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Abstract

This work presents investigations carried out on two optical gates based on
Dispersion-Shifted Highly Nonlinear Fibers (DS-HNLFs).

In the Nonlinear Optical Loop Mirror (NOLM) and in the so-called Kerr
gate, based on the Kerr effect, the phase of a data pulse is modulated by a
control pulse through Cross-Phase Modulation (XPM). The induced phase shift
is converted into an amplitude modulation by using an interferometric setup.
As nonlinear effects are extremely fast in optical fibers, the NOLM and the Kerr
gate are candidates of choice for all-optical signal processing in Time-Division
Multiplexing (TDM) systems.

The efficiency of such an optical gate can be evaluated by measuring the
phase shift induced by the control signal, or by directly measuring the so-called
switching window of the gate, which represents the evolution of the transmit-
tance of the gate over the time. Both measurements are carried out in this work,
and various DS-HNLFs were used. The influence of experimental parameters
such as the fibers parameters and the data and control signals properties is dis-
cussed. In accordance with theoretical expectations, the NOLM proved to work
more efficiently than the Kerr gate, as with the NOLM, a lower control power
is required to reach a given phase shift or a given switching windows than with
the Kerr gate.

Finally, both gates were used in high bit-rates TDM experiments. Operated
under the same conditions, the NOLM and the Kerr gates could demultiplex
a 320 Gbit/s TDM data signal to 40 Gbit/s with low penalties. The NOLM
was also used to demultiplex a 640 Gbit/s signal, while the Kerr gate took
advantage of its different principle of operation in an Add-Drop Multiplexing
(ADM) experiment with a data rate up to 320 Gbit/s.

Used in combination with DS-HNLFs, the NOLM and the Kerr gate offer
the potential for high-speed optical signal processing with simple, commercially
available fiber components.



Zusammenfassung

In dieser Arbeit wurden zwei optische Schalter basierend auf Dispersion-verscho-
bener Hoch-Nichtlinearer Faser (Dispersion-Shifted Highly Nonlinear Fibers)
untersucht. In dem Nonlinear Optical Loop Mirror (NOLM) und in dem Kerr
Schalter wird die Phase eines optischen Datenpulses durch Kreuzphasenmodu-
lation (XPM) moduliert. XPM wird von einem zusammen mit dem Datenpuls
propagierenden Steuerpuls induziert. Die Phasendnderung kann in eine Ampli-
tudendnderung umgewandelt werden, wenn XPM in einem interferometrischen
Aufbau ausgentzt wird. Da die Geschwindigkeit des XPM-Effektes in der Gros-
senordnung von einigen Femtosekunden liegt, eignen sich der NOLM und der
Kerr Schalter fiir die rein optische Hoch-Geschwindigkeit Signalverarbeitung in
Optical Time Division Multiplexing (OTDM) Netzwerken.

Die Phasenénderung wurde fiir beide Schalter gemessen, sowie das Schalt-
fenster, das den Verlauf des Transmittance iiber die Zeit darstellt. Der Einfluss
von Parametern wie die Fasereigenschaften, und die Steuer- sowie Datenpuls-
Eigenschaften (Wellenldngen, optische Leistungen) wurden experimentell un-
tersucht. Den theoretischen Erwartungen entsprechend, erwies sich der NOLM
als ein effektiverer Schalter im Vergleich zum Kerr Schalter, da eine gewisse
Phasenénderung bzw. ein gewisses Schaltfenster mit weniger Steuerpulsleistung
erreicht wird mit dem NOLM als mit dem Kerr Schalter.

Basierend auf diesen Untersuchungen wurden beide Schalter in OTDM-
Anwendungen eingesetzt. Betrieben unter gleichen Bedingungen konnten der
NOLM und der Kerr Schalter ein 320 Gbit/s Datensignal auf 40 Gbit/s de-
multiplexen, mit einer geringen Penalty. Die NOLM wurde benutzt, um ein
640 Gbit/s Datensignal zu demultiplexen. Aufgrund seiner Anordnung, der
Kerr Schalter konnte in einem Add-Drop Multiplexing (ADM) Experiment mit
Datenraten bis 320 Gbit/s benutzt werden.

Der NOLM und der Kerr Schalter, die in dieser Arbeit untersucht werden,
basieren auf kommerziell erhéltlichen optischen Komponente und eignen sich
fiir die rein optische Hoch-Geschwindigkeit Datenverarbeitung.
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Chapter 1

Introduction

1.1 Optical Gates for High-Speed Signal Pro-
cessing

Todays telecommunication networks involve electronic as well as optical compo-
nents. Electronics meet the requirements for bit rates up to 80 Gbit/s, provide
compactness and the possiblility for monolithic integration at relatively low cost.
Still, for higher bit rates, and particularly along transmission links, where data
processing should not slow down the data traffic, only optics ensure the ne-
cessary bandwidth and speed, leaving out cumbersome Optic-Electronic-Optic
conversion. In order to fully exploit the optical bandwidth of the optical fiber
(which exceeds 10 THz in the low-loss transmission window), all-optical data
processing techniques are required.

In the field of optical telecommunications, multiplexing refers to the operation
of combining two or more information channels onto a common transmission
medium using hardware (multiplexer MUX). The two basic forms of multiple-
xing are Wavelength-Division Multiplexing and Time-Division Multiplexing.

e Wavelength-Division multiplexing (WDM) is a technology which multi-
plexes several optical carrier signals on a single optical fiber by using
different wavelengths of laser light to carry different signals. Each of sev-
eral data streams is modulated onto a different part of the light spectrum.
WDM systems are already popular with telecommunications companies.

e Optical Time-Division Multiplexing (OTDM) is the means by which mul-
tiple digital signals (or analogue signals carrying digital data) can be car-
ried on a single wavelength by interleaving portions of each signal in time,
combining data streams by assigning each stream a different time slot in
a set.

Both methods shall be combined in optical networks, however this work focuses
on Optical Time Division Multiplexing techniques. A typical Optical TDM
(OTDM) system is shown in Fig. In the example given, eight 40 Gbit/s
channels (provided by eight transmitters T'x) are interleaved (multiplexed) into
a 320 Gbit/s optical data signal. The signal is transmitted over a fiber link, and
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Figure 1.1: Typical setup of an OTDM system with the base data rate 40 Gbit/s.

may experience operations along the optical network, such as wavelength con-
version, add-drop multiplexing (ADM) or regeneration [I]. After transmission,
the high bit rate signal is sent to a demultiplexer (DEMUX). In the DEMUX,
each TDM channel is extracted out of the high bit rate signal. The reduction of
the bit rate allows the detection and the electrical processing of the data chan-
nels. TDM implies the use of short pulses (the Full Width at Half Maximum
FWHM of the data pulse should be shorter than 1/3 of the bit period) at the
Return-to-Zero (RZ) format [2].

The development of technologies enabling TDM bit rates above 160 Gbit/s is
driven by the constant demand for capacity. Moreover, high bit rate systems,
combining WDM and OTDM, tend to become cheaper than systems based on
lower bit rates, due to the smaller amount of wavelengths needed, and thus due
to the lower number of expensive components needed by the high bit rate system
to allow the same capacity. This argument encouraged the upgrade to 10 Gbit/s
and 40 Gbit/s systems, which are today state of the art. The work carried out
for the development of 160 Gbit/s systems led also to an improvement of the
performance for 40 Gbit/s systems, allowing longer transmission distance and
enhanced reliability.

However the increase of the data bit rate has to be followed by an upgrade of
the components used in the transmission systems. For the demultiplexing of
160 Gbit/s TDM signals, gates based on Electroabsorption Modulators (EAMs)
or SOAs have become state of the art. But an upgrade of these solutions for
higher bit rates is difficult.



Today’s base rate for optical communication systems is 10 Gbit /s or 40 Gbit/s.
As the base rate may be increased in the future, the demultiplexer should be able
to be gated by control signals with a higher repetition rate (80 GHz, 160 GHz).
Such a gate suitable for signal processing above 160 Gbit/s should not be sub-
ject to pattern effects.

The demultiplexer needed before the electronic receiver, as well as the oper-
ations carried out on the high bit rate data signals involve logic functions such
as AN D gates, which have to be implemented optically, as a conversion of the
optical data signal into the electrical domain would result in a decrease of the
transmission speed. In an all-optical gate, the transmission of a data signal is
controlled (gated) by another optical signal, refered to as the control signal.

When Cross-Phase Modulation (XPM) is used, a strong control signal in-
duces a local refractive index change, leading to a modulation of the phase of the
data signal. The induced phase shift can be converted into an amplitude change
for the data signal if an interferometric setup is used. XPM-based gates have
been realized using nonlinear media such as Semiconductor Optical Amplifiers
(SOAs) [3], and optical fibers [I]. For DEMUX operations, the operation speed
of SOAs limits the application of these components to high speed data signals
of 160 Gbit/s. A consequence of the slow recovery time of SOAs is illustrated
by pattern effects occuring when the SOA-based gate is driven by control sig-
nals at a repetition rate higher than 40 GHz. The slow recovery time is due
to the resonant-nature of the nonlinearities in SOAs. In the optical fiber, the
nonlinearities are much lower than in SOAs, but long fibers can also be used,
as the attenuation of fibers is low. However, the nonlinear effects in fibers are
much faster than in SOAs (in the order of a few femtoseconds [I]).
Consequently, interferometric gates based on optical fibers do not suffer the
same bandwidth limitations of SOAs and the advent of Highly Nonlinear Fibers
offers new possibilities for high-speed optical signal processing, permitting to
exploit the ultra-fast nonlinear effect without high-power optical amplifier or
long fibers.

1.2 Motivation and Objectives of this Work

A much higher processing speed can be reached in fiber-based gates than in
SOA-based gates. In a pionneering experiment realized by Nakazawa et al. in
1998 [4], the demultiplexing of a TDM single channel 640 Gbit/s data signal
was demonstrated with the Nonlinear Optical Loop Mirror (NOLM, [5]). In
this experiment, the setup used for the demultiplexer comprised a Dispersion
Flattened Fiber (DFF, with a length of 450 m) made of 9 shorter pieces of DFF.
By using a combination of these carefully selected DFF, walk-off free operation
was achieved in the NOLM, and the broadening of control and data pulses in
the fiber loop was reduced.

In the present work, DS-HNLFs are for the first time systematically inves-
tigated for optical signal processing up to 640 Gbit/s. The NOLM and the
so-called Kerr gate, based on polarization rotation induced through XPM [6],
were investigated experimentally in a much simpler configuration than in the ex-



periment described in [4]. One single DS-HNLF was used as nonlinear medium,
the walk-off remained low, and demultiplexing of 640 Gbit/s was also demon-
strated.

Fiber-based optical gates are well known for applications as an OTDM-de-
multiplexer up to 640 Gbit/s [7]. A drawback of conventional fibers is the low
nonlinear parameter v ~ 1 W~! km™!, which implies the use of either long
fibers or high control powers to enable efficient gating. The fiber length sets a
limit for the efficiency of the gate, as dispersive and nonlinear effects influence
the shapes and spectra of data and control pulses propagating over the fiber.
The development of dispersion-shifted dispersion-flattened highly nonlinear fiber
(DS-HNLF) made these gates again attractive for OTDM-demultiplexing. The
DS-HNLFs have much higher « values (e.g. v >10 W~ km~!), which enables
optical gates with a shorter fiber length at moderate control powers. Both gates,
the NOLM [8] and the Kerr gate [9] have shown their potential in applications
such as OTDM-demultiplexing, add-drop multiplexing or optical sampling [10].
The performance of the gates depends on the properties of the HNLF used
(length L, nonlinear parameter +y, zero-dispersion wavelength \g), and on oper-
ation parameters such as the optical power and temporal width of the control
pulses [I1] as well as the wavelength allocation of the control and data signals.

Another advantage of the Kerr gate, as will be shown in Section [£.2] is that
this arrangement makes the device suitable for all-optical add-drop operations
over 160 Gbit/s.

The objective of the present work is to investigate experimentally two in-
terferometric gates based on HNLFs (the NOLM and the Kerr gate), focussing
on their application for TDM demultiplexing at bit rates over 160 Gbit/s. In
particular:

e Insight is provided on the operation principles of the gates, and on the
particularities of fiber-based switches.

e The influence of the common parameters (e.g. properties of the fibers,
power and FWHM of the control pulse) is discussed on the basis of exper-
imental results.

e A comparison of both gates is made and high bit rate experiments where
each gate was used are presented (demultiplexing and Add-Drop Multi-
plexing).

1.3 Outline of this work

Chapter [2| provides the basics needed for a theoretical understanding of the
propagation of optical waves in optical fibers. Insight into dispersive and non-
linear properties of fibers is delivered, and attention will be paid to the influence
of these phenomena in the context of optical switching.

Chapter [3] presents experimental investigations carried out on the NOLM
gate and on the Kerr gate. Both gates are based on Dispersion Shifted Highly
Nonlinear Fibers (DS-HNLF), and various fibers were utilized. The impact of
parameters such as the fibers properties, the data and control signals properties



(wavelengths, powers) will be discussed considering the switching characteristics
and the XPM-induced phase shift evaluated for each gate.

The NOLM and the Kerr gate were utilized in high bit rate experiments, as
will be shown in Chapter[d] In particular, the NOLM was used to demultiplex a
640 Gbaud data signal (1 baud=1 Symbol/second). An Add-Drop Multiplexing
experiment involving the Kerr gate is also presented.



Chapter 2

Basics of Fiber-based
Switching

2.1 Properties of Optical Fibers

The development of optical fibers has been driven by the reduction of their
intrinsinc loss and by the appearance of the Erbium Doped Fiber Amplifier
(EDFA), allowing an optical signal to be transmitted in a waveguide over sev-
eral thousands of kilometers [12].

Optical fibers are made of silica glass (SiO2), of which the refractive index
is 1.44 at 1.5 um. Dopants such as GeOs, P2O5 respectively BoOs, SiFy allow
to raise respectively lower the refractive index of pure silica glass.

The material the fiber is made of, as well as the form of the fiber waveguide
both influence the dispersive properties of the fiber. Material dispersion can be
changed only slightly by the dopants, on the other hand the waveguide disper-
sion can be adjusted by using appropriate refractive index profiles of the fiber.

In the field of optical telecommunications, the commonly used fibers support
the propagation of only one mode for the optical field, due to their reduced core
size (core radius smaller than 5 ym). Such fibers are refered to as Single Mode
Fibers (SMF). Multi Mode Fibers (MMF') are not considered in this work. The
parameters describing the properties of a fiber are discussed in the following.

Attenuation

The attenuation constant ayp, usually given in dB km ™!, is minimum around
A=1.5 ym (0.2 dB km~1), which is thus the wavelength of prime interest for op-
tical telecommunications. At this wavelength, the losses are mainly dominated
by Rayleigh scattering. Assuming that an electro-magnetic wave with the power
Py was coupled to the input of an optical fiber with an attenuation constant
a4, the power of the wave after propagating over a distance z (to be given in
km) is:

ZO4B

Piz)=F exp(—4 313

) (2.1)



When measured in km ™!, the attenuation parameter is given by: a=agp/4.343.

Dispersion

The dispersion parameter D is given in ps nm~! km™!.

The so-called zero-dispersion wavelength A\g is defined as the wavelength
where the dispersion parameter is 0 (D()\g)=0). The dispersion character-
istic of an optical fiber is separated into a normal dispersion regime, where
D < 0 ps nm~! km™!, and an anomalous dispersion regime (D > 0). The dis-
persion slope parameter S is defined as S(\) = %—?. Thus the information on D
and S at a given wavelength allows to interpolate the dispersion characteristic

of the fiber for the near wavelengths.

Polarization Mode Dispersion

The polarization mode dispersion (PMD) parameter, evaluated in ps km=—1/2,
gives an information on the birefringence of the fiber. Polarization Mode Dis-
persion (PMD) is another form of dispersion where two waves at the same
wavelength but with different polarization states travel with different group ve-
locities over the fiber. The difference in the group velocities is due a stress of
the cylindrical symmetry of the refractive index profile in the fiber, which re-
sults in birefringence of the waveguide. PMD causes a differential group delay
(DGD) A7, to appear between both polarization modes. At sufficient long fiber
lengths, PMD and DGD scale with the square root of the fiber length. Most
fibers exhibit birefringence, due to mechanical stresses, asymmetries and ran-
dom imperfections of the fiber form, often influenced by external factors such
as temperature and thus varying over time. PMD leads to a broadening of the
optical pulses, setting a limitation for the maximum transmission distance.
For a fiber of length L, the probability of a given value for the DGD fol-
lows a Maxwell probability distribution. For a specified PMD value 7pyp,
the average DGD is 74,=0.921 7py;p, while the most probable PMD value
iS Timost prob.=0.816 Tpyrp. As suggested by the unit of the PMD parameter
(ps/vVkm), PMD scales with the square root of the length of the fiber link.
This is however only true for long fibers, and for short fiber (L< 1 km) the
DGD will scale with the length. As the PMD of Dispersion-Shifted Highly Non-
linear Fiber is low (PMD < 0.06 ps km~'/?), and as the lengths of the fibers
used was relatively short (L< 1 km), PMD was not considered to be a limiting
parameter throughout this work.

