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Abstract

This graduation thesis report focuses on the characterization of an AOLS
node. The work is done in the frame of the European 1ST research project
STOLAS, with the aim of improving the throughput of packet switched net
works by introducing orthogonal labeling of optical signals.

The theory of the SOA, the MZI wavelength converter based on XPM and
the FP interferometer are described in detail in chapter 2. In chapter 3, a
theoretical analysis of the chirp is presented and the limitations of simulating
chirp in VPI software are explained. The effect of phase modulation because
of the carrier-induced change in the refractive index is quantified by the
chirp parameter. There are several methods for measuring the chirp. For
example by measuring the sharply defined minima in the frequency response
of a dispersive fiber the a parameter can be measured. Another method is
by means of frequency to amplitude conversion, executed in a MZI or FP
interferometer. It is also possible to measure the optical spectrum with an
optical spectrum analyzer. An theoretical analysis of the chirp and of the
chirp measurement method is described in paragraph 3.2. An overview of the
characterization of the FP for the time-resolved chirp measurement is shown
in paragraph 3.4.

Chapter 4 shows the results of the simulations in VPI software. The
behaviour of the wavelength converter is analyzed on the basis of the phase
in both arms of the MZI wavelength converter based on XPM. The static gain
characteristic of the wavelength converter is simulated. Also the influence of
the probe power and the SOA injection current setting were studied on the
hand of the simulations.

The combined modulation format 1M, for payload, and FSK, for optical
labeling, is simulated. The pattern dependence of the wavelength converter
after one wavelength converter and also after cascading four wavelength con
verters is simulated and discussed.
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Simulated chirp values appear to be in the same order of magnitude than
those found in literature or in the experimental work carried out on the MZI
wavelength converter. The simulated chirp peak to peak are between 2 and
4 GHz depending on the output extinction ratio. The EOR improvement is
also simulated and shows maximum improvement at ERin ~ 8 dB. For that
input extinction ratio the output EOR is more than 20 dB, this means 12
dB extinction ratio improvement.

The experimental work is described in chapter 5. The different operation
modes of the wavelength converter are investigated. The static gain is mea
sured for all the current settings that are valid for inverting and non-inverting
mode, working in co- and counter-propagation mode.

The dynamic range of the wavelength converter is an important parameter
to characterize. The data signals in the network do not have the exact
same power level when they reach the AOLS node in the STOLAS network.
The 2-dB dynamic range is measured for 2.5 Gbit/s operation in the co
and counter-propagating mode. The dynamic range is the largest for co
propagating non-inverting mode. For the 10 Gbit/s signal we only checked co
propagating operation. The results for non-inverting and inverting operation
are respectively 2.7 and 2.1 dB for the 2-dB dynamic range. But because
the range where the power penalty is smaller than 2 dB compared to the
back to back system is larger for inverting operation, inverting operation is
preferred above non-inverting. The range for inverting operation is 3.7 dB
and for non-inverting operation is 1.7 dB.

The chirp measurements were carried out for 2.5 Gbit/s as well as for
10 Gbit/s. No big difference in chirp to chirp peaks were observed. For
non-inverting conversion we found a red shift on the rising edge and a blue
shift on the falling edge. For inverting operation the chirp is opposite to the
non-inverting operation. The value of the peak to peak chirp measured is
varying between 3.5 and 5 GHz. The amount of power in the chirp peaks
is relevant for the labeling format in the STOLAS project. When the chirp
is too large it will influence the FSK signal. Therefore the power in the
chirp peaks is calculated from the time-resolved chirp measurements. We
have looked at the percentage of the power that is in chirp peaks higher than
10.5GHzl, 11.0GHzl and 12.0GHzl. The percentage of the power for 2.5 Gbit/s
operation are respectively in the order of 25 %, 10 % and 2 %. For operation
at 10 Gbit/s the percentage are respectively in the range of 40 %, 25 % and
5 %. The proposed deviation between the frequency tones in the STOLAS
project is 20 GHz. Because the chirp peaks are < 3 GHz no degradation of
the FSK signal is expected.



Chapter 1

Introduction

This report is a description of the work I have done during my final project at
the Technical University of Eindhoven (TUIe). This graduation thesis is the
last part of the study program of electrical engineering at the TUIe. During
this 9 months project I worked on a small part of the STOLAS project. In
this chapter first an introduction about the STOLAS project is given, and
after that my assignment, which is a small part of the STOLAS project is
described.

The main object of the STOLAS project is to improve the throughput
of packet-switched networks, by providing novel optical routing techniques.
Additional overall objectives are to develop key optical functionalities for op
tical packet routing, and to validate the technical feasibility in a limited-scale
testbed. The amount of packet-based data traffic in today's telecommunica
tion networks is increasing steeply, and in many networks has already over
taken circuit-switched traffic. In order to satisfy the exploding demand for
network capacity, wavelength division multiplexing (WDM) is being intro
duced consecutively in core networks and in metropolitan area networks, and
will penetrate in access networks in the near future. Today, IP packet-based
data are carried over WDM, with SDH or ATM as the intermediate layers.
Avoiding these intermediate layers by carrying IP directly over WDM yields
more efficient and cost-effective networks, and is generally considered to be
the preferred approach in data-centric networks [1].

The rapidly increasing demand for transport capacity of packetized data
requires innovative measures to improve the throughput of data communi
cation networks. By introducing an optical-label-switched network layer, IP
routers can be bypassed optically, which avoids the burden of going through
the electrical IP processing. Extending the recently presented Multiple Pro-
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tocol Lambda Switching (MPAS) approach [2], the STOLAS project proposes
to have two optical levels of packet labels. One level is the wavelength to be
assigned to the data stream. In this report mostly referred to as payload.
The second one is the label information converged by the optical carrier wave
in a modulation format which is orthogonal to that for the payload. E.g.,
the label is modulated on the phase, and the payload are modulated on the
amplitude of the carrier. Alternatively, the orthogonal label modulation for
mat can be on the optical frequency of the carrier. In the edge nodes, both
the wavelength label and the FSK or DPSK label are set and assigned to
packets (or bursts of packets) from the underlying access or metro network.
In the network's core nodes, the wavelength and/or the orthogonal modu
lated label are used for routing the packets, and can be swapped. Main
topics in the project are dimensioning and performance analysis of the net
work, strategies for assigning and swapping the optical labels, strategies for
label-controlled cross connect and add/drop functions, and specification, de
sign and realization of network elements. By omitting SDH in wavelength
switching networks, the optical layer needs to take over parts of the moni
toring, restoration and regeneration tasks. Therefore also advanced work on
multi-channel signal regeneration and optical monitoring is proposed.

The new concept of stacked optical labeling proposed by STOLAS re
quires extensive network studies with an innovative nature; study of routing
strategies and label stacking strategies, the use of the orthogonal channel for
conveying network control signals, investigation of optimum granularity, of
interference between the data and the label information due to fiber non
linearities and dispersion, etc. In addition, it is expected that the assembly
of a number of edge routers, label-controlled core routers and add/drop mul
tiplexers, and their testing in a small-scale demonstration network, will lead
to a significant amount of new insights. Based on these, inputs to standard
ization bodies such as IETF and ETSI are foreseen.

On this field the need exists to research the network possibilities of optical
label switching theoretically. Simulations must be run to test the behavior
of the network physical layer in relation to the orthogonal label and to the
two-level label swapping. The influence of the granularity and the possibil
ities for wavelength and orthogonal modulation (label) stacking have to be
assessed. The best compromise between number of wavelengths and bit rate
per channel has to be determined. The relation between the number of label
levels and the network size or architecture needs to be explored. The required
network control functions have to be investigated. Optical implementation of
Quality-of-Service based routing strategies are to be studied. There must be
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specifications found for the wavelength switching and modulation speeds of
the tunable laser diodes, and for processing the orthogonal modulated label
information [3].

The assignment was to investigate the FSK/IM and the DPSK/IM com
bined modulation formats for optical labeling of signals. On a later stage
the we aimed our focus at the FSK/IM format, because of the outcome of
the STOLAS work shops. Specially, we focus on the influence of a MZI
wavelength converter based on cross-phase modulation (XPM) on the label
swapping process. A study of techniques to extend the dynamic range of the
optical label swapping node and a performance analysis of the wavelength
converter is also part of the assignment. This report gives a description of
the AOLS node as is going to be used in the STOLAS project and several
solutions to increase the performance of this AOLS node.

The report is organized as follows. First, the most important theory
to understand the all-optical MZI wavelength converter based on cross-phase
modulation (XPM) is described in chapter 2. In chapter 3 we will look deeper
into one of the major issues concerning the all-optical wavelength conversion
for FSK/DPSK label swapping, which is the chirp. A theoretical analysis is
presented and methods for measuring the chirp are described. The results of
our simulations are stated in chapter 4, and in chapter 5 the results of the
experimental work on the characterization of the A1catel MZI wavelength
converter are shown. Moreover, chapter 6 contains a review of the results
which have been obtained during this project and the conclusions of this
study regarding to the STOLAS project. Finally in chapter 7 the directions
of future research on this field are presented.



Chapter 2

Theory

In this chapter we consider the theory of components needed for all-optical
wavelength conversion. In paragraph 2.1 the theory of the BOA is presented.
The cross-phase modulation (XPM) effect in the wavelength converter is
explained in paragraph 2.2. In paragraph 2.2.1 the results of an extensive
study on the dynamic range of the MZI wavelength converter are described.
After that we will present some basic theory of the characteristic of a Fabry
Perot (FP) interferometer in paragraph 2.3.

2.1 Semiconductor Laser Amplifiers

BOA's are highly non-linear devices and can be used not only for signal
amplification, but also for other kind of all-optical signal processing, like
frequency conversion, switching, optical time domain demultiplexing, etc. In
this work the BOA is used as the main building block of the wavelength
converter.

2.1.1 Gain Characteristics in SOA's

The gain in a semiconductor laser amplifier is induced by a stimulated emis
sion process between the electron carriers in the active layer of the semicon
ductor and the input light. This amplification process is usually described
using a carrier rate equation. A rate equation describes the behaviour of a
medium having separate energy levels. These rate equations are applied to
optical semiconductors which have a band structure. This is because they
have a sufficient fast intraband relaxation time and can be regarded as a
homogeneous gain broadening medium. The carrier rate equation can be
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expressed as [41:
dn n I J
- = - - - A (n - no) - + -
dt Ts 9 hv ed'

Theory

(2.1)

The term on the left hand side of equation 2.1 is the differential carrier den
sity. On the right hand side of equation 2.1 the first term represents the
relaxation process, the second, stimulated emission, and the third, pump
ing by current injection. The behaviour of the signal light intensity can be
described by the following propagation equation of the SOA [4]'

dI
- = fA (n - no)I - aIdz 9

The parameters in these equations are:

• n: carrier density

• no: carrier density producing gain in medium

• T s : carrier relaxation time

• Ag : differential gain coefficient

• I: light intensity

• J: injection current density

• e: electronic charge

• d: active layer thickness

• h: Planck's constant

(2.2)

• v: light frequency

• f: light confinement factor

• a: loss coefficient due to absorption outside the stimulated process and
to waveguide scattering

• t: time

• z: direction of light propagation

We solve equation 2.1, by taking ~~ = 0 and substituting it into equation
2.2,

dI =fA TsJ/ed-noI_aI= ( f')'o -a)I. (2.3)
dz 9 1 + 1/Is 1 + 1/Is
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Where Is = hV/TsAg and 10 = Ag(TsJ/ed-no), correspond to the saturation
intensity and the unsaturated gain coefficient, respectively. Whilst the gain
coefficient of the medium is 10 when the light intensity is sufficiently low
compared with Is, the gain coefficient decreases in line with 1/(1 +I/Is) and
gain saturation occurs as the intensity increases.

2.1.2 Small Signal Gain

The small signal gain can be found by ignoring 1/Is in equation 2.3 and
integrating the equation over the amplifier length. This gives us:

Pout = Pinexp[(flo - a)L]. (2.4)

(2.5)

Here Pout is the output signal light power and Pin is the input signal light
power. L is the length of the SOA. According to equation 2.4 the signal
gain depends on the light confinement factor f. To prevent polarization
dependence, effort has been made to eliminate the polarization dependence
of f.

