optical filter, ER: erbium-doped fiber
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fiber).

of such systems have to be reduced. To overcome these eaalconsiderations, several

WDM-PON architectures have been proposed, particularlydimg on the development

of cost-dfective WDM sources. Tofter services economically, the optical line terminal

(OLT) installed in the centralfice needs to be able to accommodate as many subscribers

as possible and agteiently as is feasible.

A straightforward solution consists of using an array oftriisited feedback (DFB)
lasers. However, this method is very expensive, espeaidibn increasing the number of
subscribers and wavelengths. To reduce these costs, théarseptical carrier suppression
and separation technique has been proposed [121]. Evee rfumber of DFB lasers is
divided by two with this technique, problems of maintenaaod inventory still remain
when the number of customers increases. Recentfierdnt techniques have attracted
a lot of attention: spectrum-slicing using a broadband ecent light source such as a
light-emitting diode (LED) [84, 169] and amplified spontans emission (ASE)-injected
uncooled Fabry-Perot laser diodes [62, 63]. While the firkttemm sufers from low power
and high packaging costs, the last one still has problenasdety the wavelength locking
under thermal drift of its lasing wavelengths over wide tenapure ranges.

Figure 80 illustrates the configuration of the WDM accessesystonsidered in our

experiment. In the OLT, the light source is a multiwavelénigber ring laser. This WDM
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source is composed of an SOA as the gain medium,/2026Hz interleaver, a polariza-
tion controller, and a 560 output coupler. Compared to erbium-doped fiber amplifiers,
SOAs have a dominant property of inhomogeneous broadewinigh makes the multi-
wavelength generation possible. Because of SOAs broad paatrem, a large number of
different wavelengths can oscillate simultaneously [101]. ifkexleaver acts as a comb
filter with a periodic spectral transfer function. Its frgeestral range determines the oscil-
lating wavelength spacing.

Before downstream transmission, only one wavelength istzldy a tunable optical
filter. This wavelength is dedicated to a specific custombis dptical channel is amplified
at the output of the bandpass filter before being externatigutated. The polarization is
controlled to achieve maximuntieiency. At the output of the OLT, the signal is transmit-
ted through the fiber. In our experiment, we used 17 km of dspe-shifted fiber (DSF).
By using this type of fiber instead of single mode fiber (SMF),invprove the system per-
formance by overcoming the dispersioffieet. At the optical network unit (ONU), a PIN
receiver is employed.

A tunable optical filter (TOF) with a bandwidth of 0.25 nm s one wavelength
(1,=1538.1 nm) to be amplified by an erbium-doped fiber amplifiet externally mod-
ulated by a LiNbQ intensity modulator with a 1.25 GHNRZ pseudorandom binary se-
quence (PRBS) of length®21. The signal power is -25.6 dBm after the TOF and 12.7
dBm after the EDFA. The measured downstream spectrum is shofvigure 79(c). The
downstream signal is then transmitted to the ONU through rh70k DSF to counteract
the dfects of dispersion. The dispersion of this fiber is lnpgkm at 1538 nm. At the
entrance of the feeder fiber, the measured signal power dBh8 At the access node, a
downstream PIN optical receiver with a 2 GHz bandwidth igduse

Back-to-back and downstream transmission eye diagram$avensn Figure 81. We
present two situations with two fikerent kinds of feeder fiber. Figure 81(a) and (b) show

the eye diagrams obtained for a back-to-back configuratioinadter transmission over 20
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Figure 81: Eye diagrams measured for (a) back-to-back (S5@bvp and (b) downstream
transmission through 20 kms of SMF (50Qdhg) at a bit rate of 622 MIs. Eye
diagrams for (c) back-to-back (200/d&) and (d) downstream transmission
through 17 kms of DSF (200 fuv) at a bit rate of 1.25 G&.

km of conventional SMF-28 at a bit rate of 622 JdbIn this case, we can notice that the

influence of dispersion is large. Figure 81(c) and (d) alsmstine eye patterns obtained in

a back-to-back configuration and when we use 17 km of DSF dtratbiof 1.25 GJs. We

can easily observe the benefits of DSF: it overcomes themigpedfect and consequently

decreases the distortions. To investigate the system depey on the distribution fiber
between the OLT and the ONU in the case of downstream trasgmithrough DSF, we
inserted a variable attenuator before the optical receiVee measured BER curves are
presented in Figure 82. The curve obtained after transomsirough 17 km of DSF

reveals a power penalty of 1.1 dB at a BER of 1@hen compared with the back-to-back

case.