Effective core area

The effective core area A.yy is given by:

2
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where F(z,y) describes the modal distribution of an optical field in the fiber

(see Section [2.2)).

If F(z,y) is approximated by a Gaussian shape, the effective core area A.sy is
given by A.rr=nw?, where w is the mode field radius. A.ss characterizes the
confinement of the optical wave inside the fiber core.

Acsr = (2.2)



Nonlinear parameter

The refractive index of a fiber can be described by:

n<w7 P) = nlin.(w) + ng (23)

Acyy

where n(w);y,. is the part of the index of refraction not varying with the
signal power P.
The nonlinear parameter ~y characterizes the nonlinear properties of the fibers,
i.e. the nonlinear response of the medium to an intense electro-magnetic field

and is given by
wn9

Y= A, (2.4)
n, is the nonlinear index coefficient of the fiber medium, considered to be a
constant over the optical frequency w (for fused silica, no=3.2 x 10'¢ cm? /W),
and c is the velocity of light. nsy is connected with the third order susceptibility
x®) of the fiber as follows:

3
= 3) 2.5
n2 4600718 Xzzoz ( )

where € is the vacuum permitivity, and ng = ny,. (see Eq. . X(S) is related
—_—
to the nonlinear polarization Py, which raises as a nonlinear response to an
—
electrical field F, as stated in Eq.

— 3=
PNLZGOX EEFE (26)

The nonlinear effects in the optical fibers are usually low compared with the
linear effects. However the nonlinear effects accumulate along the fiber length
and may become significant.

Throughout this work several types of fibers were used:

For Standard SMF (SSMF), Ag = 1.3 um, where the attenuation is 0.4
dB/km. The dispersion and dispersion slope parameters are D ~ 17 ps/km.nm
and S &~ 0.058 ps/km.nm? respectively at A=1.5 um, where the fiber losses are
minimum. Typical values for v are y=1.6 W= km™! and A.f; ~ 80 pm?.

In Dispersion Shifted Fibers (DSF), the waveguide dispersion is changed
by modifying the refractive index profile of the core, which results in a shift of
the zero-dispersion wavelength \g near 1.5 ym. DSF is classified into zero- and
nonzero-dispersion-shifted fiber, depending on whether D ~ 0 ps nm~' km™!
at A=1.55 pm or not. A standard value for the dispersion slope parameter of a
DSF is S=0.085 ps km~! nm—2.

Dispersion Compensating Fibers (DCF) allow to compensate both the
dispersion and the slope of dispersion of the SSMF at 1.55 yum, with a common
dispersion and dispersion parameters of -83 ps/km.nm and -102.4 ps km~! nm~2.
However, the loss (0.6 dB km~!) and nonlinearity (y=6 W~ km™!) of such
fibers is high.

For Highly Nonlinear Fibers (HNLF), A.;s is made smaller to enhance
the nonlinearity parameter (typical values are 10 < v < 20 W~ km~1), and



dopants (Germanium) are used to further increase nonlinear effects. In Dispersion-
Shifted Highly Nonlinear Fiber (DS-HNLF), the zero-dispersion of the
HNLF is shifted to the standard transmission wavelength around 1.55 pm.
HNLFs are appropriate fibers when a high nonlinear parameter is needed.
The requirements concerning the dispersion characteristics of such fibers is re-
laxed, as a short length of HNLF's generally provides enough nonlinear response.
Recently, photonic crystal fibers (PCF, also known as "holey” or microstruc-
tured fibers) have raised attention, offering extremely high nonlinear parame-
ters (v > 200 W—! m~!). The structure of such special fibers consists of an
array of holes (diameter varying from 25 nm to 50 pum) along the fiber length.
These novative fibers are now commercially available, but still present losses
over 50 dB km~!. Bismuth-doped fibers also present extremely high nonlinear-
ities. y-values higher than 1000 W~! km~! have been measured [13] and these
fibers are gaining interest also for OTDM applications such as supercontinuum
generation [14] 15], pulse compression [16] and demultiplexing [I7]. In spite of
their high dispersion values, bismuth-doped fibers take advantage of the high
nonlinearities and very short length (in the order of a few meters) are usually
needed [I8]. PCFs and bismuth-doped fibers were not used in this work.

Polarization Maintaining Fibers (PMF) are characterized by their high
birefringence, as the refractive index difference between the fast and slow axis is
intentionally made high during the fabrication process. When the polarization
state of a light wave is sent inside such a fiber parallel with one of its main axis,
the polarization will remain unchanged during propagation. A PMF exhibit
high PMD (1.7 ps km~1!), as a consequence of its high birefringence. These
special fibers are also called High Birefringent fibers, though they will only keep
the light polarization unchanged under the conditions mentioned before.
The Differential Group Delay was measured for an HNLF, and is presented in
Fig. The DGD for a SSMF and for a PMF were also plotted, for comparison
purpose. As expected, the DGD of a PMF is much higher than that of a SMF
or DS-HNLF.

PMD is commonly considered to be significant when the DGD is of the same
order of magnitude than the pulse width [19].
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Figure 2.1: Measurement of the DGD for an 850 m long DS-HNF, for a 8 m
long SMF and for a 5 m long piece of PMF (Measurement step AA=1 nm).
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Figure 2.2: Intensity profile for sech- and Gaussian pulses with FWHM=1.0 ps.
The characteristic widths FWHM and Ty are represented.

2.2 Pulse Propagation in Optical Fibers

We consider the propagation of a linearly polarized pulse (polarization vector
€,) in the fundamental mode along a monomode fiber (axis z). The optical
wave spectrum is assumed to be centered on the wavelength A, corresponding
to the carrier frequency woz%), and the nonlinear response of the fiber to be
instantaneous. The optical pulse is supposed to be wider than 0.1 ps. The fiber
is assumed to be non-birefringent, so that e, can be chosen arbitrarily and the
polarization state of the optical pulse remains constant.

Under these assumptions, an optical pulse can be represented by the follow-
ing expression for the electrical field strength E (7, ):

E(T,t) = =& {F(a,9) Az, t)eap[i(Boz — wot)] + c.c.} (2.7)

1
2
In optical communications, E is conventionally normalized such that 2|E|* =
|A(z, t)|2 = P, where P is the optical power and the bar means a time average
over the fast oscillations of |E|*.

F(x,y) stands for the modal distribution of the field E. A(z,t) describes the
slowly varying pulse envelope of the signal, and throughout this work a Gaussian
or Sech shape is assumed for the temporal distribution of the optical power. The
pulses considered are transform limited.

The intensity profile of a Gaussian pulse and of a sech pulse is proportional
to |A(z,t)\2. Both profiles are depicted in Fig. for pulses with the same
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Full Width at Half Maximum (FWHM, defined as the temporal width of the
pulse at the point where its intensity decreased by 50 %). By is the value of the
propagation constant of the fiber at the carrier frequency wq (see Eq. . The
half-width at 1/e intensity point Ty is also sometimes used to characterize the
width of an optical pulse.

The basics for understanding the phenomenon of propagation of an optical
pulse through an optical fiber are the Maxwell’s equations. However in general,
one is only interested in the propagation of the envelope A(z,t). The propagation
of A(z,t) is determined by the following propagation equation, derived from
the Maxwell equations [20] and known as the Nonlinear Schrédinger Equation
(NLSE):

8A ﬂg A B3 83A et . 2
22 _ 2 —A=1iy|AI" A 2.8
*81 S 6o T2 (28)
0B, stands for the value of the n-th derivative of the propagation constant
at the carrier frequency wavelength (wg = 2;\‘“) as given by the expansion of §

about the carrier frequency wg:

H(W) = M = 0o +61(w—w0)+ %Bg(w—w0)2+éﬁ3(w—wo)3+... (2.9)

Vg = —1 is the group velocity of the optical wave. (2 and (3 represent the
second and third order chromatic dispersion at the carrier frequency wy, respec-
tively. Though generally known for one given frequency, as stated in Eq. [2.9]
the coefficients 3,, = 0"3/0w™ can be considered as functions of the variable A,
as Eq. can be written for any other w # wy.

The dispersion parameters D and S are related to 8 according to:

(0 (0B _ 2mc
= (5 (52)), ., -5 .
oD 2 A
S=%y = (7;0)2(Eﬁ2+ﬁ3) (2.11)

Standard values for the dispersion parameters of a SSMF and of a DS-HNLF
are presented in Table In Eq. only the contributions (3, with n < 3
were considered, as further coefficients have much lower values (see Table [2.1)).
In most cases (for pulses with FWHM > 1 ps and when the pulse wavelength A
is not close to Ag), f3 can also be neglected.

The different terms of the nonlinear differential equation represent phy-
sical effects, which are divided in linear and nonlinear effects, listed hereunder.

The wavelength dependence of (3 (81 = 983/0w) is responsible for the in-
crease of the time delay between two pulses at different wavelengths sent si-

multaneously inside a fiber, the so-called walk-off. ’822 %tQ
Velocity Dispersion (GVD) in the fiber.

accounts for Group

The terms y|A|*A leads to the so-called Self-Phase Modulation (SPM) of
the electro-magnetic wave, as well as to Cross-Phase Modulation (XPM) and

12



SSMF | DS-HNLF
Aeff (qu) 80 110
D (ps km~! nm~!) at 1550 nm 17 ~0
S (ps km~! nm~2) 0.058 0.02
B2 (ps? km™1) -22 ~0
B3 (ps° km— 1) 013 | ~0.032
B4 (ps* km™T) -5.1078

Table 2.1: Typical parameters for a SSMF and a DS-HNLF.

Four-Wave Mixing (FWM), as will be shown in Sections and When
propagating inside the fiber, an optical pulse experiences a phase shift dependent
on its own intensity. At the maximum of the optical pulse, where the optical
power reaches the peak value Ppeyi, and given that the GVD and attenuation
of the fiber can be neglected, the so-called nonlinear phase shift Ay is given by:

AQJOS'PM Mazxz = ’VPPeak:L (212)

where L is the length, which the pulse has been propagating over.
Combined with GVD, SPM influences the pulse shape, and offers the possi-
bility of creating soliton optical pulses.

The term § A stands for the attenuation along the fiber.

As both dispersion and nonlinearity have to be taken into account, it is
useful to define the following characteristic lengths.

The Dispersion Length Lp and the Nonlinear Length Ly, are defined as
73 1

Ly = —
| B2 | 7Py

Lp= (2.13)

where Ty is the half-width at the é—intensity point (for a sech pulse, Trw gar = 1.7627 T,
while for a Gaussian pulse Trw gas = 1.6651 1), and Py is the pulse peak power.

Practical meaning of Lp and Ly,

Depending on the the ratio —’l, nonlinearity or dispersion can be seen as
dominating the pulse change. If the case where L > Lp and L > Ly, none
of dispersive and nonlinear effects should be neglected. On the contrary, if the
fiber length is much shorter than Lp and Ly, dispersive and nonlinear effects
should not affect the pulse shape during propagation.

After propagating over a distance equal to Lp, a chirp-free Gaussian pulse is
broadened by a factor v/2 (a sech pulse would be broadened by a factor 1.61).
When neglecting the dispersive effects and the attenuation along the fiber (so
that the ”effective” fiber length, which is the parameter accounting for dispersive
and nonlinear effects, can be considered to be identical with the physical length),
the nonlinear length Ly is the distance at which the propagating pulse has
accumulated a phase shift of 1 radian. This phase shift is proportional to the
product (PyLvy) and results not only in the general broadening of the pulse

13
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Figure 2.3: SPM-distorted spectra calculated for an unchirped sech-shaped pulse
propagating in a nonlinear and non-dispersive fiber. Spectra are labeled by the
maximum nonlinear phase shift Apspas rraz- fo is the carrier frequency.

spectrum, but also in the appearance of oscillations on the spectrum, as can be
seen in Fig. where optical spectra are represented for different values of the
accumulated phase shift. The Sech-pulse considered for these calculations had a
FWHM of 1.0 ps, and was sent with an average power of 15 dBm (at a repetition
rate of 40 GHz) in a fiber with y= 21 W~ km~!, D= 0 ps km~! nm~!,
agp= 0 dB km™! (the loss of the fiber was neglected). This phenomenon is due
to SPM.

Common parameters for various DS-HNLF used in the following are listed
in Table 2.2 herunder:

DS-HNLF A B C D E F
v (W= km™1) 21 10 21 21 20 21
L (m) 100 300 850 46 503 94

Ao (nm) 1536.7 | 1556.0 | 1550.3 | 1560.9 | 1550.0 | 1549.0

S (pskm~!nm~2) | 0.02 0.02 0.02 0.03 0.02 0.016
Loss (dB) 0.6 1.4 1.6 1.4 1.4 0.8

Table 2.2: Characteristic parameters for nonlinear fibers used in this work.

Care has to be taken concerning the evaluation of 7y, as the method used to
calculate the nonlinear parameter strongly influences its value.
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Orders of magnitude

The following presents characteristic lengths associated with the different DS-
HNLFs used throughout this work. The first pulse considered had a FWHM of
1.0 ps (sech shape), a spectrum centered on 1532 nm and was emitted with an
average power of 15 dBm at a repetition rate of 40 GHz (corresponding to the
properties of a typical control pulse used for gating). The peak power of such a
pulse is 0.7 W.

Fiber Fiber length (km) | Lp (km) | Ly (km)
DS-HNLF A 0.100 2.75 0.07
DS-HNLF B 0.300 0.54 0.14
DS-HNLF C 0.850 0.71 0.07
DS-HNLF D 0.046 0.30 0.07
DS-HNLF E 0.503 0.72 0.07
DS-HNLF F 0.094 0.95 0.07

Table 2.3: Dispersion and Nonlinear lengths for DS-HNLF A, B, C, D, E, F and
for a typical control pulse (FWHM=1.0 ps, Average power=15 dBm at 40 GHz,
Ac=1532 nm).

Nonlinear effects and dispersion will affect this pulse during propagation, as
Lp and Ly, are of the order of magnitude of the fiber lengths.

When considering a shorter pulse with FWHM=0.5 ps, emitted at 1556 nm
with an average power of 0 dBm at 40 GHz (this pulse meets the requirements
for a data pulse at a bit rates up to 640 Gbit/s):

Fiber Fiber length (km) | Lp (km) | Ly (km)
DS-HNLF A 0.100 0.16 1.08
DS-HNLF B 0.300 >1 2.27
DS-HNLF C 0.850 0.55 1.08
DS-HNLF D 0.046 0.43 1.08
DS-HNLF E 0.503 0.52 1.13
DS-HNLF F 0.094 0.56 1.08

Table 2.4: Dispersion and Nonlinear lengths for DS-HNLF A B, C, D, E, F and
for a typical data pulse (FWHM=0.5 ps, Average power=0 dBm at 40 GHz,
Ap=1556 nm).

In this case, nonlinearities should remain low, which is due to the relatively
low peak power of the pulse. Still, because of its narrow FWHM, dispersive
effects should not be neglected. As the bit-rate becomes higher, the tolerance
of transmission systems to the different effects mentioned above (chromatic dis-
persion, PMD, nonlinearities) becomes smaller.
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2.3 Cross-Phase Modulation in Fibers and All-
Optical Switching

The nonlinear properties of optical fibers play a dual role in telecommunication
systems. Nonlinearities may induce changes in the pulse shape and spectrum,
thus limiting the distance over which the signal can be transmitted without loss
of the coded information. On the other hand, fiber nonlinearities can be uti-
lized for manipulating the data signal, in devices such as wavelength converters,
demultiplexers, or all-optical regenerators.
In the special case of optical gates, two optical waves at different wavelengths
travel and interact inside a fiber, in such a way that the transmission of one
wave (refered to as the probe, or data wave) is influenced by the other wave
(control wave). This can usually be done by using the nonlinear effects of
Cross-Phase Modulation (XPM), or by using the phenomenon of Four Wave
Mixing (FWM). The interaction of two waves propagating inside a dispersive
and nonlinear medium is thus of high interest for optical switching applications,
and is presented in the following.
In the following, we will focus on XPM in optical fibers, and the phenomenon
of FWM will be described separately.

The equations governing the propagation of the probe wave (at the wave-

length A p:%, with the slowly varying envelope Ap) and of the control signal
()\c:i—’rcc, Ac), can be written as [20]:
0Ap 0Ap  [ap %Ap  « . 2 2
—_— — i —Ap = A Ac|HA 2.14
P + bip 5 Ty ap T34 i(|[Ap|” +alAc])Ap  (2.14)
aAc 6AC ,ﬁgc 32AC (0% . 2
W‘f’ﬂlCW +ZT pYe +§AC = iv|Ac| Ac (2.15)

a is a coefficient which value depends on the relative state of polarization of
the control and probe waves. For two optical fields interfering with the same
linear polarization state, a=2, whereas a:% if boths fields are linearly polarized,
but with a relative angle of 90°.

The attenuation and nonlinear parameter of the fiber is assumed to be the same
for both wavelengths, which is a good approximation when the wavelengths dif-
ference is below 50 nm.