2.1.3 Gain Saturation

As the input light power increases, so the amplification gain decreases in
accordance with equation 2.3. The theoretical solution for the saturation
characteristics of an ideal TWA can be found as follows by integrating equa
tion 2.3 over the length of the amplifier:

(
lout lin) ()Ioutexp T - I; = Iinexp floL

The saturation characteristics are determined by the saturation intensity
Is = hv/AgTs. It is known that in long-wavelength semiconductor media,
high carrier densities bring an increase in the non-radiative process called
Auger recombination, causing T s to shorten. Therefore the use of a large
injection current, which means a high carrier density, results in a high sat
uration output power. In the saturated region the carrier density varies
according to the light intensity. If the temporal variation of the light inten
sity is sufficiently slower than the carrier density time constant, the carrier
density will respond instantly to changes in the light intensity. The gain can
then be described by the steady-state saturation gain characteristics. When
the change in light intensity is sufficiently faster than the time constant, then
the carrier can only respond to the average light intensity and the carrier den
sity will be constant at a value corresponding to the average input power of
the signal light.
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2.2 XPM Wavelength Converter

Optical wavelength converters will provide both flexibility and efficiency to
future wavelength-division multiplexed (WDM) networks due to the ability to
allocate wavelengths on a link-to-link basis which in turn relaxes requirements
to management and wavelength precision. This has lead to a considerable
attention to wavelength converters. Although different converters have been
proposed, the most promising are the cross-phase modulation wavelength
converters that use semiconductor optical amplifiers (SOA's) in interfero
metric structures such as a Mach-Zehnder configuration. These converters
can be operated at high speed, they have low chirp as well as regenerative
capabilities and are wavelength independent.

In (co-propagation)
_~~

'\
In (counter-propagation)

Probe

Out

Figure 2.1: All optical wavelength converter based on XPM. Possible to operate in
co-propagating mode or in counter-propagating mode.

The wavelength converter based on XPM, see figure 2.1, consists of a
probe input, which is provided with a CW signal, that will determine the
output wavelength. For the input signal we can chose between co- or counter
propagation operation. The input signal is sometimes called: "pump signal".
So the pump signal is the data signal coming from the network, thus the old
wavelength signal. A continuous-wave (CW) probe beam together with a
signal beam is injected into the upper SOA shown in figure 2.1. The sig
nal beam carrying the information at Al modulates the gain of the SOA by
depleting the carriers. Depletion of the carriers also causes a change in the
refractive index and thus the phase of the optical beams in the cavity. The
probe beam at wavelength A2 encounters the modulated gain and refractive
index and thus the probe amplitude and phase are changed by the input
signal. We consider the probe to be a continuous wave signal at an angular
frequency We and the pump signal an intensity modulated signal at another
carrier frequency ws , with average power Ps . If m(t) represents the modu-
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lating signal which consists of random NRZ data and G is the gain of the
optical amplifier then the phase modulation (PM) of the probe signal due to
intensity fluctuation of the pump as well as the probe itself in a fiber length
of L, can be expressed as [4]

[
1 -o.L]

¢e(t) = "Ie - ~ (2.6)

where "Ie = \27f
A
n2 is the nonlinear coupling coefficient of the SMF at the

"c ef f

wavelength of the probe, n2 is the nonlinear refractive index of fiber, Ae is
the wavelength of the probe signal, a is the fiber attenuation coefficient,
Aeff is the effective core area. For a detailed theoretical analysis the reader
is referred to [5] and [6].

Work has already been done to achieve conversion speeds above 10 Gb/s
[7]. For achieving such high modulation bandwidth, the SOA's should be
operated with:

• 1. large current injection and

• 2. high optical power levels.

Moreover, the SOA waveguides should have:

• 3. large optical confinement factors and

• 4. large differential gain

The requirement for high injection current translates into using SOA's
with a long cavity since the maximum current density for the structures is
",25-30 kA/cm2 • There are several advantages for XPM over XGM:

• a regeneration capability which leads to the converted signal having a
high extinction ratio and narrow optical spectrum

• The converted signal can be either inverted or non-inverted relative to
the input signal.

• Up- and down-conversion over the EDFA gain bandwidth can be achieved.

• Information can be converted to the same wavelength,.

• Long term stability is achieved based on monolithic integration.

• The wavelength conversion scheme is power efficient.
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2.2.1 Dynamic Range

The wavelength converter based on XPM shows a pronounced interferometric
behavior, in which small changes in the input power leads to large changes in
the output power. Because of this, the control of the input power is a crucial
point in this device. The input and output power characteristic is strongly
dependent on the SOA injection current and on the parameters of the SOA.
Therefore the parameters and the injection current of the SOA need to be
carefully adjusted to obtain the optimal operation point of the wavelength
converter. In the experimental characterization of the wavelength converter
we can of course only tune the current settings of the SOA's. Without com
pensation for the relative small dynamic range the input power dynamic
range of the interferometric wavelength converter is 3 it 4 dB at 10 Gbit/s.
The dynamic range is essential because signals may experience different at
tenuation throughout a network with subsequent variations in input power
to the label switching nodes.

There are several techniques to extend the dynamic range of XPM based
wavelength converters. In [8] and [9] the I-dB dynamic range is improved
from 4 dB to 8 dB by adjusting the bias current of one of the SOA's between
170 rnA and 210 rnA. The optimum input power changes when the injection
current of a SOA in one of the arms changes. This method is used change to
optimum input power of the wavelength converter. By detecting the input
power level, the current to a SOA in one of the arms of the interferometric
structure can be changed in accordance with the input power variations.

Another way to improve the dynamic range is to use a SOA to control
the input power level by monitoring the input power and adjusting the SOA
current accordingly. Since the response of the SOA is in the nanosecond
range this scheme is attractive for packet switched networks where power
fluctuations occur on a packet level. In such a way the dynamic range can
be improved with approximately 25 dB, as is shown in [8]. In [10] the gain
control is done by measuring the RF perturbation to the d.c. drive current
to an SOA based amplifier which may be used in a simple feed back loop
to ensure constant modulated optical signal power from the SOA. In their
experiment the SOA was biased with a d.c. current source through a bias tee,
with the microwave port of the bias tee being connected to an RF electrical
power meter. A variable power 10 Gb/s PRBS signal was applied to the
SOA gate. It is therefore possible to construct a feedback system to maintain
constant output power using the measured RF current as a control signal.
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Another possibility is to control the input power to the interferometric
wavelength converter by insertion of a saturated amplifier, e.g EDFA or SOA
before the converter. The output saturation power of the amplifier must be
designed to match the optimum input power of the wavelength converter. In
[8] measured experiments show a dynamic range of greater than 25 dB. Since
the gain recovery of the EDFA is relatively slow (1 ms), this scheme is suited
for slowly varying input powers. So in the case of our packet switched net
work we should consider a faster amplifier such as a SOA. The gain of a SOA
can be controlled by the chip temperature as well as the bias current [11].
An input power control stage, e.g. an optical pre-amplifier with automatic
gain control. In [11] the gain control is done by a module containing a SOA
incorporating two photo diodes to detect radiation emitted from the two op
posite facets of the amplifier chip. By subtracting their signals, a measure of
the amplified signal is obtained without the need for optical filtering. This
measurement yields the amplified signal alone. The feedback loop based on
the built-in amplified signal monitor stabilizes amplified signals within 2 dB
when the chip current is used to control the optical gain and within 0.5 dB
when the chip temperature is used for gain control, both for a 25-dB input
signal range. In [12] a signal-controlled automatic gain control method is ex
plained. A practical way to keep the output power constant is to operate the
optical EDFA amplifier in the gain-compression (saturation) region. When
the input power to the amplifier decreases, the gain becomes higher to yield
a higher output power. Conversely, if the input power increases, the gain
drops to compensate for this variation. This is known as a self-healing effect
in optically amplified communication systems. The limitation of this signal
controlled AGC scheme is that the gain is low, since the amplifier operates in
the saturation region. In [13] the constant per-channel output is obtained by
adjusting the attenuation of the voltage-controlled attenuator (VCA) with
the changes in the tapped supervisory power, which is directly proportional
to the change in the upstream loss. While the gain of the EDFA is clamped
to 20.8 dB for the per-channel input power ranging from -30 to -16 dBm.
The upper limit of input dynamic range is due to the available pump power
used.

2.3 Fabry-Perot Interferometer

The Fabry-Perot is the simplest of all interferometers, consisting of two par
tially transmitting mirrors facing each other. Depending on the application,
these mirrors may be flat or spherical, and the distance between them can
range anywhere from micrometers to meters. All Fabry-Perot designs share
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some common features, but there are important differences which determine
the right choice of interferometer for a particular application.

The Fabry-Perot mirrors form an optical cavity in which successive reflec
tions create multiple beam interference fringes. The ideal single-cavity FP
filter may be thought of as an optical resonator as shown in figure 2.2. Physi
cally, it consists of two mirrors with power reflectivity R spaced by a distance
L of material with index of refraction n. Only an input with wavelength A
(inside the cavity) satisfying the familiar resonance relation L = mA/2, where
m is a positive integer, identifying the order of interference, is transmitted
maximally with all other frequencies attenuated to various degrees.

In

R

(-.

L

R

Out

Figure 2.2: Schematic of an ideal single-cavity Fabry-Perot filter with length Land
mirror reflectivity R.

FP interferometers are more often tuned by changing the mirror spacing.
The optical path length between the mirrors can be altered by rotating the
Fabry-Perot interferometer, but rotation results in nonlinear tuning and must
be limited to small angles or the resolving power of the interferometer is
degraded. A more versatile technique for changing the mirror spacing is to
mount one mirror on three piezoelectric elements and translate that mirror
in a direction perpendicular to its surface while the other remains fixed.

The range of wavelengths that can be displayed in the same spectral order
m without overlapping adjacent orders is called the free spectral range (FSR).
For a plane mirror Fabry-Perot with spacing d,

1
FSR = -nd

2
(2.7)
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The resolvable bandwidth or instrumental resolution is the full width at half
maximum of the spectral profile that would be observed from a perfectly
monochromatic source. It is defined arbitrarily as

£ _ FSR
uV - F ' (2.8)

where F is called the finesse, and 6v is resolvable bandwidth measured in wave
numbers. Finesse is a measure of the interferometer's ability to resolve closely
spaced lines; the higher the finesse the better. Finesse can be thought of as
the effective number of interfering beams involved in forming the interference
fringes. The factors that limit finesse are those which reduce the strength of
the interference as the number of reflections increases. Important examples
are mirror reflectivity less than 100% and lack of parallelism or flatness of the
mirror surfaces. A separate finesse is associated with each of these factors.

The best Fabry-Perot interferometer for a particular application depends
on many factors, including size, stability, tunability, free spectral range, res
olution, light gathering power, and price. Distinguishing features of the var
ious types of Fabry-Perot systems are outlined below.

Solid etalons and fixed-air-gap etalons are stable and compact, making
them ideal for wavelength filtering, frequency calibrating, coherence exten
sion, and intracavity mode selection in lasers. Solid etalons are made from
a piece of optically homogeneous material such as fused quartz. Opposite
faces are polished flat and parallel, and coated to any desired reflectivity. In
a fixed-air-gap etalon, two mirrors are bonded to a solid spacer element. Both
types are highly stable mechanically, but solid etalons are more sensitive to
temperature changes. A solid etalon is best used in a thermally controlled
housing where it can be temperature-tuned or stabilized. Both types allow
no mechanical variability in spacing. The right spacing must be pre-selected
for a specific application.

Variable-spacing air-gap etalons are similar to fixed-air-gap etalons, ex
cept the spacing is established by a mechanically adjustable frame in which
the etalon plates are mounted. While adjustable mirror spacing is an advan
tage, this design is less stable, both mechanically and thermally, than the
bonded etalons. Applications are similar.

Piezoelectric mirror control is available for both fixed-air-gap and variable
spacing etalons. In the former the piezoelectric elements are carefully matched
in length and cemented directly to Fabry-Perot mirrors. The latter consists
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of a housing with a built-in piezoelectric assembly that supports the Fabry
Perot mirrors. Some mechanical means of adjusting the mirror spacing and
aligning the mirrors is provided although it is generally less manageable than
large-scale designs. In many cases, this difficulty in initial alignment is not
important because once the adjustment is set the range of piezoelectric con
trol is sufficient to subsequently optimize the interferometer mirror align
ment.