6.3 Future investigations

Compared to the PONs architectures employing many lasecs®at the OLT, the pro-

posed solution is more cosffective since it replaces multiple fixed-wavelength lasgrs b
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Figure 82: Measured bit-error-rate curves.

a simple multiwavelength fiber ring laser. It also impliesdenaintenance and less inven-
tory. To the best of our knowledge, the use of an SOA-basedwavielength fiber ring
laser for WDM-PON is shown for the first time. We were able tosrait a 1.25 Gfs signal
per channel. However, to increase the bit rate or the trassom distance, the generated
channel linewidth appears as a limitation of our systemedul] the transmission $ers
from dispersion and so requires the use of DSF in our expeitinfeducing this linewidth
would make it possible to transmit the signal through cotieeal SMF instead of DSF.

To reduce this linewidth, it seems necessary to investigateore detail the non-linear
effects in SOAs. Indeed, these non-linearities (especialig-g@turation, intrachannel
FWM, and self-modulation) cause significant distortion amdaldening. It has the ef-
fect of shifting the peak power toward longer wavelengthgmvhght travels through this
optical amplifier: a red shift is obtained [170, 171]. To ctaract this fact, the study of
the appropriate choice of filter (shape and bandwidth) todsel un the cavity to tailor the
output wavelengths has to be conducted.

Our experimental results show that optimizing the cavigsks can result in a broader,
more uniform spectrum. To improve the spectral flatness,im&gualizing filter can be

added in the cavity. To further simplify the setup of the nwdtvelength source, a single
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uncoated SOA can be used to simultaneously provide bothgadtium and comb filtering

in the ring cavity [101].

This multiwavelength fiber ring laser could also be used asrdralized light source
at the OLT for a low-cost implementation of a bidirectional WIEBPON. In this case, a
solution can be to dedicate two specific wavelengths for @t. One wavelength will be
modulated at the OLT for downstream transmission, whetessther one will be delivered
and modulated at the receiver side to provide upstreamnas®n [121]. It will thus
lessen the wavelength management required at the ONU side.

A possible architecture consists of developing and integya new type of multiwave-
length source into a WDM-PON to serve as one centralized satrthe OLT to provide
two kinds of services at the customer side, i.e., at the OXUh& scheme represented in
Figure 83, the future multiwavelength source will have twadtionalities. The first one
would be to provide basic "always on" downstream services.eBoh subscriber, a ded-
icated wavelength would be employed to send a downstreamalsag 2.5 GJs and to be
reused for an upstream signal at 100/8MbA second functionality would be to allocate
at anytime an extra dedicated "on-demand" wavelength fostomer requiring large up-
stream bandwidth on-demand to upgrade his services on thénfithis situation, using
the basic service with the 100 Mbupstream signal, a client could inform the OLT at any-
time that he needs more upstream bandwidth to transmit méamation in a short time.
Then, upon receiving the request, the OLT could allocatedditianal "on-demand" wave-
length to the customer. This wavelength would be sent to e @ be used for upstream
transmission at 2.5 G& by this customer who has a need to upgrade his services.

The upgradability and scalability of the access networlksthus improved from a
customer point of view. It would be a very marketable appitaof these new multi-

wavelength sources. The objective is to design, createdantbnstrate a new single and
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Figure 83: Proposed WDM-PON architecture with a new agiletimalelength source
(AWG: arrayed-waveguide grating).
low-cost source capable of providing this new type of flexibandwidth service. Further-
more, this would be a new PON design featuring centralizeltiwavelength light source
generation. It would also dynamically generate alternateelengths based on bandwidth
on-demand and selective wavelength allocation. This &DeM-PON architecture leads
to a higher level of capacity and resource utilizatidiiceency. We also focus on the use
of one single fiber for both upstream and downstream trarssomis to reduce the size and

the complexity of the ONU.

6.4 Conclusions

We have proposed and experimentally investigated the usie 80OA-based multiwave-
length fiber ring laser as a light source for a WDM-PON. Thisfigpmation has gener-
ated more than 40 wavelengths with 50-GHz spacing. In thpga®d network, we have
demonstrated error-free downstream transmission ovenl@fkDSF at a bit rate of 1.25
Glys per channel and the power penalty at a BER of 1€ 1.1 dB. The high simplicity
and cost-#ficiency of this type of source make it suitable for applicasion access net-
works. However, to increase the bit rate of transmissioe,lifrewidth of the generated

wavelengths has to be reduced.
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CHAPTER 7
CONCLUSION

In the telecommunications market, companies and reseaotlpg always try to find
and develop new costfective solutions to fier high-speed, reliable, secure, and scalable
networks. Optical communication fiec for Internet services is expected to double every
9 months, the volume to reach petaeic throughput, and the access bandwidth for each
user to grow from 100 Mis to 2.5 gigabjsec in the near future. To unlock the avail-
able fiber capacity and to increase performances of actiabnes, wavelength division
multiplexing techniques have been investigated. Therebkas an intense dedication to
the creation of new laser sources for such applicationshighndontext, multiwavelength
fiber ring lasers present many advantages: simple stryétuvecost, and multiwavelength
operation. Instead of using manyffégrent laser diodes, one simple and agile laser could
replace them all. It implies more functions, less cost, fragitenance, and less inventory.