The first equation already shows the coupling between Ap and A¢ induced in
the nonlinear medium. As will be shown later, this results in the modulation
of the phase of the probe signal by the control signal (Cross-Phase Modulation,
XPM). Because attention is focused on investigating the all-optical switching of
a probe signal, and as for such applications the probe intensity is relatively small
compared to this of the control signal, the equation [2.15] could be simplified by
neglecting the influence of the probe signal. This approximation is due to the
fact that |Ac|> >> |Ap|® (10 dB difference in the signals peak powers is usual).

In the following, the contribution of the most relevant terms in Eq. [2.14] and

Eq. are discussed:
By neglecting the fiber loss («=0) and the dispersion (i.e. by setting B2p = 0

and G3p =~ 0 in Eq. , and considering the pulse envelope Ap in a reference
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frame moving with the pulse at the velocity 1/61, the Eq. can be simplified
to

0A .
5. = ([ Ap[ +alAc*) Ap (2.16)
The solution for Ap has the form

Ap =/ Ppexpli (Apspym + Apxpar)] (2.17)

with
Apspy =yPpL (2.18)

and
A(PXPJV[ = a’yPcL (219)

where Pp = |Ap|?, Po = |Ap|? and a is a factor depending on the relative
polarization states of the probe and control pulses. In the equations [2.18] and
above, Pc and Pp are time-dependent, as these variables are related to the
shape of the pulses in the time-domain.

Apspy = yPpL stands for SPM, as seen in Subsection[2.2] whereas Apx py
describes the phase modulation induced by the control wave power on the probe
wave. Depending on the value of the factor a in Eq. XPM may occur in a
more significant manner than SPM in the fiber.

The term v|Ac|*Ap, appearing only in Eq. and accounting for Cross-
Phase Modulation (XPM), is of high importance, as this is the physical factor
on which the switching operation principle described in this work relies on.
As explained in the case of SPM, an optical pulse propagating in a nonlinear
medium induces an intensity-dependent refractive index change. In the case
of XPM, and considering here the context of an optical gate where a probe
pulse and a control pulse at different wavelengths are interfering, the probe
optical pulse experiences a phase shift induced by the control pulse. As stated
in Eq. by the presence of the coefficient a, the strength of XPM depends
on the relative polarization state of both pulses.

2.4 Four-Wave Mixing in Fibers and All-Optical
Switching

Four-Wave Mixing is another effect resulting from nonlinear processes occuring
in an optical fiber. In this work, only the case of partially degenerated FWM is
considered. Fig. [24]illustrates the principle of FWM in an HNLF. Two optical
waves, a control wave and a probe wave (centered at the frequencies we and wp,
respectively, with Aw=wp —w¢, are fed together into the HNLF. Given that the
probe and control signals propagate simultaneously and with the same states of
polarization inside the fiber and that the phase-matching condition is met (see
below, p. , new spectral components (FWM-products) appear at the optical
frequencies wp + Aw and we - Aw. As suggested in Fig. the intensity of
new wave at the frequency we — Aw is larger than the intensity of the wave at
wp + Aw, as the control signal power is also larger than the probe signal power.
The generation of a new wave through FWM can be used as optical AND logical
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Figure 2.4: Principle of Four-Wave Mixing.

gate between probe and control signals. When control and probe pulses do not
overlap in the fiber, no FWM-products can be observed.

To understand the phenomenon of FWM in a fiber, the starting point are
the Maxwell-equations with the nonlinear part of the induced polarization:

Py = GOXixxfoEgEz (220)

where ET is the total optical field in the fiber. It is assumed that all fields are

linearly polarized along the z-axis, because co-polarization is a prerequisite for

FWM to occur. For simplicity the index x is omitted in E7 in the following.

Py, involves all nonlinear interactions. In particular, Py, is the source term,

for the generation of the new frequency components.

The general treatement of the FWM process starts with the coupled equations

of four optical fields, the two input fields with the frequencies wp and w¢e, and

the two newly generated optical fields with frequencies we - Aw and wp + Aw

(we < wp). In the following, only the generation of the frequency component

at we — Aw is considered, as this is the dominant process in the case where
2 2

|Ac|” >> |Ap|”.

Consequently, E7 is the sum of 3 fields:

3
1
ET = 3 Z AFj(x,y)exp [ikjz — iw;jt] + c.c. (2.21)

j=1

with w; = we, wp = wp, w3 = wrpwy = we — Aw, Ay = Ac, Ay = Ap,
As = Apwwm, and k;j = nwj/c. For simplicity, all modal distributions Fj(z,y)
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are assumed to be independent of j.
Replacing this expression for ET in the induced nonlinear polarization Py,
(Eq. , one obtains Py, as the sum of several frequency terms

Py = Pyp(wp)exp(—iwpt)+ Py (we)exp(—iwet)+ Py (wrw p)exp(—iwpw pt)+c.c.
(2.22)
The terms with wg=w1, ws, w3 describe the effects of SPM and XPM, as
explained in Section and Section The terms with frequencies w=w¢ +
wp + Wrwr, Swe, 3wp, 3wrwMm, 2wWe + wp, 2we + WwEpwar ... describe the
effects of sum frequency generation, in particular third harmonics generation
(w=3wc,3wp,3wprwar). Finally, the terms with w = we + wp — wrpwar, we +
WFWM —Wp, Wpt+WrW M —We, 2Wo —Wp, 20 —Wrw M, 2Wp —Wo, 2Wp —WEW M
... describe the effects of FWM.

The generation of the FWM-component at we — Aw is based on the term

Pyp(wrwr) = gXiwmA%A’fDFQ(% y)F*(z,y)exp[i(2ke — kp)z]  (2.23)

with wpwy = 2we — wp=we — Aw. The frequency condition is written as:
ch —Wp —WFWM — 0 (2.24)

In quantum-mechanical terms, this condition means that two photons at
the control frequency we are annihilated and that simultaneously a photon
at the frequency wp and a photon at the frequency wpwy = we — Aw are
created. Consequently, the generation of the new FWM-component at wge — Aw
is associated with the amplification (parametric gain) of the optical field at wp.

However, the term -ZSI:[JL((UFW M) in Eq. is only efficient in generating the
new optical wave
1 . .
Erwm = §AFWMF(.’E,y)6$p [’Lk‘FWMZ — ZwFWMt] + c.c. (2.25)

if Es and Pyr(wpwa) in Eq. have the same phase, i.e. if the wave-
vector mismatch Ak obeys the relation

Ak =kp+krwm —2kc =0 (2.26)

The requirement Ak = 0 is refered to as the phase matching condition.

Parametric gain

The parametric gain experienced by the optical field at wo = wp after propa-
gating along the length z is obtained by explicitely evaluating the three coupled
wave equations. For CW-signals, one obtains the gain G = exp(gz) with:

g= \/(27Pc)2 - i(Ak +2vPc)? (2.27)

where Pg is the optical power of the control signal [20]. The parametric gain
is only defined when —6vPc < Ak < 2vPg, as this condition ensures that

(2vPc)? — L(Ak +2vP5)? > 0 in Eq.
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For a fiber of length L, the maximum gain Gy ax = exp(2v7PcL) is obtained for
Ak = —2vP¢s. The shift of the gain peak from Ak = 0 is due to the contribution
of SPM and XPM to the phase mismatch. Although high gain values can be
reached for CW-signals, the parametric gain remain low when the control signal
consists of pulses, and in this case the Eq. [2.27] is not valid for g.

2.5 Walk-Off

The phenomenon refered to as Walk-off results from the wavelength dependence
of the group velocity vy = 1/41. The probe and the control waves experience dif-
ferent group velocities (as 81 p # Sic in general), thus two pulses entering a fiber
of length L at the same time will be separated by a delay AT = L|81¢c — B1ip|
when leaving the fiber of length L. Walk-off may set a limit for the efficiency
of switching but can be reduced, by setting the probe and control wavelenths
symmetric around the Ao (D(Ag)=0 ps nm~! km~!) of the fiber [21].

The walk-off can be evaluated as a function of the fiber parameters and of the

properties of the probe and control signals (wavelength allocation), as presented
in the following. The dispersion slope parameter S of the fiber is supposed to
be known at the given wavelength A’ (S(A') = Si/), as well as the dispersion
parameter at A’ (D(XN) = D).
We also suppose that S is not dependent on the wavelength (i.e. S is a constant
over A equal to Sy/) over a narrow wavelength domain centered on X. The
dispersion parameter D is then D(A\) = Dy + Sy (A —X). As D()) = %, one
obtains: g

\
Pi(A) = =
where K is an integration constant. (3; shows a parabolic dependence on the
wavelength, with a minimum at Ag.

Two optical waves are considered at the wavelengths

AN AX

P d. + 5 c d 5

N4+ (Dy — Sy M)A+ K (2.28)

(2.29)

The wavelength separation between both waves is A\, and A\,;q. is the
”"middle” wavelength, situated between the wavelengths of the two waves, as
Amid. = (Ap + Ac)/2.
The walk-off AT between the waves is proportional to the difference |51 (Ap) — B1(A¢)|,
which is given by:
AT

T =AM\ |{D,\/ + Sy (Amid. — )\/)}| (2.30)

Consequently, a solution to cancel the walk-off in the case where S is taken
to be constant is to set g = N — g—;’ = Ag. B1L and the walk-off AT were
evaluated as function of A and \,,;4., respectively, and were plotted in Fig.
The integration constant K in Eq. was chosen such that 81(A\g) = 0. The
parameters of the fiber considered are recapitulated in the figure caption.

The wavelength separation for the two waves considered was taken to be
15 nm. As can be seen in Fig. [2.5] and as stated in Eq. the slope of the
curve evaluating the walk-off in Fig. (dashed line) is proportional to A\ and
to S. As the parameter S is usually low for a DS-HNLF, the walk-off remains
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km~! nm~2, L=1 km (S is considered to be a constant).

moderate for common values of AX and L (AX < 20 nm, L <1 km). For the
fiber considered above, and with A\ = 15 nm, a walk-off value of 1.5 ps was
calculated for \,;4. = Ao + 5 nm.

2.6 Pump-Probe Characterization of Optical Switch-
ing Devices

In this work, two techniques are used to characterize optical gates. One method
uses BER-measurements of a probe signal before and after passage through the
optical gate. This technique is refered to as Bit Error Rate (BER) measurement
and will be used the demultiplexing experiments discussed in Chapter [3] as well

as in Chapter [4]
The other method is based on pump-probe measurements of the transmittance

T of the optical gate, defined as

Pout
P

T= (2.31)
where P;, and P,,; are the probe optical powers at the input and output of the
gate, respectively.
The method of pump-probe measurement is described in the following.

The transmittance T of the gate is defined as the measurement of the light
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Figure 2.6: a). Experimental setup for the characterization of all-optical gates
by pump-probe measurements, b). Characteristics of the switching window.

fraction that passes through the gate. The value of the transmittance is com-
prised between 0 (no transmission) and 1 (full transmission). It is often evalua-
ted in dB, using the relation Ty5=10 log(T). In the ideal case, the control signal
changes the transmittance T for the probe signal at a given time instantaneously
from T'= 0 to T' = 1 and after a time interval 7 back from 7"=1 to T = 0.
The switching window is the dependence of T versus time. Fig. a) depicts
a pump-probe measurement setup, which is often used to measure switching
windows. The investigated switch is represented by a black box with inputs for
the pump and probe signals and an output for the switched probe signal.

The pump and probe signals are Return-to-Zero (RZ) pulse trains with a
repetition frequency of 40 GHz for example, a given pulse width and the wave-
lengths A¢ and Ap, respectively. Semiconductor Mode-Locked Lasers, Fibers
Lasers, as well as Solid-State Lasers have been used throughout this work. Both
pulse trains are coupled into the switch with well defined polarization and with
a relative time delay At, which is controlled by a variable optical delay-line
(OD). The pulse width of the probe signal limits the temporal resolution of the
measurement, while the pulse width of the pump signal determines in general
the width and the amplitude of the switching window itself. The transmitted
probe signal is detected by an optical spectrum analyzer (OSA) or by an optical
power meter versus the time delay At between the pump and probe pulses. The
switching window is thus evaluated as the convolution of the transmittance of
the gate with a probe pulse. Fig. b is an example of the measurement of a
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switching window. The switching window considered in this work is the result of
the convolution product of the transmittance of the gate with a probe pulse. As
the FWHM of the probe pulse influences the FWHM of the convolution prod-
uct, care has to be taken when discussing on the width of the switching windows.

The extinction ratio (ER), the width (FWHM) of the switching window and
the maximum transmittance Th;4x are the parameters used to characterize a
switching window.

e The extinction ratio is defined as the ratio of detected probe power for
maximum transmittance to the detected probe power of the minimum
transmittance. This is a measurement of the available switching contrast
between the state where the gate is transmitting as much as possible of
the probe signal, and the state where the gate is attenuating the probe
signal as much as possible.

e The FWHM of the switching windows gives an information on the width
of the windows at the level where the transmittance decreased by 3 dB
(50 %) from its maximum value.

e The transmittance at maximum of the switching window T ;4 x is another
parameter of interest, as it gives an information on the minimum atten-
uation of the gate. In a system experiment, the gate should work with
losses as low as possible, as it would otherwise cause the Optical Signal-
to-Noise Ratio (OSNR) to decrease if the gate is followed by an EDFA,
or even attenuate the probe signal power below the sensitivity level of the
receiver.

The quantities ER, FHW M and Th;ax of the switching windows can be
used to characterize and compare different switching configurations. The time
resolution of the pump-probe measurement depends on the step used to vary
At, and of the unwanted temporal drift occuring between signals emitted by
pulse sources.

For OTDM-demultiplexing of 640 Gbit/s data signals, a high ER (about
15 dB or higher), a FWHM shorter than 1.7 ps and a high maximum transmit-
tance (ensuring that the transmitted signal power meets the sensitivity require-
ments of the system) are required, as was asserted in numerous experiments.

Limitation of pump-probe measurements

As shown in Fig. the pump-probe measurement of the switching characte-
ristic of an optical gate relies on the sampling of the transmittance by an optical
probe pulse. The switching window measured as presented in this Section thus
corresponds to the convolution product of the ”real” switching window (the
transmittance) with the sampling (probe) pulse. In particular, the resolution
of this measurement method is determined by the width of the probe pulse, as
well as by the step At used when varying the delay between control and probe.
For a fiber-based interferometric gate, the transmittance is related to the phase
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Figure 2.7: Principle of switching window measurement.

shift Ap induced through XPM in the fiber. As the relation linking 7" and Ay is
periodic in Ap (T = sin?(Ap/2), as will be demonstrated later in Chapter [3)), a
value of Ay above 7 will result in a decrease of T'. This will lead to a switching
window presenting extrema (i.e. more than one local maximum and one local
minimum), which can also happen when the control pulse presents more than
one local maximum. The convolution product might occult the rapidly varying
structures for such a resulting transmittance charateristic if the probe pulse is
not short enough to resolve them.

Fig. a) shows the calculated transmittance for a fiber based gate, where

the control pulse power was willingly set high, which led to a decrease of the
transmittance even before the peak power of the control pulse was reached.
Consequently, the transmittance presents several local extrema. Still, when
sampled (convoluted) with a 0.8 ps (FWHM) probe pulse, the impairments can
not be seen on the switching windows (see Fig.[2.8/b)). Only when sampling with
a shorter pulse (FWHM = 0.5 ps), the ripple structure of the transmittance
can be better resolved.
Table presents data bit rates and the associated bit-slot periods, as well
as the recommended pulse widths to be used when generating these signals
[22], [23]. The data signal was assumed to be single polarized. Throughout
this work, switching window investigations were carried out with probe pulse
FWHM narrower than the control pulse FWHM, as for most experiments a
short data pulse width was required for increasing the data bit-rate through
time-division multiplexing.

However, as will be shown in Chapter [3] the phase shift Ag induced in the
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switching windows for probe pulse with varying FWHM.

40 Gbit/s | 160 Gbit/s | 320 Gbit/s | 640 Gbit/s
Bit-slot period (ps) 25 6.25 3.125 1.5625
Required data pulse FWHM 8.3 ps 2.1 ps 1.0 ps 0.52 ps

Table 2.5: Typical data rate used in this work, and associated bit-slot period

and data pulse FWHM.

DS-HNLF included in the gate did not exceeded w. Consequently, a decrease
of the resulting transmittance T° due to high values of Ay is unlikely to oc-

cur.

Other impairments such as the instability of the time position of data

and control pulse, which might be due to a malfunctionning optical delay line
(OD in Fig. , may also cause the switching window to present irregular-
ities. Nevertheless, proper care was accorded to the measurement setups, so
that the switching windows measurement could be considered to reflect the true

switching characteristic of the optical gates.
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Chapter 3

Gates based on Highly
Nonlinear Fibers

To convert the phase change into an amplitude change, which is to be detected
by a receiver, the nonlinear medium is incorporated into an interferometric
scheme.

The Sagnac Interferometer, which prefigured the setup for the Nonlinear
Optical Loop Mirror (NOLM), was first investigated in the 1960’s, originally for
applications as a gyroscope [24]. The interest for the NOLM grew in the field
of optical telecommunications when the gate was used to modulate a CW wave,
which transmission was controlled by a control pulse signal. Later, the NOLM
imposed itself as a demultiplexer for Terabit OTDM signals [25], [26]. The Kerr
gate (also called Kerr shutter) gained attention in a comparable experiment [6].