2.4 Sumnlary

This chapter described the most important theory of the carrier dynamics in
a SOA and the theory of a MZI wavelength converter based on XPM. Also
the Fabry-Perot (FP) interferometer is described. The FP can be used for
many different applications and the best FP for each application depends on
many factors. In the experimental work presented in chapter 5 the FP is
used as a frequency discriminator for a chirp measurement. In chapter 3 the
parameters of the FP for the chirp measurement are measured/calculated.



Chapter 3

Chirp

In this chapter we will look deeper into one of the major issues concerning
the all-optical wavelength conversion, the chirp of the converted signal. The
chirp parameter quantifies the effect of phase modulation because of the
carrier-induced change in the refractive index. In paragraph 3.1 methods are
described to measure the chirp. In paragraph 3.2 a theoretical analysis of
chirp is presented, and in paragraph 3.3 the coupler in a Mach-Zehnder (MZ)
structure is described, which is important for the understanding of the way
the chirp is calculated in VPI software. Finally, in paragraph 3.4 we look
further into the chirp measurement method that we used for the experimental
characterization of the MZI wavelength converter.

3.1 Chirp Measurement Methods

In gigabits-per second long-distance direct detection optical telecommunica
tion systems the presence of wavelength chirp may limit the transmission
distance and the bit rate. In the STOLAS project it also means that it could
degrade the performance of the IM/FSK or IM/DPSK label information.
Thus, it is of general interest in such systems to have detailed knowledge
about the laser intensity and wavelength responses. By measuring the time
resolved wavelength chirp, detailed and reliable information about the laser
wavelength dynamics can be obtained. This is in contrast to measuring the
time-averaged chirp, e.g. on a spectrum analyzer. It is also in contrast to
studying laser pulses after dispersive transmission, where the extraction of
information is relying on the laser behavior according to the rate equations.
There are several methods to measure the chirp. For example by means of
frequency to amplitude conversion, executed in a MZI or FP interferometer
[14]. Another method is to apply the output signal to an optical spectrum
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analyzer. In [3], [15] a method to measure the a parameter by using the
sharply defined minima in the frequency response of a dispersive fiber is
described.

3.2 Chirp measurement in dispersive fiber

Light chirping is a parasitic property of intensity modulated light. It origi
nates in light emitters that produce a phase shift as the intensity is varied.
The chirp properties of a modulated optical signal can be characterized by
the small-signal a parameter, as given by [16]

d¢
a = 2d(ln(I))' (3.1)

where ¢ and 1 are the phase and intensity of the optical signal, respectively.
A second definition in the context of material properties is also used

dnr ( )a = -d ' 3.2
ni

where nr and ni are the real and imaginary components of the refractive
index. The a parameter has been used within the context of both external
modulators and semiconductor laser-amplifiers. For the former case, the
distinction with the chirp parameter is important, whereas for the latter
case, the a parameter is also referred to as the linewidth enhancement factor.
The a parameter can be measured using the sharply defined minima in the
frequency response [3]. This method is originally used in [15] to measure the
fiber dispersion and the chirp parameter of light emitters. The theoretical
analysis of this method is explained in the following part of this paragraph.
The electric field of the light wave can be written as

E = Viej </J(I) , (3.3)

where 1 is the light intensity and ¢(I) the phase of the electric field. The
chirp parameter and the average dispersion of the dispersive medium can be
found from the resonance frequencies. To do so, a small-signal analysis of
equation 3.3 is performed. For the intensity of the light we can write [15]

1 = 10 (1 + mcos(27rft)), (3.4)

with m «1. Here m is the modulation depth and f the modulation fre
quency of light intensity. The electric field of the corresponding light wave is
a periodic function of time and can thus be developed into a Fourier series:

'" A ej21rftL..J p ,

-oo<p<oo

(3.5)



3.2 Chirp measurement in dispersive fiber 25

where Wo is the frequency of the light wave. For the parameter a we have
the expression

fJ¢ = afJI.
21

This expression can be rewritten as

(3.6)

(3.7)

By substituting equation 3.7 and 3.4 into equation 3.3 E can be developed
into a m power series, which yields the first three Fourier coefficients when
restricted to the first power of m:

IT (1 + ja)
A-I = V 10m 4 '

Ao = VIo,
A _ IT (1 + ja)

+1 - V 10m 4 .

(3.8)

(3.9)

(3.10)

(3.11)

These are the components of the electric field spectra for light wave at the
output of the light emitter. Each component propagates in the dispersive
medium with slightly different velocities. The propagation constant is

2npf n)..2D p2p
13± = 130 ± -- - ,

P 1/ C
9

with 1/9 being the group velocity. The electric field of the light wave after the
dispersive medium is

E = e!wot

-oo<p<oo

(3.12)

with L being the optical fiber length and D being the dispersion coefficient.
We are not taking into account the fiber losses since that only contributes to
a constant factor in the frequency response. With the following formula

1= IE/ 2 = EE*,

we can make an expression for I

(3.13)

(3.14)1= IomV1 + a 2 cos (n)..2 DPL + arctan(a)) cos(2nft _ 2n
f
L).

C ~

We can now write down the intensity for every modulation frequency com
ponent:

(3.15)
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The resonance frequencies fu corresponds to the uth zeros of equation 3.15.
They can be expressed as:

f~L = 2~A2 (1 + 2u - ~ arctan(a)) . (3.16)

Plotting f~L versus 2u gives a straight line whose slope and position yield
the dispersion and the chirp parameter.

3.3 Chirp Simulations Setup in VPI Software

A passive device like a coupler operates completely in the optical domain.
When discussing couplers it is customary to refer to them in terms of the
number of input and output ports on the device. In this paragraph we will
discuss the simple case of an 2x2 coupler. We will analyze the 2x2 coupler as
a four-terminal device that has two input ports and two output ports. For
our convenience we will look at a lossless 50% - 50% coupler. With the help
of a scattering matrix we can define the relationship between the two input
field strengths and the two output field strengths

(3.17)

Looking at one of the two output ports, we can write for the output field,

We can write the input fields as:

E E Jo °"1 JOwt
° I = Ole 'f' etn, ,

E E Jo °"2 JOwt
in 2 = 02e 'f' e .,

This gives us for Eout,l:

,which can be written as:

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)
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We are actually only interested in the phase difference between the two input
signals. Therefore we can put the first phase (P1 = 0, and for the other phase
we have

7r 7r
¢ = 8¢ + "2 = ¢2 + "2 - ¢l' (3.23)

For destructive interference ¢ = 7r, this gives us for the output field

E - 1 jwt (E E) (3 24)out,l - Vie Ol - 02· .

For the more general case we get

Eout,l = ~ejwt (EOl + E02 • cos(¢) + j . E02 sin(¢)). (3.25)

When we want to know the phase of the output signal we take the argument
of formula 3.25. With the computation of the argument we don't look at the
carrier frequency, because that doesn't change.

with,

E 02 sin ¢
arg(Eout,d = arctan E ¢ E + n7r,

02 cos + Ol
(3.26)

n={~
,for E02 cos ¢ + E Ol > 0
,for E02 cos ¢ + E Ol < O.

(3.27)

Changing the sign of E 02 cos ¢ + EOl gives thus a phase shift of 7r radians, of
the output signal according to this mathematical model. This discontinuity
in the phase gives a high chirp peak, because the chirp is the derivative in
time of the phase. Question that arises is: "How big will this chirp be in the
practical experiments?". We see in figure 3.1 and 3.2 that the phase changes
180 degrees (7r radians) at the point that the output signal goes through
zero. This means that the value of E02 cos ¢ + E Ol changes from positive to
negative, or the other way around.

According to the definition of chirp, a pulse is said to be chirped if its
carrier frequency changes with time. The frequency change is related to the
phase derivative and is given by

(3.28)

We have a discontinuity in the phase and that would give an infinity chirp
according to this formula. However, this discontinuity in the phase has no
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Figure 3.1: The chirp peak after the
conversion based on XPM.

Figure 3.2: The phase discontinuity
due to the change in sign.

correlation with the frequency of the signal. The frequency of the signal
doesn't change when the sign of E02 cos ¢ + EOl changes. The change in
sign of the amplitude, see figure 3.3 will be seen as a change in phase of 1f

radians. For each change of sign the value goes through the zero-point. For
a complex number with an amount of zero no phase is defined. This means
that we have an undefined status at this point. Of course, just the look to
a different sign leads to a phase change of 1f, but if the signal changes the
sign, it goes through the zero-point and there the phase is not defined. This
means that you cannot calculate the chirp for such a sign changing from the
logical point of view and the large peaks you see in the chirp visualizer graph
are artefacts/rudiments of this undefined phase status for a sign changing.
So you should ignore them for a post-processing of the chirp results.

3.4 Time Resolved Chirp Measurement with a
Fabry-Perot Interferometer

In [17] the time-resolved chirp is measured with the use of a Fabry-Perot in
terferometer. For monochromatic, narrow-band sources, it is often sufficient
to know the variation of the center-frequency of the source output during
the pulse. In that case, various types of interferometers can be used as fre
quency discriminators to transform fluctuations of the emission frequency to
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A*cos(001+<1>)

1800 phase shift

-A*cos(001+<1>)
=A *cos(001+<I>+1t)

Figure 3.3: An example of changing the sign of the amplitude of a signal.

variations of the optical intensity in real time. Devices based on a Mach
Zehnder fiber interferometer, a birefringent fiber interferometer, a free-space
Michelson interferometer, or an air spaced Fabry-Perot interferometer have
successfully been applied to measure the time-resolved frequency chirp. The
frequency chirp as a function of time is obtained through subtraction of the
transmitted signals detected on the opposite slopes of an interference fringe of
the Fabry-Perot. The transmission through a non-absorbing, planar Fabry
Perot etalon follow the Airy formula, see equation 3.29

1
T(v) = 4R. 2 '

1 + (1-R)2 sm Crrv/FSR)
(3.29)

where v is the optical frequency, R is the surface reflectivity, and FSR is
the free spectral range of the interferometer. When the spectral width of
the source is much narrower than the width of the transmission band of
the etalon, the slope of the transmission curve can be used as an effec
tive optical frequency discriminator to convert frequency fluctuations of the
source/device to variations of the transmitted optical intensity through the
etalon. A desired slope value of the transmission curve of the Fabry-Perot
at the FWHM can be realized with various combinations of Rand FSR. For
proper operation of the frequency discriminator the FSR of the etalon must,
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Figure 3.4: The measurement setup used for the characterization of the Fabry-Perot
interferometer.

however, be chosen in such a way that the width of the spectrum of the
modulated transmitter is less than FSR/2. Also, increasing the wavelength
selectivity of the measurement by making the transmission slope steeper
necessarily degrades the time resolution of the interferometer. For accurate
determination of the free spectral range and the effective reflectivity of the
etalon, we fitted the Airy formula to the spectrum shown in figure 3.7. The
fit was obtained in Matlab, and yielded the parameters R = 0.9292 and
FSR = 1250 GHz(=10 nm).

[
(1 + R)2 ]

(1 - To) To (1 _ R)2 - 1 (3.30)

For the separation of the FSK component due to chirp from the amplitude
modulated signal we use the standard method, where the transmission signal
is measured at two points of equal transmission corresponding to different
slopes of the etalon transmission curve. In our case the tuning is realized by
changing the voltage of the battery, which is tuning the etalon. Using the
Airy formula (equation 3.29) it can be shown that the time resolved chirp
tlf(t) can be deduced from the relation shown in Equation 3.30, where V+(t)
and V_(t) are the transmission signals at the positive and negative slopes,
respectively, measured at points where the transmission is To = 0.5. We
chose to measure at the FWHM, which means To = 0.5. The formula shown
in equation 3.30 is an approximation, which is valid for frequency chirps
tlf « FSR/27r.