In this work, we focused on two fierent types of multiwavelength sources: an alter-
nate multiwavelength picosecond pulsed EDFA-based laskaacontinuous SOA-based
source. In both cases, the chosen architecture was a filgecanity.

In that framework, the first study focused on the conceptimh the design of a fiber
laser emitting alternate multiwavelength pulse trains.e Bhjective was to produce pi-
cosecond pulses in the 1550 nm region at GHz repetition.rdtes such a source, two
basic operations had to be implemented. First and forerpatges had to be generated:
active mode-locking was used. Thenffeient wavelengths needed to be selected: tunable
filtering was the chosen method. The originality of the sew@s to use only one key sin-
gle device to implement both operations. It is an unbalahMach-Zehnder interferometer,
inserted in an erbium-doped fiber laser. This laser coulddindde range of applications:
for instance optical fiber sensors, optical instrumenirigsspectroscopy, bi-dimensional

optical CDMA codes, or photonic analog-to-digital conversi
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A theoretical study was made by using a circulating Gaussidse analysis. It was
possible to predict the temporal and spectral pulsewidttiseogenerated laser output. We
were also able to theoretically predict the evolution of plessible emitted wavelength as
a function of time. This theoretical study was backed by micaésimulations, based on
the split-step Fourier method. Light propagation throutjliree components of the ring
cavity were modeled. The simulations qualitatively vat@ththe functionality of the laser
and provided guidelines to order the customized modulator.

Experimental results finally demonstrated the feasibdityhis light source. Three 20
ps pulse trains were produced at threfellent wavelengths. The main problems of this
source are its lack of control, handiness, and stability.afahese reasons, we also focused
on the diferent improvements that can be made to this light source. &yrtimg a periodic
filter and a conventional modulator in the cavity, a time-alangth mapping is imposed
on the laser output. We therefore control the wavelengthtiamel spacings of the emitted
pulses. To improve the stability of the laser, we developed\&el multi-harmonic phase
modulation technique: it consists of mixing two harmoniéshe fundamental frequency
and driving a modulator with this signal. We also proposechynaays to improve the
performances of this laser: increase of the number of wagéhs and pulse trains and
reduction of the chirp or of the pulse duration.

The second source we studied is a continuous wave SOA-bdsrddser. We were
able to produce over 40 wavelengths with 50-GHz spacing. splaeing was imposed by
the periodic filter inserted in the cavity. This laser wasesihgated as a possible source
for WDM passive optical network. In the architecture we prsguh we have demonstrated
error-free downstream transmission over 17 km of DSF at eatstof 1.25 GJs per chan-
nel. The power penalty at a BER of PQvas 1.1 dB. This source presents two main advan-
tages for applications in access networks: high simpliaitg cost-&iciency. Moreover,
when we lock one wavelength of the laser, all the other wangthes are locked, contrary to

a laser array where all individual sources have to be cdatt@eparately.
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The linewidth of the generated wavelengths was large, ar@b2 nm. To increase
the bit rate or the transmission distance, this linewidts ttebe decreased to reduce the
effects of dispersion. To do so, it seems interesting to inyatdithe non-linearfiects
of the SOA in the ring cavity. By limiting the impact of dispams in the fiber, SOA-
based multiwavelength laser sources seems promising tiarefoptical access networks.
In the future, it will also be interesting to use this laseaaentralized light source at the
central dtice for a low-cost implementation of a bidirectional WDM-PORhis might be
a solution to relax the wavelength management requiredeatuistomer side. To further
simplify and improve the set-up of the multiwavelength seyia single uncoated SOA can
be used to simultaneously provide both gain medium and cdtelrig in the ring cavity.

As a final conclusion, the proposed research crosses thedaguof two very large
fields, namely, laser theory and optical Internet. Theredkear need to bring laser optics
to the broadband access network for the integration of siggaeration and networking,
which provides a path towards gigabit Internet access systd he integration of optics
and photonics in optical Internet can have a broad impacthumaber of areas in advanced
science and engineering including petabit data transigrijlstited computing, interactive
multi-media, and symmetric data applications. This work st step towards the integra-

tion of agile multiwavelength laser sources in future ogtexccess networks.
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