3.1 Nonlinear Optical Loop Mirror (NOLM)

3.1.1 Basics of the NOLM Gate

The NOLM gate is based on the Sagnac Interferometer [27], (28], where an optical
fiber is incorporated as nonlinear medium.

The setup is shown in Fig. The NOLM basically comprises a first optical
3 dB coupler ("A” in Fig. splitting the input probe signal, another optical
coupler ("B”) used to insert the control signal in the loop and a loop made
of optical fiber. Polarization controllers (PC) are included, so that the control
and probe polarization states in the loop can be adjusted independently. At
the output of the NOLM, an optical bandpass (OBF) blocks the control signal
wavelength.

The passive losses of a NOLM include the loss of the 3 dB couplers used to
couple the control and probe signal into the fiber loop, the loss of the filter,
and the losses due to fiber splices and other components built in the loop (PC,
HNLF). The length of the fiber loop is usually in the order of 1 km when a piece
of HNLF is included, while lengths longer than 5 km are needed when the loop
comprises a fiber with low nonlinearity (SMF).
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Figure 3.1: Basic setup for the NOLM.

Operating principle of the NOLM

The operation principle of the NOLM is explained in the following (the optical
waves are assumed to maintain their polarization states throughout propaga-
tion, allowing a scalar approach).

The probe optical wave is represented by the electrical field strength F;,, at the
input of the NOLM. Fj;, is split at the input coupler, resulting in two waves
Ecw = Ein/V?2 and Ecow = (Ei,/V/2)e'?, propagating clockwise (CW) and
counter-clockwise (CCW) in the loop. The crossing of the 3 dB coupler also
induces a relative phase shift of 7 for one of the two waves exclusively, namely
for Ecow. When neglecting the birefringence of the fiber in the loop (which
is a good approximation when the loop consists of pieces of SMF and HNLF),
boths waves experience the same phase shift ¢ (induced by dispersion and non-
linearity in the fiber loop) during transmission over the loop, and recombine at
the coupler, where Fccw once again experiences a 5 phase shift, leading to a
destructive recombination, as

1 1 1

ﬁﬁEmewcw + 77 Ejne'?els givcow (3.1)

If vecow = pow, Fout = 0. Consequently, no signal is transmitted to the
output of the NOLM, and F;, is reflected to the input. In the practical case,
the birefringence of the fiber can not be neglected, due to bends and stresses in
the setup. However, the phase shift difference raising between CW and CCW
propagating signals in the fiber loop can be compensated by adjusting the po-
larization states for both signals. This can be done by using the PCs in the fiber

Eout =
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loop. The residual phase shift difference Ay, that may be not compensated
by using the PCs, was always extremely small throughout the investigations, as
stated by the very good extinction (> 40 dB) that was reached with the NOLM.

Consider the case where a control pulse is fed into the HNLF together with
a clockwise propagating probe signal. The control pulse will induce a nonlinear
phase shift ¢ x pas on the probe signal, due to XPM, and this phase shift depends
on the power of the control pulse. As ¢x pys represents the relative phase shift
difference between the clockwise and counter-clockwise propagating pulses in
the fiber loop, we denote ¢ xpy = A¢p in the following. Consequently:

pcew = pow + A (3.2)

The counter-clockwise propagating pulse does not experience the same non-
linear phase shift, as it does not propagate simultaneously with a control pulse
through the nonlinear medium. This results in a non-destructive interference at
the coupler and gives

1 , 1 . 1 . )

Eout = iEineupCW - 7EineZ¢CCW = iEln (1 - eZALP) e (33)

The coupler splitting the input probe signal was assumed to have exactly the
. N

same coupling ratios for bar and cross-couling. As (1 — €/A%) = —2ie’ 3" sin(52),

the transmittance T' = P,/ P;,, for the probe signal at the ouput of the NOLM

is given by: A
T= smz(Tw) (3.4)

The starting point to obtain the relation linking Ay with Pg is the prop-
agation equation Eq. with a=2, as probe and control pulses propagate
copolarized along the fiber.

The relative phase shift difference Ap = Apnora acquired by the probe pulse
propagating clockwise in the loop (simultaneoulsy with a control pulse) and
co-polarised with the control pulse is given by:

A‘PNOLM = 2’}/ch (35)

As control and probe pulses propagate copolarized inside the DS-HNLF,
parametric amplification of the clockwise (CW) propagating probe pulse is ex-
pected. This was not observed in the experiments carried out. In particular,
the amplification of the CW propagating pulse should lead to non-perfect de-
structive recombination at the input 3 dB coupler of the NOLM (coupler ”A”
in Fig. . This is due to the fact that when reaching the 3 dB coupler ”"A”
after propagating through the fiber loop, the CW and CCW propagating sig-
nals will have opposite phases (which is equivalent to a phase difference A=),
but different amplitudes, as the CW propagating signal experienced parametric
amplification.

Still, the NOLM always proved to reach an extinction of the probe signal
better than -40 dB, asserting proper destructive interference at coupler ”A”.
The parametric amplification was thus neglected when investigating the NOLM.
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shift evaluation.

3.1.2 Measurements of induced Phase Shift

As stated in Eq. and Eq. the transmittance of the gate, is determined
by the phase shift Apyory induced by a control pulse on the probe pulse. The
transmittance can be measured directly using pump-probe measurement, and
the relative phase shift can also be evaluated.

The setup used to evaluate Ay is shown in Fig. a). A 10 GHz probe pulse
train was emitted by a Tunable Semiconductor Mode-Locked Laser (TSMLL,
FW HMp=1.6 ps) at the wavelength 1540 nm, and sent to the gate. The control
pulse was emitted by a second TSMLL (FW HM¢=1.5 ps), synchronized with
the first one, emitting a 10 GHz pulse train at 1554 nm. An optical delay-line
allowed to vary the delay between probe and control pulse. The setup included
a multiplexer (MUX), so that the repetition rate of the control pulse could be
varied up to 160 GHz. An optical bandpass filter (3 nm) blocked the control
wavelength at the ouput of the gate.

The phase shift difference Ay was evaluated using the following method.
At first, a relative delay of the pulses trains was set, so that control and probe
pulses do not overlap. Under this condition the polarization of the probe pulses
was adjusted for maximum transmittance by using the polarization controllers
(PC) in the loop. This corresponds to the case where the phase difference
(pew — wcow) is adjusted to 7 (see Eq. by influencing the birefringence
in the fiber loop using the PCs. Next, the relative delay between both pulse
trains and the state of polarization of the control pulses are adjusted to give a
minimum in the transmittance of the probe pulses. Under these conditions, the
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variation of the transmittance AT (measured as the variation of the transmitted
power after the gate) is linked to the induced relative phase shift difference by
the relation 77 = COSZ(%)7 and 7" = 1—T (the relation is plotted in Fig. b).
Thus the dependence of Ay on the power of the control pulse can be derived
by measuring the transmittance T’ as a function of the control pulse power.
This method has the advantage of being more accurate for measuring higher
phase shifts than the method where the transmittance is set on minimum (in
this latter method of measuring A, T would be given by T' = sinQ(%)).

The control pulse power was varied, and the optical power was measured
using a power meter. The repetition rate of the control pulses was also varied,
so that the relative phase shift could be measured for a control pulse repetition
rate of 10 GHz, 40 GHz and 160 GHz. For each measurement, the polarization
of control and probe signals was optimzed. The results can be seen in Fig. 3.3
where the phase shift Ay is represented as a function of the control pulse energy.
The control pulse energy does not depend on the repetition rate of the signal, and
was thus chosen as the varying parameter. Pulse peak power and corresponding
average power (denoted Avg. power) were also mentionned for a few pulse
energies in Fig. and for the repetition rate 10 GHz exclusively. An increase
of the repetition rate implies an increase of the average power of the signal if
the energy pro pulse has to remain unchanged. The maximum output power
of optical amplifiers sets a limit for the pulse energy at high repetition rates.
As expected, the fiber-based interferometer showed no patterning, contrary to
what could been shown with SOA-based interferometric gates, where the slow
recovery times led to a strong dependence of the switching characteristics of the
control pulse repetition rate [29]. For the NOLM, a given control pulse energy
leads to the same A for 10 GHz, 40 GHz and 160 GHz repetititon rates. The
three measurements, for repetition rates of 10 GHz, 40 GHz and 160 GHz for the
control pulses, showed the same behaviour at low control powers. In particular,
the phase shift depends linearly on the control peak power, in accordance with
the Eq.

A collapse of the phase shift was observed at high control power, which is not
in agreement with Eq. This is attributed to the broadening of the control
pulse at high power, leading to a decrease of its peak power and also to spectral
overlap of control and probe pulse. The broadening of the control pulse de-
pends on the dispersive properties of the fibers at A\c and leads to a decreasing
efficiency of the switching process for high powers of the control pulses. The
spectral broadening makes this measurement method less accurate for high con-
trol powers, as part of the optical power measured at Ap will consist of control
pulses energy. The control pulse considered in this part had FW HMc=1.5 ps,
and is broader than the typical control pulse as considered in Table (p. .
Still, as the repetition rate is now 10 GHz, and assuming that the average con-
trol power remains around 15 dBm, higher peak power causes the nonlinear
length Ly to decrease.
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Control pulse: FWHMc=1.5 ps, 10 GHz.

Control Pulse Energy (pJ)
Figure 3.3: Phase Shift Measurement for the NOLM (DS-HNLF C was used).

31

§ 10= ' ' Control pulse repetition rate
S = 10GHz

e 0 8 B A 40 GHz _
E ' v 160 GHz

= a .

=}

Z 06| i
& 0.6 .
<
= . ]

< 04| -
(/5] DS-HNLF C (L=850 m)
§ A,= 1540nm ]
f 0.2 M Peak power (10 GHz) kc= 1555nm n
o / Avg. Power (10 GHz)

S 0.0 0.12W 0.35 W 0.59 W i
© 3dBm 7.8 dBm 10 dBm

E 1 " 1 " 1 " " 1 "

0.0 0.2 0.4 0.6 0.8 1.0 1.2



Probe pulse

Ap=1556 nm
40 GHz
= D
FWHM_= 0.9 ps - OBF
MLSSL
T smux [ At | Gate HZZ| osA

1OGHZ@ A
1
1
M

LFL: Mode-Locked Fiber Laser
Control pulse MLSSL: Mode-Locked Solid State Laser

he=1532 nm OBF: Optical Bandpass Filter
40GHz OD: Optical del
FWHM_= 1.1 ps : Uptical defay

OSA: Optical Spectrum Analyser

Figure 3.4: Setup for switching window measurement.

3.1.3 Measurements of Switching Windows

The setup used for switching window measurements is shown in Fig. The
40 GHz probe signal (Ap=1556 nm, FWHM=0.9 ps) was provided by a 10 GHz
mode locked solid-state laser (MLSSL), followed by a passive delay line pulse
multiplier (x 4). The 40 GHz control signal (Ac=1532 nm, FWHM= 1.1 ps)
was provided by a mode locked fiber laser (MLFL). A 6 nm optical band-pass
filter was used after the gate to separate the probe signal. Switching windows
were measured and characterized using the criteria presented in Section [2.6
Extinction Ratio FR, Full Width at Half Maximum FW HM, and maximum
transmittance Th4x. The three DS-HNLF A, B and C presented in Section [2.2]
(see Table were tested as nonlinear medium in the gate: DS-HNLF A
(L=100 m, X\p= 1537 nm), DS-HNLF B (L=300 m, A\o=1556 nm) and DS-
HNLF C (L=850 m, A\p= 1550 nm). An important operation parameter, which
influences all three evaluation criteria given above, is the average control pulse
power P, which was also varied in our experiments. The wavelength allocation
of the control and probe signal was kept constant during all experiments, as
well as the probe pulse FWHMp.

Influence of the control pulse power on the Extinction Ratio

Fig. shows the extinction ratio of the switching windows as a function of
the average control pulse power for the NOLM, measured for DS-HNLF A DS-
HNLF B, and DS-HNLF C. The polarization states of control and probe signals
in the NOLM were adjusted for minimum transmittance of the probe pulse in
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absence of a control pulse, as explained in [3.1.1]

As expected, the ER is increasing with increasing control pulse power and
longer fiber length. This is due to the higher nonlinear phase shift Ay obtained
for longer fibers and to higher control powers, which leads to a higher switched
output power and thus a higher ER. With the 100 m and 300 m long DS-HNLF
(DS-HNLF A and B, respectively), no saturation behavior could be observed up
to the maximum available control pulse power. A decrease of the ER is observed
for high control pulse powers when using the 850 m fiber (DS-HNLF C). The
saturation effects and the decrease of the ER are mainly due to spectral cross
talk from the control pulse, as can be seen in Fig. [3.6

Fig. [3.6h) presents the spectrum of probe (right) and control signal (left,
showing also SPM-induced spectral broadening on the top of the spectrum) for
increasing control pulse powers, measured in 0.5 nm resolution bandwidth (RB).
As the control power increases, the spectrum of the pulse broadens and a larger
amount of the control spectrum overlaps with the probe spectrum, limiting
the minimum level where the probe power can be attenuated in the absence
of control pulse. Fig. [3.6b) shows two switching windows measured for two
different control powers: the solid line represents the measurement carried out
for Po =10.9 dBm (at a repetition rate of 40 GHz, and FWHM=1.0 ps), while
the dashed curve stands for the same measurement, but with a higher control
power (Pc =15.4 dBm). The overlap of control and probe spectra clearly results
in an increase of the transmittance, even when both pulses trains do not overlap
in the fiber. This leads to a decrease of the ER for the switching window.
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Influence of the control pulse power on the FWHM of the switching
window

Fig. shows the FWHM of the switching windows as a function of the control
pulse power for the NOLM.

Switching windows with an ER < 8 dB were not used for the FWHM eval-

uation as in these cases the measured optical power after the gate was strongly
influenced by the ASE noise within the 6 nm filter bandwidth of the gate. The
shortest switching windows measured in our experiments were about 1.7 ps,
though a 1.0 ps control pulse was used to gate the NOLM. The FWHM in-
creases with increasing Po. This broadening effect has mainly two reasons.
First, the switching windows in interferometric gates generally broaden with
increasing XPM-induced relative phase shift, due to the nonlinear phase-to-
amplitude transfer function in the interferometer (T = sin?(Agp/2)). To illus-
trate this, the following calculations were carried out.
A sech pulse with a FWHM=1 ps was simulated, and is assumed to propagate
inside a fiber of length L and of nonlinear parameter v. The phase shift in-
duced through XPM by the pulse was calculated as Ap = ayLP, a being a
factor standing for the effectivity of the gate (for a NOLM, a = 2, as seen in
Subsection . For the calculations, the product (ayL) was set to 1 W1,
so that the relative phase shift is practically equal to the power P of the pulse.
In particular, the maximum value of Ay (Apprax) is given by the value of the
peak power of the sech pulse.
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The simulated results are depicted in Fig. For three values of the pulse
peak power (corresponding to a maximum phase shift Apprax of 0.47, 0.87
and 7), the intensity profile of the sech pulse was calculated (solid curve), which
also exactly matches the induced Ap. The evolution of the transmittance of the

NOLM was calculated using the relation 7' = sin %2. In this ideal case, the
walk-off and the broadening of the control pulse was neglected. The FWHM of
the switching windows were 0.71 ps, 0.85 ps and 0.98 ps, corresponding to the
maximum phase shifts Apprax of 0.4 7, 0.8 7, and 7, respectively (experimen-
tally, values higher than 0.7 w could be measured). An increase of A results
in a broadening of the transmittance of the gate, as well as in a change of the
shape ot T', as Eq. is not linear in Agp.

Second, the FWHM of the control pulses increase in the DS-HNLF due to
the interplay between nonlinear spectral broadening and dispersion, if the wave-
length of the control pulses is in the normal dispersion regime. This temporal
broadening of the control pulse causes a broadening of the switching window.
The broadening of the control pulse can be seen in Fig. where the FWHM
of the control pulses measured at the DS-HNLF output is plotted as a function
of the average control pulse power for the fibers B and C. The broadening effect
is stronger for the fiber C because of the longer length of this fiber. Dispersive
effects are responsible for pulse changes in the fiber, in particular for the control
pulse, and scale with the length of the DS-HNLF used. For this reason, and in
the case where the power budget ensures that Ag will enable good switching
efficiency (Ap > 0.67), a DS-HNLF with a short length should be prefered.

35



pulse mtel\rli)snty (YV) w

—_

Sech

/

\
" APyax=0.8 m*.]

L L L L f | [T NS T N PR NN SR NN TN AN TR N T N
2 -1 0 1 2 2 1.0 1 2 2 -1 0 1 2
Time (ps)

e
[}

Transmittance (lin.)

11.0

o
®

©
~

o
[N

Figure 3.8: Influence of the phase shift Ay on the FWHM of the transmittance
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Influence of the control pulse power on the maximum transmittance

Thax

Another important parameter for the gate is the transmittance at the maximum
of the switching window T ax. Tarax depends on the passive losses of the gate

(depending on the quality of splices and the loss of optical components used)

and on the switching losses, which result from a nonperfect switching process

(for example an insufficient phase change in the nonlinear medium).