In order to use the Fabry-Perot interferometer for the use of chirp mea
surements, first a characterization of the parameters of the Fabry-Perot is
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Figure 3.5: The ABE noise spectrum
of the EDFA used for characterization of
the FP.
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Figure 3.6: The transmission spectrum
of the FP measured with the ABE noise
spectrum of an EDFA.

necessary. We characterize the FP by measuring the output spectrum of
the FP with the ASE noise spectrum of an EDFA on the input. Then we
normalize that spectrum in order to find the transmission characteristic of
the FP. The schematic for the measurement of the ASE noise spectrum of
the EDFA and the spectrum of the FP can be seen in figure 3.4. For the
measurement of the spectrum of the FP we first need to know the ASE noise
spectrum of the EDFA, see upper part of figure 3.4. We use the EDFA with
out using an input signal and set the output power to a constant level of 10
dBm. The measured ASE noise spectrum of the EDFA is shown in figure
3.5. After that we measure the output spectrum of the FP with the ASE
noise spectrum of the EDFA on the input, see lower part of figure 3.4. This
spectrum is shown in figure 3.6. After normalizing the spectrum in figure 3.6
with the spectrum from figure 3.5 we find the transmission spectrum of the
FP, shown in figure 3.7. The loss of the FP according to this measurement
is 15 dB in the peak transmission, see figure 3.7. This are high losses, and
therefore we need pre-amplification of the signal before entering the FP in
the chirp measurements.
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Figure 3.7: The normalized transmission spectrum of the Fabry-Perot used in the chirp
measurement methods. The normalization took place with the ASE noise spectrum of an
EDFA.
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One of the major issues in all-optical wavelength conversion is the chirp of
the converted signal. There are several methods for measuring the chirp.
By measuring the sharply defined minima in the frequency response the a
parameter can be measured. An theoretical analysis of the chirp and of this
measurement method is described in paragraph 3.2. By means of frequency
to amplitude conversion, executed in a MZI or FP interferometer. It is also
possible to measure the optical spectrum with an optical spectrum analyzer.

In paragraph 3.3 we have shown that the simulations in VPI show us chirp
peaks that are over 40 GHz. These are the result of an artificial mathematical
property of the simulation program. This simulation property is the result
of an undefined phase status for a sign change of the new wavelength signal.

The time-resolved chirp measurement with a FP interferometer is de
scribed in paragraph 3.4. The spectrum of the FP that we use for the mea
surements is characterized by using the ABE noise of an EDFA.



Chapter 4

Simulation Results

To investigate the MZI wavelength converter based on XPM, we have per
formed simulations in VPI Transmission maker software. In this chapter the
results of the simulations are presented. The model we used for the simula
tions is shown in figure 4.1.

Old wavelength signal

>-
Probe signal

>-

..
=>C is--- l J. OtJlpul wavelength converter

=S--~. ~

ECt~~J
EJL-JL..

Figure 4.1: The model of the wavelength converter based on XPM as used in VPI
software simulation program.

The simulation model of a SOA and the used simulation parameters are
investigated on the basis of the gain characteristic of the SOA in paragraph
4.1. Then in paragraph 4.2 the basics of the wavelength converter based on
XPM in a MZI structure is simulated by looking at the phase change in the
arms of the MZI. The gain characteristic of the MZI wavelength converter
is simulated to find the destructive and constructive interference points, the
results of this simulation are noted in paragraph 4.3. In paragraph 4.4 the
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influence of changing the injection currents of the SOA's in the MZI arm
is investigated. After that a deeper look is taken at the influence of the
probe power on the operation of the wavelength converter in paragraph 4.5.
Because of the use of orthogonal modulation formats in the STOLAS project
the influence of the wavelength conversion on the FSK signal performance
is simulated in paragraph 4.6. In paragraph 4.7 the pattern dependence
of the converted signal is simulated and in paragraph 4.8 the influence of
cascading four wavelength converters is considered. Finally in paragraph 4.9
the simulation of the chirp after the conversion is described.

4.1 SOA Gain Characteristic

Because the experimental work will be done with a wavelength converter
from A1catel, we try to adjust the parameters in the simulation model to
the parameters of the device from A1catel. Most of the parameters of the
MZI wavelength converter from A1catel are restricted information. Therefore
this simulation work is only to understand the behavior of the wavelength
converter. The only parameters described in the literature about wavelength
converters produced by A1catel are [18]:

• Length: 1.0.10-3 m

• Width: 1.2· 10-6 m

• Height: 0.2· 10-6 m

For the value of the optical confinement factor we looked into different jour
nal publications and books [6], [19], [20], and [2:1.], which provide us with
a confinement factor in the range of 0.26 +--+ 0.33. Because in most pa
pers a confinement factor of 0.3 is used, we will also use this value in our
simulations. The optimum value of the injection current, according to the
graduation thesis report of A. Raboso Campos [22] is 258 rnA. For operation
at high bit rates we need high currents, therefore we will use the maximum
allowed current density for operation (25 kA/cm2

), which provides us with
an injection current of 300 rnA. With the other parameters fixed at the VPI
default values, see table A.l, we made some simulations of the gain charac
teristic in order to verify the characteristic of the SOA's in the simulations.
The gain characteristic of the SOA with the parameters stated in table 4.1
is shown in figure 4.2. This behaviour does not correspond to the behaviour
of a physical SOA, therefore the parameters in VPI need to be changed to
get at least a correct gain characteristic for the SOA.
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Parameters Values
Injection current SOA 150 rnA
Confinement factor 0.15
Length 1000 J1m
Width 1.2J1m
Height 0.2 J1m
Internal Loss 4.0·103m-1

Differential Gain 2.78. 1O-2°m2

Carrier Density at Transparency 1.4. 1024m-3

Index to gain coupling a 5.0
Recombination constant a 1.43·108s-1

Recombination constant b 1.0 . 10-16S-1 m 3

Recombination constant c 3.0. 10-41 S-1 m 6

Initial carrier density 3.0·1024m-3

37

Table 4.1: Parameters of the SOA module, with the adjusted W, L, Hand r, while the
other parameters are VPI default values.

By adjusting several of the parameters of the SOA we tried to find a
correct gain characteristic for the SOA. After several tries we came to the
following set of parameters, which are listed in table 4.2. With the parameters
as stated in table 4.2 we simulated the gain characteristic again. The results
of this simulation can be seen in figure 4.3. This gain characteristic is in good
agreement with the real behaviour of a SOA. Because the set of parameters
in table 4.2 gives us a realistic result for the gain characteristic of a SOA, we
will use these parameters in the following simulations.
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Figure 4.2: SOA gain characteristic, with the default values for the parameters in VPI,
except for the length, width, height, injection current and optical confinement.
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Figure 4.3: SOA gain characteristic, with the simulation parameters as stated in table
4.2.



4.1 SOA Gain Characteristic

Parameters Values
Injection current SOA 300 rnA
Confinement factor 0.30
Length 1000 J.1m
Width 1.2J.1m
Height 0.2 J.1m
Internal Loss 4.0. 103m-1

Differential Gain 2.78 . lO-20m2

Carrier Density at Transparency 1.1·1024m-3

Index to gain coupling a 5
Recombination constant a 1.4 . 108S-l

Recombination constant b 1.0·10-16s-1m 3

Recombination constant c 5.0·1O-4Os-1m 6

Initial carrier density 2.0·1024m-3
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Table 4.2: The parameters of the SOA in the wavelength converter for the use in the
simulations.
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4.2 Phase in the MZI Arms

It is important to know the behavior of the phase in the arms of the MZI, in
order to study the performance of the wavelength converter. To understand
the effect of the wavelength converter we will simulate the phase in both
arms of the MZI structure. The signal in the lower arm will experience a
constant phase change because the power going through that arm is constant.
Therefore we looked at the phase change in the upper arm due to the power
variations of the input (pump) signal, which is the old wavelength signal. So
by varying the laser power of the input signal, we can influence the phase
in the upper arm of the MZI, because of the Self Phase Modulation (SPM)
effect that takes place in the upper SOA (SOAd. The depletion of the
carriers causes a change in refractive index and therefore the phase of the
new wavelength (probe) signal will be changed.

The simulation parameter of the SOA's in the arms are listed in table 4.2.
The phase of the probe signal in the upper arm of the MZI is investigated.
The measurement setup for this simulation is shown in figure 4.4. The probe
power is fixed at 0 dBm. The input wavelength (pump signal) is a CW
signal, which will be varied in power. By changing only the input power
and not the probe power we only change the power going into the upper
arm of the MZI, and going through SOAI. By looking at the phase change
induced in the upper arm, we can gain better understanding of the way the
wavelength converter operates. For example when the MZI is operating at the
constructive interference point and we change the phase for 180 degrees, then
we change the operating point from constructive interference to destructive
interference. The results of the simulations are shown in figure 4.5. We see
the phase difference increasing as we increase the input power. At Pin = 8
dBm the phase difference is 360 degrees, and then the phase characteristic
starts over again if we increase the power even more. For the phase difference
~ (90 degrees) we get destructive interference. In this simulation that point is
at the input power Pin = -3 dBm. The maximum constructive interference
point is at 7f phase away from the ~ phase difference, at 3; (270 degrees).
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Figure 4.4: The scheme used for the simulation of the phase in the arms.
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Figure 4.5: The phase difference between the upper arm and the lower arm in the MZI
structure, depending on the power of the input signal.
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4.3 Gain Characteristic of the Wavelength Con
verter

The static gain characteristic of the MZI wavelength converter shows us the
change in output power depending on the input power level. The static
behaviour of the wavelength converter is shown in figure 4.6. The interfero
metric behaviour is clearly shown there. Furthermore, we see the minimum
output power at an input power of -3 dBm. This corresponds with the de
structive interference we have deducted from the simulation in paragraph 4.2.
Working on the negative flank of the gain curve gives us inverted conversion
and working on the positive flank gives us non-inverted conversion.
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Figure 4.6: The simulation result of the static gain characteristic of the MZI wavelength
converter based on XPM.
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Changing the injection current of a SOA changes the gain of the SOA and
the level of saturation. Also the phase change in the upper arm of the MZI
structure will be influenced. This will change the characteristics of the MZI
wavelength converter based on XPM. When we look for an optimal operation
point at a fixed pump power, we check what the optimal injection current
setting for the SOA in the lower arm (SOA2 ) is. For the simulation we vary

Q-factor
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2 ..~
'"

-0.1
145 160

Q-factor illS. Injection current SOA2

180 200 220 240 260

injection current SOA2 (rnA) [1 e-3]

280 305

Figure 4.7: The Q-factor at the output of the wavelength converter versus the injection
current into SOAz, for the power going into SOA1 is P = 0.68 dBm.

the injection current of SOA2 , and keep the input power at a fixed value. We
simulate the Q-factor of the output signal of the wavelength converter, to
find the influence of the SOA2 injection current on the wavelength conversion
process.The parameters in the simulation are the following:

• Pprobe = 0 dBm
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• Pin = 3 dBm

• power into SOA1 = 0.68 dBm

• modulation index input signal (m) = 0.8

• SOA1 injection current = 300 rnA

Simulation Results

Taking a look at figure 4.7, we see that the optimum injection current for
SOA2 is 254 rnA. This is the optimal value for operation of the wavelength
converter for P probe = 3 dBm, Pin = 3 dBm and m = 0.8 and injection current
SOA1 = 300 rnA. In figure 4.8 we simulated the Q-factor versus the input
power for a different set of SOA2 currents. We changed the SOA2 current
from 120 rnA till 300 rnA, with steps of 10 rnA. The results of this simulation
are shown in figure 4.8. Changing the SOA2 current induces a different phase
change in SOA2 . This results in a change of the optimal operation point. By
carefully studying the resulting graphs we can conclude that increasing the
current makes the graph move to the left, which means there is less input
power needed for the same phase difference between upper and lower SOA.
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Figure 4.8: The Q-factor after wavelength conversion versus the received power at the
input port of the wavelength converter. The SOA2 current is varied between 110 and 300
rnA, with steps of 10 rnA.
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4.5 Influence of Probe Power Level

In this paragraph we study the influence of the probe power on the wavelength
conversion characteristics. We compare the Q-factor of the output signal of
the wavelength converter for different probe power values. The result is
shown in figure 4.9. It can be noticed that the Q-factor peaks are lower for
lower probe powers. The peaks are also shifted to lower input power region,
which can be explained by the shift of the static gain characteristic shown
in figure 4.10. In this figure we see that for a lower level of the probe power,
the minimum gain shifts to a lower input power region.
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Figure 4.9: The Q-factor as a function of the input power for different values of the
probe power.
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Figure 4.10: The static gain characteristic of the wavelength converter for different values
of the probe power.
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4.6 Combined IM/FSK in the Label Swapping
Node

In the STOLAS project we use two-level optical label swapping. Wavelength
swapping is accomplished using a tunable laser and a Mach-Zehnder (MZ)
module equipped with SOA's. XPM in SOA's results in the transfer of the
intensity modulation of the incoming signal wavelength to intensity mod
ulation of the outgoing signal wavelength (set by the tunable laser). The
label information of the incoming signal is stripped and can therefore be re
placed by FSK modulation of the tunable laser. With a simple simulation
we verified that there is no phase or frequency information copied to the
new wavelength. Another point that needs our attention is the influence of
the wavelength conversion on the performance of the FSK modulation of the
new wavelength signal. Several simulations to study this topic are required
and performed. The schematic for simulations in VPI software is shown in
figure 4.11. The FSK receiver consists of an optical bandpass filter to select

~-WMJ
~. ~:I----+-------+-·-ffi----I~'

Payload (AM)

Figure 4.11: The schematic in VP1 software used for the simulation of the combined
modulation formats 1M and FSK.
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one of the frequency tones of the FSK signal. Then the signal is converted
from the optical to the electrical domain. This electrical signal is then put
through a low pass filter to shape the pulse form and get rid of the higher
frequency components. The FSK signal as it goes into the wavelength con
verter is shown in figure 4.12 and the FSK signal at the receiver is shown in
figure 4.13

The parameters of SOA's in the arms of the wavelength converter are
shown in table 4.2. The injection current for SOA1 is 300 rnA and for SOA2

258 rnA. The influence of wavelength conversion process on the FSK label is
studied for a set of different PRBS sequences of the input signal. The input
signal is an intensity modulated lightwave at 10 Gbit/s. The bit rate of the
FSK signal is 156.25 Mbit/s. In the STOLAS project 155 Mbit/s is proposed,
but in the simulation we use 156.25 Mbit/s because of computational matters
in VPI software. Each bit of the frequency modulation is written on 64 bits
of the payload. This means that the frequency modulated bit can be carried
by 264 different combination of the payload bits. Because the power in the
FSK signal is determined by the power in the 64 payload bits this leads to
power deviations of the FSK signal. The power deviations can be seen in
the FSK signal after the wavelength conversion, figure 4.13, and in the eye
pattern of the FSK signal, figure 4.14. The power of the FSK signal differs
according to this variation of number of ones per 64 bits. This variation of
the power of the FSK signal leads to a worse BER estimation then would be
expected, when using a BER estimation based on a Gaussian distribution of
the power levels. Because the eye opening is still clear we can expect a good
BER « 10-9

) in real experimental work.

To study the variation of the power in the FSK signal, we simulated
with several different PRBS sequences for the payload. The Q-factor of the
frequency modulated signal as a function ofthe input power ofthe wavelength
converter based on cross-phase modulation is shown in figure 4.16, and the
Q-factor of the corresponding amplitude modulated signal is shown in figure
4.17. The parameters used in this simulation are:

• Bit rate Payload (1M signal) = 10 Gbit/s

• Bit rate Label (FSK signal) = 156.25 Mbit/s

• PRBS Label bits = order 7

• PRBS Payload bits = order 5,7,9 or 11

• Probe power = 0 dBm
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Figure 4.12: The FSK input data, at
156.25 Mbit/s.

Figure 4.13: The FSK output data, at
156.25 Mbit/s.

• Pin wavelength converter: swept in range +10 to -10 dBm

• Laser linewidth = 10 MHz, for probe as well as pump signal.

• BER estimation: Gaussian approximation.

• For the FSK receiver we use a band pass filter (FP interferometer) with
parameters:

FSR = 200 GHz,

R=0.94,

FR =50,

so the bandwidth = 4 GHz.

• After the PIN diode a low pass filter is used to reshape the pulses. The
bandwidth is 0.7 * bit rate.

In figure 4.16 we see that for PRBS 25-1 we get the best performance.
For the whole input power range VPI software calculates a Q-factor above
20. This can be regarded as error free. When using a PRBS sequence of
order 7, 9 or 11 the performance of the FSK signal is much worse. This
can be expected because the variation in power when using PRBS order 5
is very low, because the same bit pattern of the payload is repeated after
25-1 bits and therefore each FSK bit has the same payload bit sequence in
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Figure 4.14: The eye opening of the
FSK output data, with PRBS 29-1.

Figure 4.15: The eye opening of the
FSK output data, with PRBS 25-1.

the 64 payload bits corresponding to each FSK bit. Therefore the power in
each FSK bit is equal, and the only change in power level is due to noise,
which can be assumed Gaussian and thus the BER can be computed in a
more reliable way. In the eye opening of figure 4.14 we can clearly see the
dependence on the payload bit pattern, as extra noise on the one level. In
figure 4.15 we see that the eye diagram at input signal PRBS 25-1 doesn't
have this extra noise on the one level.
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Figure 4.16: The Q-factor (y-axis) of the FSK signal at the output of the wavelength
converter versus the input power (x-axis, in dBm) of the wavelength converter for different
PRBS for the input signal.
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Figure 4.17: The Q-factor of the 1M signal at the output of the wavelength converter
(y-axis) versus the input power (x-axis, in dBm) of the wavelength converter for several
different PRBS orders for the input signal.
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4.7 Pattern Dependence 1M Signal

Wavelength converters based on XPM in a semiconductor optical amplifier
are simple to realize and use. However at high bit rates they are limited by
pattern dependence caused by a finite gain recovery time. By using a waveg
uide narrow band filter it is proved [23] that influence of pattern dependence
can be reduced and at the same time the transmission properties improved.
This filter removes the old wavelength and ASE noise, and at the same time
reshapes the pulse and improves the transmission properties of the converted
signal by filtering with the positive slope of the filter. Using the narrow
band filter at the positive slope of the spectral characteristic of the filter (in
frequency domain, correspond to the negative slope in wavelength domain),
the effect of pattern dependence on the output signal can be reduced.

To investigate the influence of the pattern dependence on the performance
of the wavelength converter, we looked at some different optimal operation
points (optimum value for Pin)' For these simulations, we used the following
parameters:

• Bit rate Payload (1M signal) = 10 Gbitjs

• Bit rate Label (FSK signal) = 156.25 Mbitjs

• PRBS Label: alternating

• PRBS1M = 27
- 1.

• Probe power = 0 dBm.

• Laser linewidth = 10 MHz, for probe as well as pump signal.

• mlM = 0.8

• Input extinction ratio = 7 dB

• f1 ---t f2 = 193.1 . 1012 Hz ---t 193.6· 1012 Hz = 1553.6 nm ---t 1549.6 nm

The parameters of the SOA's used in the wavelength converter are shown
in table 4.2. The current for SOA1 is 300 rnA, and the current for SOA2

= 258 rnA. For investigation of the pattern dependence we looked at the
different working regimes of the wavelength converter. First the maximum
of the Q-factor versus input power; see figure 4.18 and 4.19 is found by
simulations. This maximum lays around the input power Pin = +0.5 dBm.
This corresponds to a Q-factor around 12. The second maximum, which
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is at Pin= +9 dBm, corresponds to a Q-factor of about 16 a 17. In the
first operating region (Pin ~ 0.5 dBm) non-inverting conversion takes place,
and in the second operating region (Pin ~ 9 dBm) inverting operation takes
place. This high input power is different then what can be expected. Looking
at the static gain characteristic in figure 4.10, we can see that we work on
the second minimum of the characteristic. We would expect to have good
inverting operation for an input power that is lower then for non-inverting
operation. The reason that VPI software gives us a high Q-factor for Pin = 9
dBm is that the gain characteristic of the wavelength converter gives us not
a sharp defined minimum at this input power, so the pattern dependence is
much lower. In the practical experiments that we have carried out, chapter 5,
the static gain characteristic is totally different. In the simulations we didn't
change the current settings of the SOA's, but still we found two operation
modes.
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Figure 4.18: The BER versus the input
power of the wavelength converter.

Figure 4.19: The Q-factor versus the
input power of the wavelength converter.

4.7.1 Non-inverting Operation

The pattern dependence in this non-inverting region is seen in figure 4.21,
and in the eye diagram shown in figure 4.24. The input power is Pin = 0.59
dBm, and the Q-factor of the output at that point is 11.7. The level of the
zeros is approximately zero and the level of the ones is changing with respect
to the number of ones in a row. For example a "one" standing alone has a
lower power level then two or more consecutive "ones". In figure 4.22 and
4.23 we see the chirp of the output signal, where we clearly see the artificial
simulation effect when the power of the pulse is zero the chirp peaks to 40
GHz. The reason for this artificial effect is explained in paragraph 3.3.
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Figure 4.21: The output pattern after
conversion where the pattern dependence
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Figure 4.24: Eye diagram of the output of the wavelength converter working in the
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4.7.2 Inverting Operation

The pattern dependence in the inverting region is much smaller, which can
be seen in figure 4.26 the upper part, and in the eye diagram that can be
seen in figure 4.29. A difference between the non-inverting operation is that
the power level of zeros is now 5 mW, which means a degradation of the
extinction ratio. The input power is Pin = 9 dBm, and the Q-factor of the
output is 17. In figure 4.27 and figure 4.28, we see that the phase information
of the input signal is not copied to the output signal. This means that the
orthogonal label information of the old wavelength signal is erased in the
node.
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Figure 4.25: The input waveform (up
per part) and the corresponding chirp
(lower part),

Figure 4.26: The output waveform (up
per part) and the corresponding chirp
(lower part).
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4.8 Cascading Wavelength Converters

In the STOLAS project the data has the possibility to be transferred via
several label swapping nodes before reaching his destination. In each la
bel swapping node the data will be copied on a new wavelength using the
MZI wavelength converter based on XPM. The pattern dependence in the
wavelength converter could be a limiting factor after a few AOLS nodes.
Therefore the cascading of several wavelength converters has to be studied.
In this paragraph the results of the simulations in VPI software of cascading
up to four wavelength converters are presented. The parameters of the SOA's
in the arms of the MZI are listed in table 4.2, and the other parameters in
this are:

• Pprobe = 0 dBm.

• Bit rate 1M = 10 Gbit/s.

• PRBS1M length is 27
- 1.

• without PM or FSK.

• f1 ~ f2 ~ f3 ~ f4 = 193.1 . 1012 Hz ~ 193.6· 1012 Hz ~ 194.1 .
1012 Hz ~ 193.6.1012 Hz ~ 193.1 .1012 Hz

• Laser linewidth = 10 MHz, for probe as well as pump signal.

• BER estimation: Gaussian approximation.

• h = 300 rnA.

• 12 = 258 rnA.

The simulations were performed with different modulation indices of the
input signal, which is the payload data. The input power into the wavelength
converter is controlled with a pre-amplifier. This ideal model gives a constant
output power. This means the power at the pump input port is the same
for the four wavelength converters. In the figures 4.31 to 4.39 we see the
Q-factor versus the input power at the wavelength converter. The Q-factor
is measured after the four cascades. We can conclude that with modulation
indexes between 0.5 and 0.9 there will be an optimum for an input power of
approximately 10 dBm. Only if we use a value of m=0.88 for the modulation
index, operating in the non-inverting region after four cascades is possible.
For operating in the inverting region with four cascaded wavelength converter
is no problem for m between 0.5 and 0.9.
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Figure 4.30: The schematic as used in VPI software for the simulation of the cascading
of four wavelength converters based on XPM.
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Figure 4.31: Q-factor versus Pin for
mlM = 0.5.

Figure 4.32: Q-factor versus Pin for
mlM = 0.6.