The maximum transmittance for the NOLM is shown in Fig. [3.10]as a func-
tion of the average control pulse power for fibers A, B and C. As indicated in the
figure, the passive loss is 12.0 dB for the NOLM, including the 6 nm band pass
filter. Figure [3.10] shows that the maximum transmittance is increasing with
increasing control pulse power. This is due to the increasing induced phase shift
Ay, which leads to a reduction of the switching losses. For an ideal phase dif-

ference of 7 in the interferometer, the switching losses would be reduced to zero.

As expected, using the shortest DS-HNLF led to the lowest transmittance for
the switching windows (-20.4 dB was measured at the maximum of the switching
window, when sending the maximum available control power). When gating the
NOLM Gate with the optimal control power (with a maximum available power
of 15.4 dBm), the maximum transmittance -20.4 dB, -13.5 dB and -15.6 dB for

the DS-HNLF lengths of 100 m, 300 m and 850 m, respectively.
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Figure 3.11: Setup and operation principle of the Kerr gate.

3.2 Kerr gate

3.2.1 Basics of the Kerr Gate

The setup for the Kerr gate investigated in this work is shown in Fig. a),
while the operating principle is depicted in Fig. b).

The Kerr gate consists of an optical coupler, a HNLF (DS-HNLF are mostly
used), and a polarization filter. The coupler enables the coupling of two optical
waves into the DS-HNLF. Throughout this work, a 3 dB or a 10 dB coupler
was used, which influences the passive loss of the gate, as well as the maximum
control power that could be sent to the DS-HNLF. As the optical waves are
generally emitted at different frequencies, an optical bandpass filter (OBF) is
included after the polarization filter (PF) to block the control signal. Polariza-
tion controllers allow separate polarization adjustement for both signals.

The general operation of the Kerr gate as an OTDM-demultiplexer is as
follows. The state of polarization of the probe signal at \p is adjusted to mi-
nimum light transmission through the polarizer in the absence of the control
pulses (or when probe and control pulses do not overlap inside the DS-HNLF).
When a control pulse at A¢, polarized linearly along the direction defined by
a unit vector e,, is sent simultaneously with a probe pulse into the DS-HNLF,
the control pulse will induce through XPM a phase change for the probe signal
wxpm = ayPcL (see Section , where a = 2 (gaé(/PM = 2vPcL) for the
polarization component of the probe signal parallel to e,, and a = % (<p§-( PM =
ngcL) for the polarization component of the probe signal orthogonal to e,.
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Thus both components experience a relative phase change:

4
AQKerr = <Pé(/pM — oxXpy = gVPCL (3.6)

This relative phase change of both components of the probe signal causes
a change of the polarization of the probe signal, which is consequently partly
transmitted through the polarization filter.

The state of polarization of the control signal and the delay between both
pulses is adjusted to cause maximum light transmission of the probe signal
through the polarizer. This is expected to correspond to overlapping control and
probe pulses in time in the Kerr gate and to a linear state of polarization of the
control signal with an angle of 45° with respect to the state of polarization of the
probe signal. The formula described by Eq. does not take into account the
parametric amplification, which can influence one of the polarization component
of the probe pulse more than the other. In the following, the influence of the
parametric gain on the transmittance T for a Kerr gate is discussed.
Considering the geometry assumed in Subsection [3.2.1] the amplitude Ap of the
probe electrical field Ep is decomposed in the two orthogonal components

Ap = Ao + Aye, (3.7)

were A, and A, obey the NLSE given in Eq. (p. for the probe signal.
Consequently:

Az (L) = Az (0) exp(gL + i2yPc L +ip(L))) (3.8)
and
4y(5) = A,(0) exp(iZAPoL + ip(L))) (39)

where the x-component A, is parallel to the linearly polarized control signal
and experiences the XPM induced phase change 2yPcL as well as the FWM
induced parametric gain exp(gL) (see Section . The y-component A, expe-
riences the XPM induced phase change %VPCL and no parametric gain. Both
components are assumed to have the same linear phase change ¢(L), as the
DS-HNLF is low birefringent. A.(0) and A, (0) are the two components at the
input of the fiber of length L.

The optical power after the polarization filter at the input of the fiber is:

2

Pt = ‘A_p)(L).?* (3.10)

where 7 represents the polarization vector (according to the Jones Formalism)
of the polarization filter, with \ﬁ\Q =1land P = ps, +pyey.
According to the principle of operation described in Subsection and assum-
ing that the DS-HNLF is not birefringent, 14—1;(0) and P satisfy A—>p(0)? =0.
For a birefringent fiber, A—}; (0).7 # 0 in general as the the polarization of the
A—)p is expected to vary during propagation.

The equation Ap(0). 7 = 0 gives:

be =P, T P,

with P, = |A:(0)]* +|4,(0)7  (3.11)
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By using these relations, one obtains the following equation for TP(L).?:

AP(L).T = —= {4:(1)4,(0) — 4,(D) 4. (0)} (312
A—)p(L).? = %};%(O) exp |:+i§’ych:| exp [+ip(L)] {exp [gL + i;l'yPcL} - 1}
(3.13)

The phase shift ¢(L) accumulated by A, and A, when propagating along
the fiber of length L, and the nonlinear phase shift gvPcL in Eq. disappear
in the expression of the transmitted power:

2 2 2
‘ _ |A2(0)]" [Ay (0)] \Gexp(iAQOKerr)*Hz (3.14)

N
Pout = ‘AP(L)? P.

where the parametric gain G for the intensity after the length L is given by

G = exp(gL) (3.15)
and Apgerr = %VPCL. g is defined in Eq. (see p. .

b A0 1A, 0
out Pi

{G* +1—-2G cos(Apkerr)} (3.16)

We write |A4(0)]* = Pincos?6 and |A4,(0)]> = Py, sin?6, where 6 is the
angle between A—}; and e,. When using the relations cos?#sin?§ = %sin2(29)
and cos(Apgerr) = 1 — 25in?(A@xerr/2) , the transmittance T = P,y /Py, is
given by

sin” (2 Apgerr
T = lel( %) {(G —1)% + 4G sin® 7@5 } (3.17)

By setting Ga:1 (which means that very low parametric amplification occurs,
as observed experimentally), and as § = /4 (according with the principle of
operation of the Kerr gate), one obtains the following relation linking T', A@kerr
and P¢ for the Kerr gate:

A err
T = sin®( ‘pg ) (3.18)
with 4
AQgorr = g'yPCL (3.19)

Case of elliptic polarization states for Probe and Control signals.

In a real case, the polarization states of control and probe pulses will not remain
linear in the DS-HNLF included in the Kerr gate, due to stresses and bends of
the fiber. The elliptic polarization state of the probe signal is influenced through
XPM induced by the control signal, which, in the general case, is also elliptically
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Figure 3.12: Phase Shift Measurement for the Kerr gate. DS-HNLF C was
utilized. Control pulse: FWHM=1.5 ps, 10 GHz

polarized. In this case, the attenuation of the probe signal in the absence of a
control signal should be done by sending the probe signal parallel with one of
the two effective main axis of the DS-HNLF, and by aligning the characteristic
direction of the polarization filter with the other polarization axis. Then, the
polarization of the control signal should be adjusted to maximize XPM, which
results in an increase of the probe power at the output of the gate.

The polarization of the control signal may also be conserved if the control
signal is linearly polarized at the input of the DS-HNLF and propagates parallel
with an effective main axis of the fiber. In this case, the polarization of the probe
signal, which shall be polarized with an angle of 45° with respect to the control
signal, will rapidly change along the DS-HNLF length. This can be explained
by considering that the probe signal will propagate between the two effective
main axis of the DS-HNLF.

In both cases, the changes of polarization of control and/or probe signals will
cause the characteristic parameters (ER, Tprax) of the gate to be lower than
expected in the case of a non-birefringent fiber.

3.2.2 Measurements of induced Phase Shift

The phase shift was measured using the same experimental setup as described

in Fig. and the results are presented in Fig.
Similarly to the case of a NOLM, a given control pulse energy induces the
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Figure 3.13: Influence of the control pulse power on the ER for the Kerr gate

((40 GHz control pulse, FWHM=1.0 ps).

same value for the phase shift, independently of the repetition rate of the control
signal. As suggested by the straight line in Fig. a linear dependence of
Apgerr o1 Po was observed only for low control pulse power, as expected from
Eq. As the control power further increases, A@geq- does not linearly
follow Po. This is attributed to a change in the control pulse shape, leading to
a decrease of the peak power. This assumption was verified also when investiting
switching windows, as presented for the NOLM in Subsection Moreover,
spectral overlap of the control pulse spectrum with the probe spectrum affects
the measurement of the probe power. The relation T = sin?(A¢p/2) is not valid
when a significant part of the control power is responsible for a change of the
transmittance T'.

3.2.3 Measurements of Switching Windows

The switching characteristic of the Kerr gate (comprising a 10 dB coupler, so
that the probe and control signal experienced 10 dB and 0.46 dB attenua-
tion, respectively) was investigated using the setup presented in Fig. and
the DS-HNLF A, B and C were used for these investigations (probe pulses:
Ap=1555 nm, FW HMp=0.8 ps / control pulses: A\¢=1535 nm, FFW H Mc=1.0 ps).

Influence of the control pulse power on the Extinction Ratio

As can be seen in Fig. the ER of the switching windows of the Kerr
gate showed a linear dependence on the control pulse power. No decrease of
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Figure 3.14: Influence of the control pulse power on the FWHM for the Kerr
gate (40 GHz control pulse, FWHM=1.0 ps).

the ER could be observed until the maximum available control pulse power
(approximately 17 dBm at 40 GHz) was reached. This shows that contrary
to what was observed with the NOLM, the optimal efficiency of the Kerr gate
was not reached, even when using the longest DS-HNLF (DS-HNLF C), which
should provide the greatest phase shift in the interferometric gate. In this
case, the increase of the control power, which was required to reach optimum
switching efficiency, led to the SPM-induced broadening of the control pulse.
For a constant repetition rate, this results in a decrease of the induced phase
shift in the interferometer, and to a lower ER for the switching window. With
the DS-HNLF C (L=850 m), a maximum ER of 18.8 dB was measured for the
Kerr gate.

Influence of the control pulse power on the FWHM

Fig. shows the evolution of the FWHM of the switchig windows as a func-
tion of the control pulse power. DS-HNLF A did not allow sufficient switching
for the Kerr gate, due to its short length (100 m): even when using the maxi-
mum available power, the ER of the resulting switching window was not higher
than 8 dB, and the results could not be used for FWHM evaluation (see remark
in p. On the contrary, when using the 300 m (respectively 850 m) long
fiber, an optimum control pulse power of approx. 12.9 dBm (resp. 8.4 dBm)
could be measured, enabling the shortest available switching windows for each
of the DS-HNLF'. The differences in the absolute FWHM measured can be ex-
plained by the different dispersive properties of the three DS-HNLF, leading
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Tarax for the Kerr gate (40 GHz control pulse, FWHM=1.0 ps).

to different control pulse broadening in the nonlinear medium. On Fig.
an optimum value of Pps_gnrr ¢ = 8.4 dBm was measured for the Kerr
gate comprising DS-HNLF C. This value of Pc led to the shortest available
switching window, with an ER=10.0 dB. When using DS-HNLF B in the gate,
the optimum value for Pg was Pps_gnrr B = 14.4 dBm, which led to the
shortest available switching window (FWHM=2.0 ps) with ER=9.6 dB. Com-
parable switching windows were measured, corresponding to comparable values
for Apgerr. The linear relation giving the phase shift Apgerr = (4/3)yPcL
is the physical quantity determining the switching window properties. In the
present case, and when considering a given value for Ak, the increase of the
length by a factor 2.8 (Lps—unLr ¢/Lps—unLr B) is expected to correspond
to a decrease of the required control power by 4.5 dB. The difference measured
was Pps_ugnir B — Pps—unrr ¢ = 5.5 dB.

Influence of the control pulse power on Th;x

Fig. shows the evolution of the maximum transmittance Tj;4x of the gate
as a function of the control power. The passive losses for the Kerr gate were
17.2 dB (including the losses of the band pass filter). This high value for the
passive losses is partly due to the 10 dB coupler that was used to couple probe
and control pulses into the HNLF, causing a 7 dB higher passive loss than in
the case of a 3 dB coupler. This drawback still was balanced by the advantage
of sending a higher control power to the gate, which enhanced the switching
efficiency (higher Ap). As expected, the longest DS-HNLF enabled the highest
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(40 GHz control pulse, FWHM=1.0 ps).

transmittance for the switching windows. When gating the Kerr gate with a
control power of 14.4 dBm (evaluated at the input of DS-HNLF), the maximum
transmittance when using the 100 m, 300 m, respectively the 850 m long DS-
HNLF were -35.8 dB, -33.5 dB, -25.1 dB.

Influence of the probe pulse power

The probe power was increased by 3 dB, and switching windows were measured
again. The results are shown in Fig. The probe power increase resulted
in an improvement of the ER by approx. 2 dB. This confirms that the ER of
the gates (NOLM and Kerr gate) is limited by the ASE. This can be explained
by considering that the extinction of the probe signal that can be reached using
a standard polarization filter is better than 40 dB. This high extinction is also
made possible by the high degree of polarization (DOP) of the probe pulses.
After having been emitted by lasers, optical pulses went through a number of
EDFA which rarely exceeded 5 units, and the DOP remained high. If the DOP
of the probe signal had been severely affected, a high extinction of the probe
signal after the polarization filter would not have been possible. The OSNR
of the probe signal before the gate was also in the order of 40 dB. When the
polarization of the probe signal was set such that the signal was canceled in
absence of a control pulse, the measured transmitted power was mainly ASE
power, which consequently limits the ER. A higher probe power sent to the gate
allows to overcome this limitation.
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Figure 3.17: Setup for Gain and Phase Shift Measurements.

3.2.4 Experimental Setup for Parametric Amplification
measurement

Fig. shows the experimental setup used for simultaneous phase shift and
gain measurements in a Kerr gate. The 40 GHz probe signal (Ap=1540 nm,
FWHMp=2.0 ps) was provided by a 10 GHz tunable semiconductor mode-
locked laser (TSMLL), of which the pulse train was multiplexed to 40 GHz by a
phase-stable multiplier. The 40 GHz control signal (Ac=1560 nm, FW HMc=1.6 ps
at the input to the DS-HNLF) was provided by a mode-locked fiber laser
(MLFL). An optical delay line was used to adjust the relative delay of control
and probe pulses in the switch. The control pulses were fed via the high-power
arm of a 10 dB-coupler into DS-HNLF D (L = 46 m, v = 21 W~ km™!,
Ao=1560.9 nm, see Table p- . The state of polarization of both signals
could be adjusted appropriately by polarization controllers (PC). Behind the
fiber was a polarization filter (PF) and an optical filter (the practical realiza-
tion of the filter consisted of two cascaded optical bandpass filters) blocking the
light of the control pulses. A powermeter and an optical spectrum analyzer were
used for the measurements.

As stated in Eq. the transmittance T is influenced by the parametric
amplification occurring in the DS-HNLF because of parametric processes, so
that the gain due to parametric amplification has to be taken into account
(neglecting other nonlinear interactions) when evaluating Ap. The gain due
to parametric amplification was measured using an optical spectrum analyser
(OSA, see Fig. with a resolution bandwidth (RB) of 10 nm. Spectra were
taken before the PF for different control pulse powers in a state where probe and
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control pulses overlap in the DS-HNLF, and in a state where they do not overlap.
An example for such spectra is shown in Fig. The generated FWM-product
can be clearly observed, in accordance with the principle of FWM presented in
Fig. No depletion of the control wave was observed.

The gain is then defined as the power ratio between both measured spectra
at the probe wavelength. Fig. [3.19shows the phase shift and the gain measured
versus the control power. Due to the low value obtained for the parameteric
amplification in this measurement, the measured gain values ( a maximum gain
of 1.3 dB was measured, see Fig. were not taken into account for the eval-
uation of the phase shift. The states of polarization of the probe and the control
signal were not changed between the phase shift measurements and the mea-
surements of the parametric gain. Thus, the relative angle between the probe
and control polarization states could be assumed to be 45°, maximizing the
switching performance of the Kerr gate at cost of the parametric amplification.
A saturation of the phase shift was observed at high control power. However,
at a high control power, we measured also a broadening of the spectrum of
the control pulses due to Self Phase Modulation in the DS-HNLF (see inset in
Fig. [3.19] showing the output spectrum of the DS-HNLF for high control pow-
ers) and pulse distortions in the time domain. This might lead to a decreasing
efficiency of the switching process for high powers of the control pulses.
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3.3 Bit Error Rate Characterization

The Kerr gate (built with a 10 dB coupler before the DS-HNLF, so that the
control signal went through the low attenuation arm of the coupler, thus max-
imizing the available control power at the input of the DS-HNLF) and the
NOLM were tested as demultiplexers for a single-wavelength, single polariza-
tion 320 Gbit/s data signal. The modulation format was Differential Phase-Shift
Keying (DPSK, [30, BI]) at 40 Gbit/s, which had no influence on the perfor-
mances of the gates. The modulation format of the 320 Gbit/s data signal was
not DPSK, as the phase relation between adjacent pulses is randomized in the
fiber-based multiplexer. Still, proper DPSK modulation format was recovered
after the demultiplexer, as a single 40 Gbit/s channel was extracted. The qual-
ity of operation was evaluated using bit-error rate (BER) measurements [32],
[33]. As presented in Section and Section each gate is expected to show
a switching window with different properties (ER, FWHM, Tyrax ), which in-
fluence on the BER is discussed in the following.

3.3.1 Experimental Setup

Fig. [3.20| shows the experimental setup used for a demultiplexing experiment
where both the Kerr gate and the NOLM were tested.

The 40 Gbit/s DPSK transmitter comprised a 40 GHz optical pulse source
(40 GHz mode-locked fiber laser MLFL), a pulse compression stage and a phase
modulator driven by a pattern generator to provide a 40 Gbit/s DPSK data
signal. The optical source provided 1.9 ps (FWHM) pulses at 1540 nm. The
pulses were compressed to 900 fs (FWHMp) in DS-HNLF F (see Table[2.2]
p- . After DPSK modulation, the data signal was fed into a fibre delay line
multiplexer (MUX) providing a multiplexed single-polarization 160 Gbit/s or
320 Gbit/s RZ-DPSK data signal. Due to the insufficient phase stability of the
MLFL used in the transmitter, the comparison of the NOLM and of the Kerr
gate on the basis of BER-measurement was limited to 320 Gbit/s.

For both demultiplexers, the 40 GHz control signal (Ac=1561 nm, FW HMc=1.5 ps
at the input to the DS-HNLF') was provided by a second MLFL with low jitter.
The fiber included in the demultiplexers used in this Section was DS-HNLF D
(Table. p- . This fiber was chosen due to its zero-dispersion wavelength
Ap=1560.9 nm close to A¢, which ensured low control pulse broadening. Due

to the short length of the DS-HNLF (L= 46 m), high control power was needed

to gate the demultiplexers, and dispersive effects were expected to remain low.
Two cascaded optical bandpass filters (5 nm and 3 nm) were used to filter the
control pulses in the gates.

The 40 Gbit/s DPSK receiver comprised an optical pre-amplifier, an optical
filter (2.6 nm), a DPSK-demodulator and a balanced photoreceiver. The BER
was measured by a 40 Gbit/s BER-tester (BERT), and was investigated as func-
tion of the 40 Gbit/s receiver input power. An optical attenuator was included
before the receiver.
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Figure 3.20: Experimental setup used for BER-characterization of the Kerr gate
and of the NOLM.

3.3.2 Results

The BER measured for the NOLM when demultiplexing 160 Gbit/s and 320 Gbit/s
is depicted in Fig. a). Penalties of 1.1 dB and 2.0 dB were observed for
the demultiplexing of 160 Gbit/s and 320 Gbit/s, respectively. The switching
window was measured (Fig b)) and showed a high Th/ax (-8.1 dB), and a
high ER (23.8 dB). The passive loss of the gate was lower than in Section
as a different filter was used to filter the control pulses, and due to reduced
insertion loss in the NOLM. The maximum control power available was used
to gate the demultiplexers, and the switching windows presented in this section
correspond to an operation point of the gates optimized after BER.

Fig. shows the results for the Kerr gate. The penalties for the demulti-
plexing of 160 Gbit/s and 320 Gbit/s were 0.9 dB and 1.4 dB respectively. The
minor difference in the sensitivities for the measurements of the 40 Gbit/s back-
to-back measurements in Fig. a) and Fig. b) was due to non-perfect
adjustement of the DPSK-demodulator. The parameters of the switching win-
dow were ER=24.4dB, a FWHM=1.6 ps, and Ty sx=-18.7 dB. In Section
and Section the control pulse was propagating in the anomalous dispersion
regime of the DS-HNLF, which caused the pulse to broaden in time domain. In
the present experiment, the control pulse propagated in the wavelength domain
near \g, and the DS-HNLF was very short. Consequently, the control pulse did
not broadened, and enabled a short switching window (FWHM=1.6 ps).

The penalties measured in both cases (demux with NOLM and Kerr gate) are
very similar, and so were the switching windows. As expected (10 dB coupler
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Figure 3.21: a) BER measurements for 160 Gbit/s and 320 Gbit/s demultiple-
xing to 40 Gbit/s using the NOLM and DS-HNLF D and b) switching window
measured (A7: time slot for 320 Gbit/s).

before the DS-HNLF), the Kerr gate showed higher attenuation due to the
10 dB coupler included before DS-HNLF D. This difference in the Th;ax for
both gates had no influence on the BER measured, as the data signal power after
demultiplexing lied beyond the receiver sensitivity. On the switching windows
depicted in Fig. b) and Fig. b)7 the positions of the neighbour channels
(dotted lines left and right from the maximum of the switching windows) were
also plotted. The neighbouring TDM channels were attenuated by more than
18 dB. Table presents the ER, FWHM, and T ; 4x measured for the Kerr
gate and the NOLM, as well as the penalties measured when demultiplexing
320 Gbit/s.

%
[e3]

.
I
N

ER (dB) | FWHM (ps) | Tarax | Penalty 160 Gbit/s/320 Gbit/s
NOLM 23.8 1.6 -8.1 1.1dB /2dB
Kerr gate 24.4 1.6 -18.7 09dB/14dB

Table 3.1: Results for 160 Gbit/s and 320 Gbit/s demultiplexing to 40 Gbit/s
with NOLM and Kerr gate.
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3.4 Requirements for a demultiplexer up to 640 Gbit /s

Pulse sources

The transmittance of a fiber-based optical gate is controlled by a second optical
signal (control signal), and the synchronization between the data and control
signals should be as stable as possible. According to [34], the timing jitter
should not exceed 1/14.1 of the bit slot A7 for the considered data rate when
the switching window width is approximately A7. For the symbol rate 640 Gb/s,
A71=1.5625 ps, and the switching windows presented in the present chapter had
a FWHM approzx 1.8 ps. This suggests that the timing jitter of data and control
signals should not exceed 110 fs. Higher jitter values will cause an error-floor
to occur.

All pulse sources used in this work had jitter values under 150 fs, with the excep-
tion of the semiconductor lasers used in Subsections and However,
these sources were not used for demultiplexing.

Switching window parameters

For an optical gate able to demultiplex a data signal at a bit-rate up to 640 Gbit/s,
a short switching window is required, as well as a high extinction ratio. These
conditions ensure that a 10 Gbit/s (resp. 40 Gbit/s, depending of the base data
rate for the system considered) channel can be properly extracted out of the
64 (resp. 16) multiplexed channels that build a 640 Gbit/s TDM signal. The
condition on the FWHM of the switching window is justified in the following.
The typical switching window of the NOLM or of the Kerr gate (see Fig. [3.21]|a
and Fig. b) can be approximated by using the characteristic T=sin?(A¢/2),
where Ay linearly depends on the intensity profile Po of a control pulse (A ¢ =
2~y L P (t), for a fiber of length L and of nonlinear parameter +). Dispersive ef-
fects (control pulse broadening, walk-off) and the attenuation of the DS-HNLF
were neglected. A sech pulse was considered for the control pulse, and the
FWHM of the switching window could be influenced by varying the FWHM of
the control pulse.

Using this simple model, normalized switching windows were calculated for
FWHMs varying between 1.2 ps and 3.0 ps. A probe pulse train was also
simulated (sech-shape, FWHM p=0.6 ps), consisting of three pulses. The central
pulse is the pulse to be demultiplexed, and two neighbouring pulses account for
the influence of cross-talk. The optical power was evaluated at the output of the
gate as the product of the switching window with the probe signal, as shown in
Fig. [3.23

As normalized signals were used, the values obtained should not be con-
sidered as absolute, but a comparison is allowed. The following ratios were
investigated:

e Pp.ope: the probe signal consisted of a single probe pulse, which enters
the switching window at its maximum. In this configuration, the probe
pulse is the pulse that would have to be transmitted in a demultiplexing
experiment, thus P p,..5. can be considered as the "useful” power.

e Proiq: the probe signal consisted of three probe pulses, separated by a
time delay of 3.125 ps (which corresponds to a repetition rate of 320 GHz),
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Figure 3.23: Evaluation of the influence of cross-talk (simulated): a data pulse
is demultiplexed by the gate, and two pulses in the neighbouring bit slots are
partly transmitted.

and centered on the maximum of the switching windows. In this config-
uration, the middle pulse is supposed to be demultiplexed by the gate,
while the two neighbouring pulses (at the left and at the right of the mid-
dle pulse) shall be attenuated by the demux. Py is the power measured
after the demux by an optical receiver.

e P..oss—taik: the probe signal consisted of the two neighbouring pulses only.
Peross—taik s an evaluation of the power unintentionnaly transmitted by
the gate, and clearly depends on the width of its switching window.

The fraction of Pyoss—taik in Prota; was evaluated, and the result can be seen
in Fig. a. For a switching window FWHM of 1.2 ps, the power transmitted
by the demux consisted almost exclusively of the middle pulse, as attested by
the low value of Pross—taik / Protai- The value of the ratio Peross—taik/Protal
remains below 1% until the FWHM of the switching window reaches 1.8 ps. The
same ratio however strongly raises for switching windows with FWHM > 2.0 ps.

The ratio Peross—talk /Protal clearly influences the results of the demultiplex-
ing operation. The Bit-Error Rate is usually measured as a function of the power
coming to the receiver after the demux. By attenuating the signal power right
before the receiver, the Optical Signal-to-Noise Ratio (OSNR) is varied. The
best case for the BER corresponds to a signal consisting of a high data power
and of a low level noise. Due to the non-rectangular shape of its switching win-
dow, the fiber-based gate will cause additional noise to be added to the signal.
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The ratio Pprope/Peross—talk is & parameter describing how strong the OSNR, of
the signal coming to the demux will be affected by the non-perfect extinction of
the neighbouring TDM channels. The evolution of Pprope/Peross—tair Over the
FWHM of the switching window can be seen in Fig. [3:24)b. However, due to its
different distribution, the influence of the power resulting of the partly transmit-
ted two neighbouring pulses is not directly comparable with ASE-noise, usually
considered when evaluating the OSNR, and evaluating the OSNR-degradation
induced by cross-talk is difficult.

These results could be obtained by using a simple model for the switching
window. Still, for low values of P, the experimentally measured switching
window shows a slight difference, which however proved to influence signifi-
cantly the amount of noise added to the signal. The red dot in Fig. [3.24] a and
Fig. b account for the values of P prope /Peross—taik and Peross—taik /Protar in
the case where a measured switching window was considered to evaluate P p;ope,

Peross—taik, and Progar (see Fig. c))-

Consequently, a gate aiming to demultiplex data rates over 320 Gbit /s should
be characterized by a switching window with FWHM < 1.8 ps.

In another attempt to specify the optimum switching window FWHM, the
OTDM receiver is compared with an ETDM receiver [35, 86], and an equivalent
electrical receiver is proposed for the OTDM receiver. A switching window
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with a ER higher than > 18 dB and a FWHM narrower than half of the bit slot
appear to be optimal, which confirms the value proposed in the present Section
(FWHM < 1.8 ps when demultiplexing 320 Gbit/s).

3.5 Comparison

Both gates investigated in this work fulfill the requirements for an all-optical
demultiplexer aiming to process data bit-rates up to 640 Gbit/s. Still, differences
in performances and ways of operating should be discerned between the NOLM
and the Kerr gate.

‘Walk-off

Throughout this work, the condition (Ap4+A¢)/2=\g, which ensures that no
walk-off occurs during propagation of data and control pulses, could not be
met, at the wavelengths of the available pulse sources could not be detuned.
Moreover, other constraints imposed by the experimental context make such a
condition difficult to satisfy. In a transmission experiment, A\p will be chosen
so that the dispersion of the fiber spans is optimally compensated. The choice
of A\p and A¢ may also be influenced by the bandwidth of available optical am-
plifiers.

Walk-off affects both gates in the same manner, as suggested by the expres-

sion given for A7 in Eq. and should limit the phase shift that can be
reached in the gates, as walk-off reduces the interaction length of control and
data pulses. Reducing the walk-off implies the data and control wavelength to
be set symmetrically around )\g. Consequently, D0 at the control wavelength,
and the control pulse will experience dispersive effects (eventually combined
with nonlinear effects, as suggested by Lp and Ly, in Table High bit-rates
require the control pulse to have a short FWHM, and the pulse shape should not
change inside the DS-HNLF. For this reason, a short DS-HNLF (L < 500 m)
should be prefered to reduce both the influences of walk-off and dispersive ef-
fects.
In the case of DS-HNLF B and DS-HNLF C, the walk-off parameter was in the
same order of magnitude, due to the relative position of control and data wave-
length compared with A\ (the middle wavelength - see Section— was approx.
1544 nm for this experiment, and is to be compared with the Ag of DS-HNLF A
and DS-HNLF B, which are 1556.0 nm and 1550.3 nm, respectively). As DS-
HNLF B is almost three times longer than DS-HNLF A, a three times higher
walk-off value is expected. Still the advantage of using DS-HNLF B was shown.
Walk-off did not prove to be a limiting parameter for the NOLM or the Kerr
gate. The control pulse power, and the pulse changes (in the time and spectral
domains), due to second order dispersion and nonlinear effects, are parameters
of greater importance.

Phase shift measurement in a NOLM and in a Kerr gate

Fig. [3.25| shows the phase shift measurements for the NOLM and for the Kerr
gate, carried out with the parameters recapitulated in the following Table:
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Repetition rate (GHz) | Wavelength (nm) | FWHM (ps)
Data pulses 10 1540 1.6
Control pulses 10,40,160 1555 1.5

Table 3.2: Parameters used for phase shift measurements.
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Figure 3.25: Comparison of phase shift measurement in a NOLM and in a Kerr
gate. Control pulse: FWHM=1.5 ps, 10 GHz. Fiber DS-HNLF C was used.

Clearly, the phase shift reached in the NOLM for a given control pulse power
is higher than in the Kerr gate, and a factor 1.5 is expected between the slope of
both curves, as suggested by Eq.[3.5and Eq. The slopes Sy and Sk of the
characteristic Ap = f(Control pulse energy) at low control pulse energy were
evaluated considering the experimental results for the NOLM and the Kerr gate,
respectively, and are reported in Fig. The ratio of these coefficient was
Sn/Sk =~ 1.57, showing a good agreement with theroretical results. Though
the same maximal phase shift was reached in both gates, the NOLM works
thus more efficiently than the Kerr gate, which is a crucial advantage when the
available control power is limited, and/or when high control power would lead
to control pulse broadening.

Measurements of switching windows

Concerning the switching window characterizing both gates, a minimum FWHM
value of 1.7 ps could be reached for each of the three investigated fibers, by
adjusting the control power. Shorter widths can be reached for the switching
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Figure 3.26: Maximum transmittance T ;4 x measured for the NOLM and the
Kerr gate with DS-HNLF B. Using a 3 dB coupler (instead of 10 dB) in the
Kerr gate would result in an increase of Tps4x by 7 dB.

window, by using a shorther control pulse. Moreover, as in both gates the
passive losses are in the same order of magnitude (comprising the loss of a 3 dB
coupler, of the DS-HNLF and of fiber splices), an increased switching efficiency
contributes to the reduction of the switching losses. In an experimental setup,
where the gate would be followed by an EDFA or a detector (Receiver), the
NOLM would guarantee a lower decrease of the OSNR than the Kerr gate. The
maximum transmittance Thyax measured for the NOLM and the Kerr gate
where DS-HNLF B was utilized is shown in Fig. On the same figure,
the value of Th;4x interpolated for the case where a 3 dB coupler had been
incorporated in the Kerr gate (instead of a 10 dB coupler) was plotted. The
latter case corresponds to a decrease of the passive losses of the gate by 7 dB
(and thus to an increase of the transmittance by the same amount). Even in
this case, the NOLM took advantage of its inherent better switching efficiency
and showed larger values for Th;4x. However, this solution was not prefered,
as the switching performance of the Kerr gate would have severly suffered from
the loss of control power.

The following tables and recapitulate the results obtained for the
NOLM and for the Kerr gate, respectively:
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NOLM DS-HNLF A | DS-HNLF B | DS-HNLF C
Shortest FWHM (ps) 1.7 1.7 1.8
Highest ER (dB) 13.9 18.7 19.6
Highest Tarax (dB) 0.4 135 157

Table 3.3: Best parameters measured for the switching windows of the NOLM.

Kerr gate DS-HNLF A | DS-HNLF B | DS-HNLF C
Shortest FWHM (ps) 1.8 2.0 2.5
Highest ER (dB) 9.4 13.2 18.9

Highest Thrax (dB) | 31 (-24) | -29.1 (-22.1) | -22.7 (-15.7)

Table 3.4: Best parameters measured for the switching windows of the Kerr
gate (10 dB coupler). The values of Tps4x that could be reached in the case of
a 3 dB coupler are indicated in ().