We noticed the different behavior for different modulation indices. To get
better understanding we simulated the Q-factor after the four wavelength
converters and swept the modulation index and kept the input power at each
pump input constant. First to check the inverting region. This is done for 10
dBm figure 4.37, and for 9 dBm figure 4.38. Then we checked if we also can
work in the non-inverting region and still cascade four wavelength converters.
We fixed the input power at 2 dBm and varied the modulation index from
0.4 to 0.95. In figure 4.39 we see the result. We see that for m = 0.88 the
Q-factor after four cascaded wavelength converters is 7.4, which means the
BER < 10-9 .
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Figure 4.34: Q-factor versus Pin for
filM = 0.8.
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4.9 Chirp

In this paragraph the simulation results of one of the major issues concerning
the all-optical wavelength conversion, the chirp of the converted signal, are
explained. In chapter 3 the theory of the chirp is thoroughly explained, and
in paragraph 3.3 the disadvantage of simulating the chirp in VPI software
is explained. Despite this inconvenience property of the VPI software we
tried our best to get some good insight in the behaviour of the chirp. The
simulation setup in VPI software is shown in figure 4.40 The eye diagram is

-~

Figure 4.40: The simulation scheme as used in VPI for simulations of the chirp

studied and the Eye Opening Ratio (EOR) after the wavelength conversion
is measured from the simulated eye diagram. This EOR is compared with
the extinction ratio of the input signal. The EOR is defined as the minimum
level of a "1" and the maximum level of a "0". For the simulations we
did not include fiber transmission and also no DPSK or FSK modulation as
orthogonal label channel. We can see that there is an improvement of the
extinction ratio after the wavelength conversion. This is done for injection
currents of 258 rnA and 228 rnA. But also for 200 rnA and 178 rnA. The
difference between these two graphs is relatively small; therefore only one
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graph is presented here, see figure 4.41. The improvement of the extinction
ratio is quite big and strongly dependent on the extinction ratio of the input
signal. We simulate maximum improvement for ERin ~ 8 dB, where the
output EOR more then 20 dB is. The first simulation that is performed
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Figure 4.41: The chirp peak versus the eye opening ratio of the output signal.

was with a modulation index of 0.96, which is an extinction ratio of 14 dB.
The output of the wavelength converter gave us extremely high chirp peaks.
These high peaks are artificial and created by VPI software, see paragraph
3.3. We see in figure 4.42 that using an extinction ratio higher then 7 dB
(modulation index larger then 0.80), we get large chirp peaks at the output.
But for input extinction ratio's smaller then 7 dB, we get really low chirp,
which can be seen more accurately in figure 4.43. The height of the chirp
peaks for the low input extinction ratio's increase slowly from 1 GHz to 2
GHz with an increasing input extinction ratio from 3 to 7 dB. The peak-peak
chirp is slowly increased from 2 GHz to 4 GHz.

In figure 4.42, we see a sudden increase in the height of the chirp peaks.
The reason for this is the change of sign of the value of the amplitude of the
light signal. For each change of sign the value goes through the zero-point.
For a complex number with an amount of zero no phase is defined. This
means that we have an undefined status at this point. Of course, just the
look to a different sign leads to a phase change of IT, but if the signal changes
the sign, it goes through the zero-point and there the phase is not defined.
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Figure 4.42: The chirp peak versus the extinction ratio

This means that you cannot calculate the chirp for such a sign changing from
the logical point of view and the large peaks you see in the chirp visualizer
graph in VPI software are artefacts/rudiments of this undefined phase status
for a sign changing. So these should be ignored for a post-processing of the
chirp results. A more thoroughly description of this problem is discussed in
paragraph 3.3.



4.9 Chirp 67

__ peak-chirp(neg)

o --- peak-chirp(pos)

~

------/
V-

'0 20 40 60 8.

" V\
~
~

J

1.5

-2.5

-1

-2

-1.5

2

¥ 0.5
!:2.
m 0
~ 0
:2 ~.5
u

~.5

Extinction ratio input signal (dB)

Figure 4.43: The chirp peak versus the extinction ratio
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Figure 4.45: The converted pulse form and the corresponding time-resolved chirp on the
left before conversion and after conversion on the right
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4.10 Summary

In this chapter the results are described that are found during our simula
tions in VPI software. When using VPI software it is important to have
values for the simulation parameters that provide us with reliable results.
When the parameters of the SOA's are not carefully tuned, this leads to
incorrect characteristics of the SOA's. In the case that the simulations of
the wavelength converter based on XPM are based on parameters that we
cannot trust, the results are giving us a wrong picture of the operation of the
wavelength converter. The results of the simulations in VPI software strongly
depend on the used physical parameters of the SOA's in the models. These
parameters are carefully chosen and are listed in table 4.2. However a small
change in the chosen parameters leads to a change in the optimal operation
point. Therefore the optimum operation points in the simulations are most
likely not the same as the optimum operation points in experimental work.

The behaviour of the wavelength converter is analyzed on the basis of the
phase in both arms of the MZI, and on the basis of the gain characteristic of
the wavelength converter. With the used parameters in the simulations we
find a maximum destructive interference point at -3 dBm input power. This
means that a "zero" of the input should be -3 dBm for non-inverting conver
sion, and a "one" of the input should be -3 dBm for inverting conversion.

The only parameters that can be changed in real experimental work on
the MZI wavelength converter are the input powers and the injection currents
of the SOA's. The optimal input power is investigated for several different
injection current settings. We can conclude that when we increase the injec
tion current to one of the SOA arms we can move the optimum input power
point. A higher injection current for SOA2 requires less optical power at the
input of SOA2 to get the same phase difference.

The influence of the probe power on the performance of the wavelength
converter shows a small improvement for using higher probe powers in com
parison with lower probe powers. An advantage of the wavelength converter
is that can also operate at low probe powers with a sufficient good BER,
which is smaller then 10-12 .

The combining of the two modulation formats 1M and FSK in the AOLS
node is simulated in paragraph 4.6. We have noticed that the FSK signal
that is written on the new wavelength is harmed by the payload, because
each bit of the frequency modulation is written on 64 bits of the payload.
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This means that the frequency modulated bit can be carried by 264 different
combination of the payload bits. This leads to power deviations per bit of
the FSK signal.

The pattern dependence is a major issue in the wavelength conversion.
The simulations show a different power level for an "one" bit standing alone
then for two or more consecutive "ones". For the used current setting and
the used SOA parameters we find less pattern dependence in the inverting
region then in the non-inverting region.

After cascading four wavelength converters results of the simulation show
that the inverting operation mode is good for each modulation index between
0.5 and 0.9. For non-inverting operation we need to use m = 0.8, for BER
< 10-9 . These results are dependent on the values of the parameters and
the current setting. By changing the physical parameters of the SOA in the
simulation model it is possible to get different results.

The simulated chirp peaks are between 1 GHz and 2 GHz, and the peak
to peak values are between 2 and 4 GHz. The EOR improvement is depen
dent on the input extinction ratio. We simulate maximum improvement for
ERin ~ 8 dB. For that input extinction ratio the output EOR is more then
20 dB, this means 12 dB extinction ratio improvement.

A difference between the simulations and the experimental work that is
performed, is the polarization independence of the simulation models. While
in the experimental work the device is not polarization insensitive.



Chapter 5

Experimental Characterization of
an SOA-MZI Wavelengtll
Converter

The experimental work focused on the characterization of a SOA-MZI wave
length converter. This device is an important part of the AOLS node as is
going to be developed in the frame of the STOLAS project. The experimen
tal results were obtained using an integrated all-active three-port SOA-MZI
wavelength converter from Alcatel. For the characterization of the wave
length converter based on XPM, experiments were carried out. We first
measured the static gain characteristics, which are described in paragraph
5.1. The static gain is measured for several different current settings, which

Figure 5.1: Illustration of an all-active SOA-MZI wavelength converter that indicates
the six distinct electrode patterns. The case of co-propagating signals is shown.

provide non-inverting or inverting operation in counter- or co-propagating
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operation. In paragraph 5.2 the optical spectrum measurements are shown.
The sensitivity of the wavelength converter is measured and the results are
noted in paragraph 5.3. The sensitivity is measured first with a bit rate of 2.5
Gbit/s and then the bit rate is increased to 10 Gbit/s. In paragraph 5.4 the
results of the chirp measurements are described, and in paragraph 5.4.4 we
calculated the percentage of the lightwave power in the chirp peaks. Finally
the results are summarized in paragraph 5.5.

5.1 Static Gain Characteristic

An important feature of the wavelength converter is the static gain. Before
using the wavelength converter in the dynamic operation, it is important to
know the static behavior of the wavelength converter for a range of different
input powers and different current settings for the SOA's. Changing the
current settings leads to different static gain characteristics. For working
with the wavelength converter of A1catel we can provide the SOA's with a lot
of different current settings. Therefore we also looked in the literature to find
some useful current setting. For example in [17], we found a current setting
which can be applied to work in the non-inverted co-propagating region. The
current settings for working in the co-propagating region are shown in table
5.1 and the current settings for working in the counter-propagating region
are shown in table 5.2.

CWLaser
A :1550.9 nm

CWLaser
A :1552.4 nm

Isolator

Wavelength
Converter 14

Power
Meter

OBPF
A: 1552.4 nm

Figure 5.2: The static gain characteristic measurement setup.
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The measurement setup used for measuring the static gain is shown in
figure 5.2. In the measurement setup there are two DFB lasers used to
generate the two CW signals. The upper laser is used as the pump signal,
with wavelength A= 1550.924 nm. The bottom laser is produces the probe
signal, with wavelength A = 1552 nm. The polarization of the probe signal
is controlled by a polarization controller, because the wavelength converter
is very sensitive to the polarization state of the probe signal.

Inverting, co-
Setting 1, Non-in- Setting 2, Non-in-

Current
propagating

verting co-propaga- verting co-propaga-
ting ting

h 100 rnA 120 rnA 150 rnA
/2 40 rnA 50 rnA 40 rnA

h 350 rnA 250 rnA 200 rnA
/31 35 rnA 30 rnA 30 rnA
14 205 rnA 70 rnA 350 rnA
/4/ 25 rnA 30 rnA 25 rnA

Table 5.1: The currents for the two different settings for operating in the co-propagating
non-inverting region, and the current setting for working in the co-propagating inverting
region.

In figure 5.3 we see the static gain for operation in the inverting counter
propagation region. The setting of the injection currents of the SOA's are
listed in table 5.1, under inverting and co-propagating. Figure 5.3 contains
three different curves. Each of these curves stand for a different polariza
tion state of the probe input signal. For the curve, in the legend noted as
"Polarization state 1If, we tried to maximize the output power by controlling
the polarization state of the probe manually. For the other two curves we
fixed the polarization state at one point and only changed the input power.
The "Polarization state 2" is chosen in order that the output power of the
wavelength converter reaches a maximum for a zero input signal, Pin = 0
mW. For "Polarization state 3" we maximized the output of the wavelength
converter for Pin = 5 dBm. Destructive interference is for "Polarization state
1", "Polarization state 2" and "Polarization state 3" respectively Pin = -7
dBm, Pin = -8 dBm and Pin = -5 dBm.

After the inverting co-propagating operation we looked at the non-inver
ting co-propagating operation. We found several satisfactory current settings
for this operation mode. Two of those current settings are listed in table 5.1.
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Figure 5.3: The static gain characteristic for co-propagating and inverting operation.
The current setting is shown in table 5.1.

These two current settings will be referred to in this report as "Setting 1"
non-inverting co-propagating current setting and "Setting 2" non-inverting
co-propagating current setting. In figure 5.4 the static gain characteristic
for "Setting 1" non-inverting co-propagating current setting, see table 5.1.
The two curves in figure 5.4 were measured with the same experimental
setup. The only difference is the polarization state of the probe signal.
Both polarization states were randomly chosen and left unchanged during
the experiment. The reason the measurement is performed for two different
polarization states is to study the dependence of the characteristic of the
wavelength converter on the polarization state of the probe signal.

The static gain characteristic for "Setting 2" non-inverting co-propagating
current setting is shown in figure 5.5. For this current setting, which is
shown in table 5.1. The static gain characteristic for this current setting is
measured for four different polarization states of the probe signal, because
the influence of the polarization state of the probe on the gain characteristic
is small compared to the influence for the other non-inverting co-propagating
current setting. For each polarization state the output power is almost equal
for input powers higher then -10 dBm. This means that the polarization
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Figure 5.4: The static gain characteristic for co-propagating non-inverting conversion,
Setting 1, table 5.1.

state of the probe is less sensitive for the wavelength conversion, although
the static extinction ratio varies between 5 and 10 dB.