Parametric amplification

The parametric amplification was investigated for the Kerr gate, and only a low
parametric gain was measured (< 1.3 dB). Though parametric gain can reach
high values when the wavelength allocation and the polarization states of data
and control signals are properly adjusted (see Subsection 7 the influence
of parametric amplification in the operating principle of the NOLM and of the
Kerr gate could be neglected in the following chapter, where applications for the
NOLM and the Kerr gate are presented. For the gates used in this work, the
control and data polarization states were adjusted to enable maximum ER and
high Tp;ax, and the condition Ak = —2vPg, allowing maximum parametric
gain, was not preferentially met.
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Chapter 4

Applications in High Speed
OTDM-Systems

The NOLM gate including DS-HNLF B was utilized as demultiplexer of a
640 Gbaud signal, as will be stated in Section Section [4.2] presents an
Add-Drop Multiplexing (ADM) experiment at 160 Gbit/s, with transmission
of the high-bit rate signal after the ADM process. The Add-Drop Multiplexer,
which was based on a Kerr gate, could be used for data rates up to 320 Gbit/s.
Though the performance of a Kerr gate for Add-Drop Multiplexing was not
investigated in this work, feasibility was demonstrated at high bit rates.

4.1 Demultiplexing 640 Gbaud

In the experiment considered in this section, the symbol rate (number of optical
pulses / time unit) was different from the associated data rate (still measured
in bit/s), as a special modulation format was used. In a Differential Quadrature
Phase Shift Keying (DQPSK) modulated signal, each symbol carries 1 out of
4 logical states instead of 1 out of 2 states in a system with OOK or DPSK
modulation format. This results in a higher spectral efficiency, as stated in [37]
38]. In the following, the symbol rate and the data rate are mentionned in the
unit baud and bit/s, respectively. Using the DQPSK modulation format offers
the possibility of easily doubling the data rate without changing the symbol
rate, or to reduce the symbol rate for a given data rate. However, the system
sensitivity when switching to DQPSK typically worsen by 2-3 dB (for a data
rate increased by a factor 2) [39].

The requirements on the switching windows for the demultiplexing of a
640 Gbaud single-polarization (SP) data signal include a short FWHM (be-
low 1.7 ps), a high ER (typical values are near 18 dB for a 40 GHz control
signal) and a low insertion loss, so that the power of the demultiplexed data
signal remains above the receiver sensitivity. Moreover, the optical gate chosen
should be driveable by the control power offered by a standard EDFA (offering
up to 20 dBm output power) or a high-power EDFA (30 dBm maximum output
power).

In the present experiment, we report on the demultiplexing of 1.28 Tbit/s
and 2.56 Thit/s data signals where the DQPSK modulation format and polar-
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Figure 4.1: Experimental setup for DQPSK high bitrate experiment

ization multiplexing were used. The high bit rate signal was transmitted over
one fiber span. The transmission influenced the FWHM of data pulses arriving
to the demultiplexer, and will thus be briefly presented throughout the present
Section.

The increase of the transmission speed up to 2.56 Thit/s was a new record
for single wavelength channel transmission, and a prerequisite was the proper
operation of the demultiplexer for 640 Gbaud.

4.1.1 Experimental Setup

Fig. shows the experimental setup comprising the DQPSK transmitter and
receiver as well as the transmission link. In the transmitter, a 10 GHz mode-
locked solid state laser (MLSSL, A=1550 nm, FWHM=2.1 ps) and a pulse
compression unit provided a 10 GHz optical pulse train with a pulse width
of 0.42 ps. An optical bandpass filter (OBF) centered at A\p=1556 nm defined
the final pulsewidth for transmission. In the modulator unit, the 10 GHz pulse
train was DQPSK modulated so that the 10 Gbaud signal had a data rate of
20 Gbit/s. Each pulse was coded in the phase with n x 7/2, n € 0,1,2,3. The
20 Gbit/s DQPSK signal was multiplexed to 80 Gbit/s (40 Gbaud) by pas-
sive optical PRBS-MUX stages, and the bit-rate was finally increased up to to
1.28 Thit/s or 2.56 Tbit/s. The last stage up to 2.56 Thit/s was a bit-interleaved
polarization multiplexing stage. The latter 2.56 Tbit/s signal thus consisted of
two orthogonally polarized 640 Gbau signal, each signal being modulated using
DQPSK modulation.
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The data signal was transmitted over up to three 80 km spans of dispersion
managed Ultrawave!™ Fiber (DMF) provided by OFS Denmark (53 km Su-
per Large Area fiber SLA with D= 20 ps nm~'km™"', 27 km Inverse Dispersion
Fiber IDF with D= -40 ps nm ™' km ™!, more details on these fibers can be found
in Table p- . The dispersion was precisely matched by the insertion of
short SMF or DCF pieces, while the dispersion slope was compensated by the
SLA /IDF-combination and by choosing the different spans for opposite residual
slope. The span input power was set to 12 dBm.The average DGD of the link
was 0.7 ps for 3 spans (240 km). To mitigate the detrimental PMD-effects, the
input polarization was adjusted to the principal states of polarization of the
fiber.

In the receiver, a polarization demultiplexer (PBS, polarization beam splitter,
ensuring the transition from the 2.56 Tbit/s signal with alternating polarization
to the 1.28 Thit/s signal with single polarization) was followed by a NOLM as
optical gate for the single polarization (SP) 1.28 Tbit/s data signal.

In this experiment, the NOLM included the fiber DS-HNLF B (L=300 m, see
Table p- . The NOLM was prefered to the Kerr gate for this experiment
due to its better switching efficiency, guaranteeing a lower attenuation, as dis-
cussed in Section The choice of including DS-HNLF B in the NOLM was
motivated by the considerations explained in Chapter[3] In particular, a shorter
DS-HNLF would not have enabled sufficient switching efficiency (low Agy), as
the control laser emitted light at a wavelength were the gain of the available
EDFA was limited. Consequently, the transmittance T' of the gate would have
been low, and the power level of the signal to be detected after the demultiplexer
would have been under the receiver sensitivity. DS-HNLF C was not chosen,
as the available control (= 17 dBm average power) power was high enough to
enable Ay assuring good operation for the gate. Moreover, optical pulses would
have experienced dispersive effects more significantly due to the length of the
fiber.

A mode-locked fiber laser (MLFL, 40 GHz, FW HMc=1.0 ps, A\c = 1535 nm)
provided the control pulses for the NOLM, and was synchronized to the data
signal by the clock recovery unit [40]. An optical delay line enabled precise
control of the relative time delay between control and data pulses trains. The
switching window characterizing the NOLM used for this experiment was mea-
sured and is shown in Fig. n This was characterized by a high ER (23.9 dB),
a short FWHM (1.6 ps).

The maximum available power (17 dBm) was used for the data signal sent to

the NOLM. Still, the data signal did not experience impairment due to nonlinear
effects, as the energy per pulse was low due to the high bit-rate. The control
pulse power used to gate the NOLM was ~ 14 dBm.
In front of the 80 Gbit/s DQPSK receiver, the signal passed a 6 nm filter to
separate the data signal from the control pulses. Within the 80 Gbit/s DQPSK
receiver, a delay-line interferometer (DLI) with a differential delay of 100 ps
operated as the phase decoder. A phase difference between the DLI-arms of
+7/4 or -7/4 enabled the detection of the in-phase or quadrature component
of the DQPSK signal by a balanced photodetector.
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4.1.2 Results
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Figure 4.3: BER measurements up to 1.28 Thit/s, with Data FWHM=1.0 ps
and sensitivities for the 32 40 Gbit/s TDM channels.

Fig. shows the BER measurements of 1.28 Tbit/s transmission together

with 640 Gbit/s as reference over 240 km (3 spans) DMF and the corresponding
back-to-back measurements versus the received signal power at the input of the
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receiver (P,.., as indicated in Fig. . The optical power was varied at the
input of the 640 Gbaud receiver using an optical attenuator. When the input
power is measured before the demultiplexer, a perfect demultiplexing operation
reducing the symbol rate by a factor 2 results in the translation of the BER curve
by 3 dB towards the lower receiver sensitivities. In these measurements we used
a 5.4 nm filter after the pulse compression yielding a pulse width of 0.85 ps at
the output of the transmitter. The pulse width after 240 km transmission was
broadened to 1.0 ps due to residual higher order dispersion of the fiber link. The
inset in Fig. depicts the sensitivity at BER=10"? obtained for all tributaries
of the 1.28 Thit/s data signal. The latter 1.28 Tbit/s signal consisted of two
orthogonally polarized 320 Gbaud signals, each signal being modulated using
DQPSK modulation. Due to the broadened data pulse width after transmission,
a further multiplexing operation (from 320 Gbaud to 640 Gbaud, leading to a
2.56 Gbit/s signal with DQPSK modulation) was not possible.

To evaluate the maximum bit rate of this system , the link length was reduced
to 160 km with perfect dispersion slope compensation. In this case, the FWHM
at the end of the link was such, that multiplexing and demultiplexing up to
2.56 Thit/s could be done with an acceptable penalty. Fig. shows the BER-
measurements in this configuration for 2.56 Thit/s and 1.28 Tbit/s transmission
over 160 km DMF, plotted together with 80 Gbit/s and 640 Gbit/s back-to-back
curves as reference. For these measurements we used a 8.0 nm filter after the
pulse compression to adjust the pulse width to 0.65 ps at the output of the
transmitter. The pulse width after 160 km transmission was 0.8 ps, as can be
seen in Fig.

For 2.56 Thit/s transmission, it is desirable to shorten the pulses further.
However, the reduction of the pulse width in the present setup was limited by
the bandwidth of the cascaded non-gain-flattened EDFAs, fourth-order chro-
matic dispersion and higher order PMD. The coherence crosstalk due to the
overlapping pulse tails resulted in variations of the performance as indicated by
the dashed area in Fig. At 2.56 Thit/s the system performed error-free
(BER < 107?) in the back-to-back configuration. Even at 160 km transmission
distance, a best BER value of less than 10~° was achieved which is sufficient to
obtain a BER < 1072 when using standard Forward Error Coding (FEC).

In this experiment, the limit was clearly set by the width of the data pulses
after the transmission link. At the input of the fiber link, the FWHM of the pulse
was 0.42 ps. After the link of length 240 km, the data pulses were broadened to
1.0 ps, which did not allow error-free demultiplexing. By shortening the link to
160 km, the data pulse FWHM was reduced to 0.8 ps, enabling the multiplexing
and error-free demultiplexing up to 2.56 Tbit/s. The pulses broadened during
propagation, due to imperfect dispersion compensation.
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4.2 Add-Drop Multiplexing at 160 Gbit/s and
320 Gbit/s

Add-Drop Multiplexing is a complicated operation, as two processes have to
be simultaneously done on a high bit-rate channel: demultiplexing of one low
bit-rate channel and replacing it with a new channel to re-establish the modified
high bit-rate signal. The principle of an ADM can be seen in Fig.
In this example, four 40 Gbit/s channel are multiplexed to a 160 Gbit/s data
signal, which is sent to the ADM (data in). One channel (channel 2 in Fig.
is demultiplexed (drop out). A new 40 Gbit/s signal (the "add” channel A)
is added into the empty time slot via the add-in port of the ADM. The signal
leaving the ADM at its output data out has channel A replacing channel 2.
In addition to the difficulty of demultiplexing operation, great attention has
to be paid to the following steps:

e the insertion of the new channel implies precise control of the arrival time
of the two signals coming to the ADM.

e the new channel should be added with the same properties as the ” dropped”
channel (same wavelength, same FWHM, same power), and the ADM
should treat the channel to be added in a transparent manner. In par-
ticular, wavelength conversion may be required, in the case where the
wavelength of the channel to be added is different from the wavelength of
the high bit-rate signal coming to the ADM.
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e the demultiplexing (”drop”) of one channel results in the attenuation of
this particular channel in the high bit-rate signal. To avoid cross talk, this
attenuation should be as good as possible.

4.2.1 Experimental Setup

Fig. depicts the ADM experiment carried out in this work.

A 10 Gbit/s transmitter (T,) was used to produce short optical pulses. The
10 Gbit/s signal was split by an optical coupler. One part of the signal was
multiplexed to 160 Gbit/s or 320 Gbit/s, while the other part was multiplexed
to 40 Gbit/s.

The 10 Gbit/s transmitter consisted of a 10 GHz pulse source, a 10 Gbit/s
modulator driven by a 27-1 PRBS word and a pulse compression stage. The
data pulse source was a 10 GHz solid-state mode-locked pulse source (SSMLL)
emitting 1.8 ps (FWHM) sech pulses at 1550 nm. After standard OOK mod-
ulation, pulses were compressed in a DS-HNLF (L=94 m, A\y=1560.4 nm) to
0.7 ps, using super-continuum generation [41]. The average power sent to the
HNLF was ~ 20 dBm at the input of the DS-HNLF. Though a pulse width of
1.5 ps would also have been short enough for ADM at 160 Gbit/s, pulse com-
pression was used to investigate the feasability of ADM at the higher bit rate
of 320 Gbit/s.

The ADM used in this experiment was based on a Kerr gate (including a
3 dB coupler), as described in Section and is depicted in Fig. Moreover,
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Figure 4.8: Add-Drop Multiplexer based on a Kerr gate.

a 3 dB optical coupler was built behind the DS-HNLF included in the gate, and
the two outputs of the coupler - corresponding to the ADD and the DROP
outputs of the ADM - were followed by polarization controllers and polarization
filters. In this configuration, the ADD and DROP outputs could be optimized
independently [42], which would not have been possible with a NOLM, where the
polarization settings in the loop fully determine the amplitude of the transmitted
data signal and of the reflected signal at the input of the gate. In the DROP
port of the Kerr gate, the SOP of the data signal was adjusted in such a way that
only the dropped channel was transmitted through the polarization filter when a
control pulse induced a transmittance change, thus realizing the demultiplexing
operation. In the ADD port, the SOP was adjusted for maximal suppression of
the dropped channel after the polarization filter when control and data pulses
overlapped during propagation inside the DS-HNLF. The ADM was gated by a
2.0 ps control pulse at 1565 nm, that was emitted by a mode-locked fiber laser
(MLFL) at the repetition rate 40 GHz. An optical delay line (OD) enabled
precise adjustment of the time delay between the data signal coming to the
ADM and the control pulse.

The signal coming at the DROP output was directly sent to a 40 Gbit/s
receiver for BER evaluation. The bandwidth (3.2 nm) of the filter used at the
DROP output of the ADM was not critical, as the demultiplexed signal does not
need to meet the requirements (especially short pulse width) for high bit-rates.

On the contrary, the bandwidth of the filter used at the Add output had to
be carefully chosen (6 nm), making sure that the remaining three multiplexed
40 Gbit/s channels still can be transmitted. A filter with a narrow bandwidth
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would broaden the pulses in time domain, making the adding of the new channel
after the ADM impossible.

As depicted in Fig. a 3 dB coupler was built right after the ADD out-
put, and allowed the coupling of the ”dropped” signal with the new 40 Gbit/s
channel, thus reconstituting a complete 160/320 Gbit/s data signal.

Before being recoupled together, the autocorrelation trace was measured
for the modified 160 Gbit/s signal as well as for the 40 Gbit/s signal coming
from the pulse compression stage. Dispersion compensation was adjusted using
additionnal DCF/SMF, so that both signals entered the transmission fiber with
the same pulse width. An optical delay line (OD) and an optical attenuator
(ATT) enabled fine adjustement for the amplitude and relative time position of
both signals, which was check using an optical sampling system (also based on
a Kerr gate [43]) connected at the second output of the 10 dB optical coupler
(see Fig. [4.8). Eye diagrams of the ADD signal (160 Gbit/s with a missing
40 Gbit/s channel) and of the 40 Gbit/s channel are shown in Fig. In a
practical ADM, synchronization of the new 40 Gbit/s channel with the modified
160 Gbit/s would be required. The practical realization of such a syncronization
could involve an optical gate placed on the path of the ”add” channel and gated
by the control signal also driving the ADM: a control pulse causes a 40 Gbit/s
channel to be attenuated in the 160 Gbit/s signal, and simultaneously gates the
second optical gate to enable high transmittance for the new 40 Gbit/s channel,
which should recombine with the modified 160 Gbit/s signal. As the gate used
for synchronization would be used to control the transmittance of a low bit-rate
signal, high speed processing ability would not be necessary for the latter gate.

The complete 160 Gbit/s signal was fed into a 80 km span of dispersion
managed Ultrawave’™ Fiber (DMF), consisting of 53 km of Super Large Area
fiber (SLA) and 27 km of Inverse Dispersion Fiber (IDF) (see Table for
detailed information on these fibers). After transmission, the data pulses were
slightly broadened (FWHM=0.8 ps).

The signal was split in an optical coupler. The first output of the coupler

led the signal to a FWM-based demultiplexer, which enabled the evaluation
of the bit-error rate (BER) for the different 40 Gbit/s channels. The setup
of the FWM-based demultiplexer is depicted in Fig. and its operating
principle is described later in this Section. The decision to use a FWM-based
demultiplexer was motivated by the ability of such a scheme to demultiplex data
rates over 160 Gbit/s, which is not possible with Electoabsorption Modulator-
based demultiplexers. A drawback of using FWM to demultiplex is the resulting
wavelength change for the data signal.
The second output of the coupler led the signal to an optical clock recovery [40],
which recovered the 40 GHz clock signal necessary to drive the demultiplexer
at the receiver side. A second solid state mode-locked laser emitted a 40 GHz
pulse train (FWHM= 2.0 ps) at 1535 nm, used to gate the FWM-demultiplexer.
The autocorrelation of the control pulse driving the FWM-based demultiplexer
is depicted as inset in Fig. [£.10]

The control and data waves were fed into a DS-HNLF (DS-HNLF E, see
Table using a 3 dB coupler. As both signals have to propagate copolarized
inside the fiber, polarization controllers (PC) were included, allowing optimiza-
tion of their relative polarization states. An optical delay line was included, so
that the relative delay between the control and the data pulses could be con-
trolled. Given that control and data pulse overlap during propagation inside the
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Figure 4.9: Eye diagrams measured at the DROP (a) and ADD (b) ports of the
ADM, at 160 Gbit/s.

DS-HNLF, a FWM-product at the wavelength Agy 3,=1565 nm could be mea-
sured at the output of the fiber. As stated in Section [2.4] the FWM-wavelength
Arwam corresponds to the optical frequency wrwy = we — Aw. An optical
filter was placed after DS-HNLF E, and the 40 Gbit/s demultiplexed signal at
Arw p was sent to a 40 Gbit/s receiver.
Fig.[£.10]shows also an autocorrelation trace of the control pulse used to gate the
demultiplexer and a switching window. A transmittance larger than 1 (T" > 0dB
for the switching window in Fig. was measured, which is due to the fact
that no signal could be measured at Apw s at the input of the gate. Thus,
the generation of the new wave led to high transmittance value, which does not
correspond to a gain.
The FWM-demultiplexer used was first tested by bypassing the ADM and the
transmission link, so that the demultiplexing ability of the gate could be inves-
tigated, for incoming signals of 160 Gbit/s and 320 Gbit/s. Very low penalties
were observed when demultiplexing 160 Gbit/s and error-free operation was also
achieved for 320 Gbit/s.

However, the 40 Gbit/s receiver was not wavelength dependent and the
gate could demultiplex 160 Gbit/s with no addtional penalty due to the demux
operation or to the wavelength conversion process.
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Figure 4.10: Setup for the FWM-based demultiplexer, autocorrelation of the
control pulse gating the demultiplexer and switching window.

4.2.2 Results
DROP operation

The BER was measured at the DROP output of the ADM for 160 Gbit/s and
320 Gbit/s, and was investigated as a function of the optical power sent to the
40 Gbit/s receiver. An optical attenuator was used to vary the optical power
going to the receiver. The results are presented in Fig. Error-free demul-
tiplexing was achieved in both cases. At 320 Gbit/s, no significant additionnal
penalty was observed compared with 160 Gbit/s, asserting that the data pulse
FWHM was chosen short enough for higher bit-rate. The reference measure-
ment is refered to as “40 Gbit/s back-to-back” in Fig. as it corresponds
to the BER detected when the 40 Gbit/s signal went through the gate set on
maximum transmission.

ADD operation

The BER was measured at 160 Gbit/s, for the four 40 Gbit/s channels, after
transmission through the 80 km link. The optical power was varied before the
40 Gbit/s Receiver using an optical attenuator. The 40 Gbit/s channel to be
measured was selected by varying the optical delay between the 160 Gbit/s data
signal and the 40 GHz control pulse train at the FWM-based demultiplexer. The
results are presented in Fig. The average penalty was 2.0 dB compared
with the back-to-back (b2b) measurement. The transmission characteristic used
for the ADD-operation in the Kerr-gate is depicted in Fig. The high ER
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Figure 4.11: BER measurements for 160 Gbit/s and 320 Gbit/s, for the DROP
operation.

(15 dB measured for a characteristic measured with 40 Gbit/s) as well as a
FWHM of 4 ps enabled stable operation at 160 Gbit/s. The dashed lines in
Fig. represent the bit distribution over the switching characteristic, for
160 Gbit/s. Even at 320 Gbit/s, where the bit-slot is 3.125 ps, such a switching
window could have been used when pulses are as short as 0.8 ps. However, the
”ADD” characteristic showed a high attenuation of Tapp pax=-41.8 dB (see
Fig. , which causes the SNR of the data signal to decrease after the ADM,
and explains the penalties measured. The high attenuation of the Kerr gate is
due to the extra passive loss caused by the additional 3 dB coupler needed for
ADD-DROP operation, as well as to the low switching efficiency of the Kerr
gate.

The requirements on the pulse widths and jitter for a 320 Gbit/s ADM ex-
periment were met throughout this experiment. Still, no proper measurement
could not be done over 160 Gbit/s, due to insufficient stability in the setup,
involving three pulses sources, one ADM and a demultiplexer. Taken separatly,
the ADM-operation could be successfully done at 320 Gbit/s, as can be seen in
Fig. and as suggested by Fig.[4.13] Fig. a) shows an eye diagram rep-
resenting the extraction of a 40 Gbit/s channel out of a 320 Gbit/s signal, and
Fig. b) shows the same signal after the re-adding of a new 40 Gbit/s chan-
nel. These eye diagrams were taken at the input of the FWM-demultiplexer. In
particular, the amplitude of the neighbour channels of the channel to be dropped
in Fig. |4.14h) were not attenuated by the ADD-transmittance function shown
in Fig. [4.13] The 320 Gbit/s signal experienced high attenuation in the Kerr
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Figure 4.12: ADD operation at 160 Gbit/s: BER measurement for each
40 Gbit/s channel after the FMW-based demultiplexer.

ADM, which is responsible for the low resolution of the eye diagrams measured.
Though the Kerr ADM fulfills the speed requirements for ADM over 160 Gbit/s,
regeneration of the signal at the ADD output is required, due to the high at-
tenuation of the ADM.
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Chapter 5

Conclusion

The NOLM and the Kerr gate were investigated experimentally. The phase shift
induced through Cross-Phase Modulation was measured and offered an argu-
ment for comparing the two gates. Switching windows were also investigated,
and the DS-HNLF's used were varied, which allowed to determine the influence
of the parameters of the fibers on the performance of each gate. Low parametric
amplification could be observed, and was not further investigated in this work.
Both gates are capable of demultiplexing a 320 Gbit/s TDM data signal to
40 Gbit/s, and low penalties were measured. The NOLM was also successfully
used to demultiplex a 640 Gbaud data signal. The fiber used was chosen in
accordance with investigations presented in Chapter

An Add-Drop Multiplexer took advantage of the principle of operation of the
Kerr gate, as was presented in Chapter ] The feasability of ADM at bit-rates
higher than 160 Gbit/s was demonstrated.

Experimental investigations allowed to improve insight on the advantage of us-
ing the NOLM or the Kerr gate, and illustrated the necessity of choosing the
right fiber to be included in the gate.

Choice of the gate

Though boths gates basically have the same switching characteristics (same
dependence of the transmittance T' on the XPM-induced phase shift Ay), prac-
tical considerations give an advantage to the NOLM when the demultiplexing
functionnality is needed. It is expected that for a given control pulse power,
the XPM-induced phase shift is 1.5 times larger in the NOLM than in the Kerr
gate. This was also observed in experimental investigations of the phase shift,
and a factor 1.57 was measured between the slopes of the functions representing
Apnyorym and Aggeq- versus the power of the control pulses for low powers.
Considering a given control power budget, reaching a phase shift that will allow
good operation (Ayp > 0.6 7, as suggested by experimental results) for the gate
will be obtained easier with the NOLM. BER measurements proved that both
gates are suitable for TDM demultiplexing, and no significant difference could
be observed for the penalties measured. This is however consistent with the
fact that both gates present a switching window with the same shape, and that
the BER measurements carried out in Section were not influenced by the
additionnal insertion loss (passive loss associated to lower switching efficiency)
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Figure 5.1: Comparison of phase shift measurements in fiber-based gates and
in SOA based gates [I]

of the Kerr gate. In most of the cases the optical gate is followed by an amplifier
(EDFA) which might add noise to the data signal if the signal power at its input
is low. In such a configuration, the NOLM would the gate of choice.

The base data rate considered in this work was 40 Gbit/s and is expected to in-
crease in the future. Consequently, the repetition rate of the control pulse will
double (when considering the upgrade from 40 Gbit/s to the 80 Gbit/s base
rate). Assuming that the average control signal power remains constant, this
results in a two times lower peak power for the control pulse. As this quantity
is of high importance for switching (as observed in chapter , the NOLM is
once again expected to outcompete the Kerr gate due to its better switching
efficiency.

Fig. presents a comparison of the phase shift measurements carried out
in the NOLM and in the Kerr gate (see Chapter , as well as in interferomet-
ric gates incorporating SOAs, operated either conventionnaly or in the gain-
transparent mode [I]. As can be seen, the phase shift that could be reached
in a fiber is still much higher than this reachable in an SOA, as soon as the
repetition rate of the control pulses exceeds 80 Gbit/s. The phase shift is also
independent of the repetition rate of the control pulse.

This feature is a reason why the Kerr gate and the NOLM are predisposed gates
for applications such as all-optical 3R-regenerators, where the transmittance of
the gates is driven by a control signal with a high repetition rate [44].

Though this could not be observed at a bit-rate up to 640 Gbit/s, the NOLM
is suspected to be limited through the bidirectional transmission of the data
pulses in the HNLF. At high bit-rates, the time delay between two data pulses
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is shortened, and the density of data pulses propagating Clockwise and counter-
clockwise in the loop increases. Consequently, the relative phase shift difference
induced on the clockwise propagating data pulses in the loop decreases, which
may lead to a decrease of the performance of the NOLM. As in the case of the
Kerr gate, data and control pulses propagate unidirectionally in the HNLF, the
performance of the Kerr gate should not suffer from this limitation.

Choice of the DS-HNLF

The choice of the fiber to be incorporated in the interferometric gate is also an
issue appointed in this work. Though the use of a long fiber (L > 1 km) might
help to overcome the limitation for the available power of the control signal,
the impairements due to dispersive and nonlinear effects (spectral broadening
and shape change for the control pulse, mainly), scaling with L, were clearly
shown to limit the performance of the gate. These impairements are however
be reduced when using a DS-HNLF with a short length.

Throughout this work, the wavelengths of the pulse sources for data and control
signals were mostly not tunable, so that the condition required to reduce the
walk-off was not met. Still, short switching windows with high extinction ratios
and low attenuation could be measured, and error-free operation was achieved
for the experiments reported. Therefore, walk-off did not appear to be a strong
limiting factor in this work.

The specifications given for DS-HNLF's (indications on Ag, v, S(Ag), L) have to
be taken with care, as they might lead to disagreement between experimental
and simulated results. In particular, the zero-dispersion wavelength X is rarely
constant over the fiber length. Thus, the measured Ay should be considered as
an "effective” zero-dispersion wavelength. The nonlinear parameter 7 is also
evaluated using different methods, and the estimation on v may vary. In the
near future, a better controlling of the manufacturing process of DS-HNLFs
should provide more accuracy on these crucial parameters.

In the experiment of Nakazawa et al. [4], a very sophisticated setup was
used for the demultiplexing of 640 Gbit/s. In the present work, various DS-
HNLFs were used in two optical gates and demultiplexing could be done up to
640 Gbit/s with a much simplified setup.
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Appendix A

Appendix

A.1 Fibers used

In the following, we present the fibers used throughout this work.

Fibers used as nonlinear medium

DS-HNLF A B C D E F
~ 21 10 21 21 20 21
L (m) 100 300 850 46 503 94
Ao (nm) 1536.7 | 1556.0 | 1550.3 | 1560.9 | 1550.0 | 1549.0
S(pskm Tnm-2) | 002 | 002 | 002 | 0.016 0.016
PMD (ps km /%) 0.053 | 0.053
Loss (dB) 0.6 1.4 1.6 14 15 1.1

Table A.1: Characteristic parameters for fibers used in this work

DS-HNLF A, B, and E anf F were provided by OFS Denmark.
DS-HNLF C and D were provided by Sumitomo Electrics through Fujitsu Lab-
oratories Ltd.

Fibers used for transmission

SLA Fiber | ID Fiber
Length (km 53 27
v (W=l km™1) 0.87 3.05
D@ 1550 nm (ps km~! nm~1) 20 -40
Aeff (,u mz) 105 33
a (dB km™1) 0.187 0.234

Table A.2: Parameters of the Super Large Area (SLA) and Inverse Dispersion
(ID) Fibers used for trasnmissions in Sections and
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A.2 Optical pulses

An optical pulse is commonly described by the indication on the Full-Width at
Half-Maximum 7pw g of its intensity profile, on its shape (e.g. sech, Gaus-
sian), and by its peak power Ppeq,. The energy of a single pulse is given by

+oo
2
EnergyPulse<PPeak7 7—FVVHM> = PPeak/ |A:—L§CV721M (t)| dt (Al)

— 00

TFWHM
pulse energy is expressed in Picojoule (pJ), Ppeqr in Watt (W), and 7pw gas in

Picosecond (ps).

where A79"™- (t) is the normalized amplitude of the pulse. In Eq. the

For a Sech pulse:

2
sech T (t) = (A.2)
e exp(IERD) Fexp(— 2B
For a Gaussian pulse:
Afauss rpwma (1) = eXP(*m (A.3)

Consequently, the energy of a single pulse of width 7pw s can be expressed
as a function of Trw g Ar:

+oo
2
Energypuise(Ppeaks TFWHM) = PPeakTFWHM/ | A e () dt
— 00

(A.4)
where t’=t/7pw g has no unit.
The factor asp. = fj;; |Angrms (#)]? dt accounting for the pulse shape is
asp.=1.1346 for a sech pulse, and a,, =1.0645 when considering a Gaussian
pulse

The relations linking the pulse energy (in pJ), the average power P,
(in mW) and the peak power Pp.q (in W) of a pulse emitted with the repetition
frequency vyep. (in GHz) are [1]:

Energypulse = PPeakTFWHMash. (A5)
P,
PPeak = ek (AG)
Vrep. Qsh. TFWHM
P,
EnergyPulse =9 (A?)
rep.
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Appendix B

List of Symbols and
Abbreviations

Abbreviations

In alphabetical order:

ADM: Add-Drop Multiplexing (Add-Drop Multiplexer)
AP: Alternating Polarization

BER: Bit Error Rate

DCF: Dispersion Compensating Fiber
DFF': Dispersion Flatened Fiber

DGD: Differential Group Delay

DILM: Dispersion Imbalanced Loop Mirror
DLI: Delay Line Interferometer

DOP: Degree of Polarization

DPSK: Differential Phase Shift Keying
DQPSK: Differential Quadrature Phase Shift Keying
DSF: Dispersion Shifted Fiber

DS-HNLF: Dispersion Shifted Highly Nonlinear Fiber
EAM: Electro-Absorption Modulator
EDFA: Erbium Doped Fiber Amplifier

ER: Extinction Ratio

FWHM: Full Width at Half Maximum
FWM: Four-Wave Mixing

FEC: Forward Error Coding

GVD: Group Velocity Dispersion

HNLF': Highly Nonlinear Fiber

IDF': Inverse Dispersion Fiber

IR: Infra Red

MLFL: Mode-Locked Fiber Laser

MLSSL: Mode-Locked Solid State Laser
NLSE: Nonlinear Schrodinger Equation
NOLM: Nonlinear Optical Loop Mirror
NRZ: Non Return-to-Zero

OBF: Optical Bandpass Filter

OD: Optical Delay
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OSNR: Optical Signal-to-Noise Ratio

PA: parametric amplification

PBS: Polarization Beam Splitter

PF: Polarization Filter

PMD: Polarization Mode Dispersion

PMF': Polarization Maintaining Fiber

R7Z: Return-to-Zero

SDH: Synchronous Digital Hierarchy

SLA: Super Large Area fiber

SLALOM: Semiconductor Laser Amplifier in a LOop Mirror
SONET: Synchronous Optical Network
SOA: Semiconductor Optical Amplifier
SOP: state of polarization

SP: Single Polarization

SPM: Self-Phase Modulation

SSMF': Standard Single Mode Fiber
SSMLL: Solid-State Mode Locked Laser
TSMLL: Tunable Semiconductor Mode-Locked Laser
WDM: Wavelength Division Multiplexing
OTDM: Optical Time Division Multiplexing
UV: Ultra Violet

XPM: Cross-Phase Modulation
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Symbols

Acsy: effective area

A(z,t): slowly varying pulse envelope
a: absorption coefficient

(B: propagation constant

c¢: velocity of light

D: Dispersion parameter

€0: vacuum permitivity

F(z,y): Electrical field modal distribution
~: nonlinear parameter

g: parametric gain

G Ax: maximum parametric gain
k: wave-vector

Ak: wave-vector mismatch

A: Wavelength

Ao: Zero Dispersion Wavelength

A¢: Control signal wavelength

Ap: Data signal wavelength

Amid.: "Middle” Dispersion between A¢c and Ap
: nonlinear coefficient

: group index

: charge density

: magnetic flux density vector

: electric flux density vector

: electric field vector

: magnetic field vector

ISR

: polarization vector

Ppeqr: Pulse peak power

R,: Receiver

S: Dispersion-slope parameter

T: Transmittance

T 1-T

T,: Transmitter

To: Halt-Width at (1/e)-Intensity point
Tewam, FWHM: Full-Width at Half-Maximum
Lo: vacuum permeability

vg: group velocity

w: mode field radius

w: optical frequency
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