Interchanging the ports for the continuous wave (CW) input signal and
wavelength converted output signal gives the configuration for counter-pro
pagating signals. For this counter-propagating operation we found several
current settings, which can be used for non-inverting mode. These current
settings are shown in table 5.2. The measurement of the static gain with
"Setting 1" non-inverting counter-propagating from table 5.2 is shown in
figure 5.6. Taking a good look at figure 5.6 it can see that the difference
between the maximum output and the minimum output is over 17 dB. This
means that the static extinction ratio is 17 dB and that the extinction ratio
for dynamic operation is :=:; 17 dB.

In figure 5.7 the static gain is shown of the "Setting 2" non-inverting
counter-propagating operation from table 5.2. The static extinction ratio for
this setting is around 9 dB. The current setting 1 from table 5.2 is therefore
a better current setting for non-inverting counter-propagating conversion.
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Figure 5.5: The static gain characteristic for co-propagating non-inverting conversion,
Setting 2, table 5.1.

Current Setting 1, Non-inverting coun- Setting 2, Non-inverting coun-
ter-propagating ter-propagating

II lOOrnA lOOrnA
12 50 rnA 50 rnA

h lOOrnA 350 rnA
hi 50 rnA 50 rnA
14 lOOrnA 205 rnA
14, 20 rnA 20 rnA

Table 5.2: The currents for the two different settings for operating in the counter
propagating non-inverting region, and the current setting for working in the co-propagating
non-inverting region.
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With an optical spectrum analyzer we measured the spectrum of the wave
length converter output port and the noise spectrum generated by the six
SOA's inside the Mach-Zehnder structure. The measurement setup for mea
suring the output spectrum is shown in figure 5.8. The input power of the

Direct
Modulation

2.5 Gbit/s
Pattern
generator Tunable laser, CW

A:1540nmB 1558nm
P~4.0dBm

Isolator

Wavelength
Converter

Alcatel

Isolator

r--------i
;-------i GSA !
! I II L .J r-------·wMl

I------~ Scope I
I L J

DEMUX
Bandpass filter
A~ 1552.4nm

Figure 5.8: The measurement setup for measuring the output spectrum ofthe wavelength
converter operating at 2.5 Gbit/s.

pump signal is measured with a power meter after the 80-20 coupler. The
input power is Pin = -6.14 dBm. The probe input power is adjusted to
Pew = +2.94 dBm. The spectrum that are measured with the optical spec
trum analyzer are measured at a resolution of 0.02 nm, which is the full
resolution of the Walics spectrum analyzer. The spectrum after the wave
length converter, but before the bandpass filter can be seen in figure 5.9. We
can clearly see several four wave mixing products. In figure 5.10 the power
of the probe signal is lowered by 4 dB, so now Pew = -1.06 dBm. There
is no noticeable difference in the change of the spectrum when lowering this
probe power. The spectrum after the bandpass filter can be seen in figure
5.11. The ASE noise of the SOA's is filtered out.

To check for the influence of changing to different wavelengths we changed
the wavelength of the probe signal to A = 1558 nm and then to A = 1540
nm. The spectra for these other probe wavelengths are shown in figure 5.12
and figure 5.13 respectively. The optical signal to noise ratio (OSNR) is
over 40 dB in figure 5.9, 5.10, 5.12 and 5.13. This is the spectrum after
the wavelength conversion, but before the bandpass filter. If we look at the
spectrum after the bandpass filter, see figure 5.11, we see an OSNR greater
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Figure 5.9: The CW input signal wave
length is A = 1552.4 nm, and Pew =
+2.94. The spectrum is measured before
the bandpass filter.
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Figure 5.10: The CW input signal
wavelength is A = 1552.4 nm, and
Pew = -1.06 dBm.

then 60 dB, where the noise level appears to be the background noise level
of the optical spectrum analyzer (GSA).

The noise spectrum ofthe output is shown in figure 5.14. In that case both
input ports of the wavelength converter are not connected and the output
is directly connected to the GSA. The current settings of the wavelength
converter for this measurement are:

• II = 100 rnA

• 12 =40 rnA

• 13 =350 rnA

• 13, =35 rnA

• 14 =205 rnA

• 14, =25 rnA

The noise spectrum reaches a maximum in the order of -28 dBm at the
wavelength A = 1550 nm.
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Figure 5.11: The spectrum of the output signal of the wavelength converter after selecting
the new wavelength with the bandpass filter, Pew = 2.94 dBm. The right picture is a
zoom in of the left picture.
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Figure 5.14: The ABE noise spectrum at the output of the wavelength converter.
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5.3 Sensitivity Measurements

The performance criterion for digital receivers is governed by the Bit Error
Rate (BER), defined as the probability of incorrect identification of a bit by
the decision circuit of the receiver. A commonly used criterion for digital
optical receivers requires a BER ~ 1 . 10-9 . The receiver sensitivity is then
defined as the minimum average received power required by the receiver to
operate at a BER of 10-9 .

5.3.1 2.5 Gbit/s Operation

DFB laser
A:1548.l nm
P = 4.0 dBm Attenuator

Direct
Modulation

Isolator

"----------1 Power
20 % Meter

Wavelength
Converter

Alcatel

Isolator

Attenuator

Powerf------'
Meter 20 %

Pcw=+l dBm

Receiver
Diode

Clock 1------1 ~~1--__-----,
Recovery

f------{

BER
Test set

2.5 GbitJs
Pattern
generator

Figure 5.15: The setup for the measurement of the sensitivity of the wavelength converter
for a directly modulated input signal at 2.5 Gbit/s.

The measurement setup for measuring the BER is shown in figure 5.15.
The pattern generator generates a PRBS 27-1 with a bit rate of 2.5 Gbit/s.
This bit pattern is used for direct modulation of the DFB laser. The am
plitude of the electrical bit pattern is 1.0 Vpp. The attenuator is used for
tuning the input power to the optimum operation point. A small percentage
(20%) of the input power is tapped off to guard the input power during the
BER measurements. The second input port is reached by a continuous wave
(CW) signal, which will be the new wavelength, that is commonly referred
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to as the probe power. At both input ports and at the output port of the
wavelength converter an isolator is connected to prevent reflections from the
six SOA's, that are located in the arms of the wavelength converter, see fig
ure 5.1. The output signal of the wavelength converter is then filtered to
select the new wavelength. The filter that is used is a 8 channel DEMUX of
Siemens. According to the data sheets of this demultiplexer the 3rd channel
has a center wavelength of 1552.4 nm and a loss of 3.22 dB. The Full Width
Half Maximum (FWHM) of the filter is 0.73 nm ~ 91.3 GHz. After this
filter a small part of the power (20%) is tapped off to monitor the power
going into the receiver. The attenuator is inserted to control the power going
into the receiver and to be able to determine the receiver sensitivity. The
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Figure 5.16: The BER versus the received power for an inverting current set, working
in the co-propagating mode at 2.5 Gbit/s.

BER of the back to back system is first measured to be able to compare the
performance of the wavelength converter with a not converted signal. The
results of this measurement are shown in figure 5.16. In this figure the BER
of the back to back system as a function of the received power is compared
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with the BER versus the received power for a certain input power into the
wavelength converter. For this measurement the wavelength converter is op
erating in the inverting co-propagation mode. The current setting for this
operation is shown in table 5.3. The probe power is kept fixed at Pew = +1
dBm. The optimum input power for the wavelength converter according to
figure 5.16 is in the region between Pin = -10.25 dBm and Pin = -10.75
dBm. For this optimum input power the power penalty is in the range of 1
dB. A remarkable point is the crossing of the Pin = -12.25 dBm line and
the Pin = -8.75 dBm line. Both BER curves have different slopes, which
could be due to different slopes in the gain characteristic of the wavelength
converter, see figure 5.3. The system is only optimized for one input power
and changing this input power leads too a different noise signal ratio, because
the SOA's in the arms of the MZI are in saturation. The detection threshold
is set manually and it is very difficult to optimize for each input power, so it
could also be a not optimized threshold.

Currents Inverting Non-inverting Non-inverting counter-propagation
II 100 rnA 150 rnA 100 rnA
12 40 rnA 40 rnA 50 rnA
13 350 rnA 200 rnA 350 rnA
13/ 35 rnA 30 rnA 50 rnA
14 205 rnA 350 rnA 205 rnA
14/ 25 rnA 25 rnA 20 rnA

Table 5.3: The set of currents for the different operation modes.

At the next experiment the probe power is varied from Pew = +1 dBm
to Pew = -9 dBm. The operating mode is still inverting co-propagating.
The input power is carefully tuned to an optimum operation point for each
probe input power. The optimum of the input power for each probe power
was varying between -10 dBm and -12 dBm. The results of this experiment
are shown in figure 5.17. The best performance was reached when using
Pew = +1 dBm for the probe power. The power penalty in that case is 1
dB. After investigation of the inverting operation, the non-inverting operation
mode of the wavelength converter is studied. The current settings are shown
in table 5.3. The BER curves are shown in appendix figure B.1. On the basis
of these BER curves the dynamic range is computed and presented in figure
5.19, where we can see an optimum input power at Pin = -10 dBm. The
power penalty at this point is 1.5 dB.
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Figure 5.17: The BER versus the received power, for a range of different probe input
power. Operating in the inverting region and co-propagation at 2.5 Gbit/s

Interchanging the ports of the CW input signal and wavelength-converted
output signal gives the configuration for counter-propagating operation. The
setting of the currents for this operation mode are shown in table 5.3. These
current settings are giving us a working point in the non-inverting region.
Figure B.2 shows the BER versus the power at the receiver. In order to
determine the dynamic range for counter-propagation, the input power is
varied between -3.2 dBm and -5.0 dBm. The power for the probe signal in
this measurement was Pew = +1.2 dBm. The optimum input power that
was found for counter-propagating non-inverting mode is Pin = 3.8 dBm.
The power penalty at this optimum input power is 1 dB.

The dynamic range of the wavelength converter is a very important pa
rameter, because signals don't experience the same attenuation in the net
work each time. Because of the difference in attenuation the power level
of the signal reaching the node and the wavelength converter is not a fixed
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Figure 5.18: The dynamic range for an
inverting co-propagating current set.

Figure 5.19: The dynamic range for a
non-inverting co-propagating current set.

power level. For this reason it is an important field of research to study the
dynamic range of the wavelength converter. For the dynamic range measure
ment first the input power is optimized and then the polarization state of
the probe power is optimized. For measuring the dynamic range the input
power is changed while the polarization state of the probe power remains
unchanged. In such a way we measure an extra power penalty for the not
optimized input power. By measuring this extra power penalty for each in
put power we can determine the dynamic range. By looking at the range
of input powers where the extra penalty compared to the optimum point is
lower then 2 dB we find the 2-dB dynamic range. In figure 5.19 the dynamic
range for non-inverting co-propagating mode is shown. The 2-dB dynamic
range is 4.3 dB. In figure 5.18 we see the dynamic range of the inverting
co-propagating mode. The 2-dB dynamic range is 2.6 dB, and in figure
5.20 the 2-dB dynamic range for non-inverting counter-propagating mode is
shown. For this case the 2-dB dynamic range is 1.3 dB. The dynamic range
is largest for the non-inverting co-propagating operation, and smallest for
the non-inverting counter-propagating. However the power penalty is lower
for working in the counter-propagating operation mode, so that compensates
a little for the lower dynamic range. To decide which operation mode has
the best performance concerning the dynamic range we looked at the point
where the penalty compared to the back to back system is 4 dB. The range
for non-inverting co-propagating operation is 5.3 dB. For the inverting co
propagating region that range is 2.9 dB. We cannot calculate the range for
the counter-propagating non-inverting operation, because we could not mea
sure at the input powers -5.5 dBm and -3, because we couldn't reach BER
of at least 10-9 at that point. We can conclude from these measurements
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Figure 5.21: The dependence of the
sensitivity on the input probe power for
an inverting co-propagating current set.

that the non-inverting operation has the best performance with regard to the
dynamic range, but the penalty is larger for the optimum operation point.
For the STOLAS project the small dynamic range is a problem. Therefore
an additional power control stage is required to keep the input power at the
optimum operating point.

The influence of the probe power on the receiver sensitivity can be seen in
figure 5.21. For this measurement the polarization state and the input power
are optimized for each probe power. The minimum probe power that can
be used is -9 dBm for inverting co-propagating operation. The trend that
can be seen in this measurement is the higher the probe power the better the
conversion. The point measured at Pew = -5 dBm has a higher penalty then
at Pew = -7 dBm. Because the extra penalty at that point is not expected
the measurement is performed once more, but with the same result. It would
be interesting for further research to investigate this behaviour due to the
influence of the probe power.
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5.3.2 10 Gbit/s Operation

The experimental setup for measuring the sensitivity at 10 Gbit/s is shown
in figure 5.22. The 10 Gbit/s modulation is imposed by using an external
modulator on the continuous wave at the wavelength A = 1549.32 nm. The
polarization of the input of the modulator is controlled by a polarization
controller. This controller is used for optimization of the external modulator.
Then a small percentage (10%) of this modulated signal is used for monitoring
the power inserted in the wavelength converter. For the probe signal we used
a DFB laser with wavelength A = 1552.4 nm. We use this wavelength because
the bandpass filter after the wavelength converter is tuned to A = 1552.4 nm.
On the receiving side we also tap off a part of the power to monitor the power
going into the receiver. Because the receiver doesn't require so much power
it is justified to use a 50-50 coupler at this point.

DFB laser
1..:1549.32 run

1------'-.>0....>....<..----1 AM

10%

Isolator

Power
Meter

Wavelength Isolator
Converter

Alcatel

10 Gbit/s
Pattern

generator

DFB laser
A. :1552.4 run

Attenuator

Band pass filter,
A.C = 1552.4 run

Attenuator

50%
Power
Meter

50%
1---------,10 Gbit/s

receiver

clock

datar--------,
r-------j

BER
Test set

Figure 5.22: The measurement setup for measuring the sensitivity for 10 Gbit/s co
propagating wavelength conversion

The external modulator (SDL Integrated Optics Ltd) is optimized by
maximizing the output power. This is done by tuning the polarization con-
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troller in front of the modulator. To verify if the modulator works properly,
we checked the output of the modulator on the scope and recorded the eye
diagram.

Figure 5.23: The eye diagram of the 10 Gbit/s modulated input signal

We can see in figure 5.23 that the external modulator provides us with a
good input signal. The eye is clear open and symmetric. The next step is
to measure the sensitivity of the back to back system. In that way we can
compare the results after the conversion process with the signal as it was
before the conversion. We can define the power penalty for using wavelength
conversion as the extra power needed at the receiver in comparison with the
back to back system. After measuring the BER of the back to back system we
first looked at the non-inverting operation and then at the inverting operation
mode. Both operation modes working in the co-propagating operation. The
reason we don't use counter-propagation is that it is not working properly for
higher bit rates. The counter-directional coupling causes pattern-dependent
timing jitter, which limits the cascadability. Moreover, the conversion speed
is limited by a modulation bandwidth which is inherently lower than for
co-directional coupling [24]. The currents used for non-inverting operation
are shown in table 5.1 setting 1. The currents for inverting operation are
also shown in table 5.1. The eye diagrams for the output of the wavelength
converter non-inverting and inverting are respectively shown in figure 5.24
and 5.25. In figure 5.26 the comparison of the BER curves for non-inverting,
inverting and the back to back system are shown. We can see that the
inverting conversion is superior in comparison to the non-inverting operation.
For inverting operation a regenerative effect of 1 dB is obtained. This means
improvement of the sensitivity in comparison with the back to back system.
For the non-inverting operation we obtain a penalty in the order of 1 dB.
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Figure 5.24: The eye diagram of the
10 Gbit/s output of the wavelength con
verter for non-inverting co-propagating
operation.
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Figure 5.25: The eye diagram of the
10 Gbit/s output of the wavelength con
verter for inverting co-propagating oper
ation.

The dynamic range of the wavelength converter is a very important pa
rameter, because signals experience not always the same attenuation in the
network and can therefore reach the AOLS node at a different power level,
then the previous packet. Therefore the dynamic range of the wavelength
converter is investigated. Theory about extending the dynamic range is pre
sented in paragraph 2.2.1. The dynamic range is shown for non-inverting
and inverting operation in figure 5.27 and 5.28. For this measurement first
the input power is optimized and then the polarization state of the probe
power is optimized. For measuring the dynamic range the input power is
changed while the polarization state of the probe power remains unchanged.
In such a way we measure an extra power penalty for the not optimized in
put power. By measuring this extra power penalty for each input power we
can determine the dynamic range. By looking at the range of input powers
where the extra penalty compared to the optimum point is lower then 3 dB
we find the 3-dB dynamic range. By looking at the range within an extra
penalty of 1 or 2 dB we find a stricter dynamic range. In figure 5.27 the
dynamic range of the non-inverting co-propagating conversion is shown. The
I-dB dynamic range is 2.0 dB, the 2-dB dynamic range is 2.7 dB and the
3-dB dynamic range is 3.9 dB. For the inverting co-propagating operation
the same measurement is performed and the result is shown in figure 5.28.
For the I-dB dynamic range we found 1.47 dB, the 2-dB dynamic range is 2.1
dB and for the 3-dB dynamic range the value of 2.64 dB was obtained. The
results are summarized in table 5.4. These numbers are relatively small com
pared to the input power changes that can occur in an optical network. This
emphasizes the importance of pre-amplifiers in front of the AOLS node with
constant output power. The BER curves that are measured for determining
the dynamic range are shown in the appendix figure B.5 and B.6. Despite
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Figure 5.26: The BER curve for non-inverting conversion, inverting conversion and the
back to back system.

the fact that the dynamic range is smaller for the inverting operation, this
operation mode is still preferable above the non-inverting operation, because
of the lower sensitivity. To make a better evaluation of the performance of
the operation mode, the range where the power penalty is smaller then 2 dB
compared to the back to back system is measured. For the inverting opera
tion this range is 3.7 dB and for non-inverting operation 1.7 dB. This means
the performance of the inverting operation is higher then of the non-inverting
operation.

The influence of the probe power on the receiver sensitivity can be seen
in the figures 5.29 and 5.30. For this measurement the polarization state and
the input power are optimized for each probe power. In the experiments it
has been noticed that the optimization of the polarization state of the probe
is very important. For non-inverting operation the range of probe powers
that can be used is smaller then for inverting operation. This was according
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Figure 5.27: The dynamic input range
of the wavelength converter working in
the non-inverting co-propagating region,
measured as a function of the power
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Figure 5.28: The dynamic input range
of the wavelength converter working
in the inverting co-propagating region,
measured as a function of the power
penalty.

Inv/Non-inv. range I Dynamic range
Non-inverting I-dB 2.0
Non-inverting 2-dB 2.7
Non-inverting 3-dB 3.9

Inverting I-dB 1.5
Inverting 2-dB 2.1
Inverting 3-dB 2.6

Table 5.4: The dynamic range for non-inverting and inverting operation at 10 Gbit/s.

to the previous measurement already expected, because for the sensitivity
measurements we also get better result for the inverting operation. The
minimum probe power that can be used is -5 dBm for non-inverting operation
and -9 dBm for inverting operation. The trend that can be seen in this
measurement is the higher the probe power the better the conversion. But
for inverting operation, figure 5.30, the improvement for increasing the probe
power from -7 dBm to 1 dBm is only 1 dB improvement of the sensitivity.
In the non-inverting operation, figure 5.29 the operating point at Pew = -1
dBm has a higher power penalty then for Pew = -5, Pew = -3 and Pew =
+1. Because the extra penalty at that point is not expected the measurement
is performed once more, but with the same result. It would be interesting
for further research to investigate this behaviour due to the influence of the
probe power.
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Figure 5.29: The power penalty for us
ing different probe powers. The wave
length converter is operating in the non
inverting co-propagating region.

Figure 5.30: The power penalty for us
ing different probe powers. The wave
length converter is operating in the in
verting co-propagating region.
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5.4 Chirp Measurement

Frequency chirping is an important phenomenon that is known to limit the
performance of 1.55 pm lightwave systems. Direct current modulation in
semiconductor lasers is invariably accompanied by phase modulation be
cause of the carrier-induced change in the refractive index quantified by the
linewidth enhancement factor. Optical pulses with a time-dependent phase
shift are called chirped. As a result of the frequency chirp imposed on an op
tical pulse, its spectrum is considerably broadened. Such spectral broadening
affects the pulse shape, by broadening, at the fiber output because of fiber
dispersion resulting in performance degradation. The measurement setup is
shown in figure 5.31. The input signal is first amplified by the EDFA. This is
optional because it depends on the power of the input signal. The reason of
pre-amplification is to make sure that there is enough power at the receiving
scope. The scope must at least receive a higher power level then the noise
level of the scope.

Battery voltage

~~ 20%
Power

1 Meter

AEDFA

Fabry-Perot Scope
80%

Input signa

Figure 5.31: The setup for measuring the time-resolved chirp of an arbitrarily signal.

5.4.1 Chirp of a Directly Modulated DFB Laser

The instruments used are:

• DFB laser

• Isolator

• FP 0658 (FP TC-OPCO has a too big free spectral range)

• Sampling scope: HP 83480 A

• Pulse Pattern Generator: MP1604A
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The time-domain signals in our experiments are averages of 64 sequences of
a 7 bits sequence. The setup of the experiment is shown in figure 5.32.

CW: 1549.17 run Isolator

Battery voltage

~1

c=J FPA
Power

DFB-Iaser f----

Meter

Sampling
- Scope

irect
odulation Pattern

Generator
Trigger on

D
M

pattern

Figure 5.32: The measurement setup for the chirp of a directly modulated DFB laser.

The pattern generator generates an electrical bit pattern with Vpp=1.0
Volt, which is the maximum allowed voltage for the IC that drives the modu
lation current of the DFB laser. The use of the battery voltage for the tuning
of the FP is important, because other voltage sources give too much fluctu
ation and therefore the center frequency of the FP will also fluctuate, which
means the output power is not constant. These fluctuation can be measured
with a power meter after the FP, the power shown on the display will be not
stable. The battery voltage is Vi = 2.30 Volt, which tuned the transmission
peak of the FP to the wavelength of the DFB laser. At the output of the FP
interferometer, we measure the power. This power reaches a maximum for
a battery voltage of 2.30 Volt. The measured power is then P=-6.77 dBm.
For the measurement of the chirp characteristic of the DFB laser we want
to measure on both slopes of the FP. So at an output power of -9.77 dBm
which will be reached at a voltage ofV=2.15 Volt and V=2.45 Volt. In figure
C.2 on the right we see the pulse pattern that was visualized on the scope,
and on the right side of figure C.2 we see the time-resolved chirp. In the
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modulated pulse we see the high relaxation at the start of the ones, which
is characteristic for a directly modulated DFB laser. The rising edge of the
pulse will result in a positive chirp (blue shift) and the down going edge of
the pulses results in a negative chirp (red shift). An important parameter
is the turn-on and the turn-off time. When the DFB laser is switched from
the "off" state to the "on" state (and back) the light is accompanied with
frequency ringing [25]. This corresponds with different relaxation oscillation
frequencies and damping factors. The bias current of the laser in the "off"
state is I < Ithr , and the current in the "on" state is I > Ithr .
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Figure 5.33: Bias point and amplitude modulation range for a DFB laser.

In figure 5.33 the general behaviour of a DFB laser injection current
characteristic is shown, where I B is the bias current point. With no signal
input, the optical power output is Pt. The parameter ~I is the variation in
current about the bias point. Furthermore, if ~I is greater than IB - Ithr

then the lower portion of the signal is cut off and severe distortions due
to working in the "off" state will result. To get a feeling of working with
a directly modulated DFB laser and to test the performance of the chirp
measurement method we changed the bias current point in the measurement
to find the effect on the waveform and the chirp. The chirp measurement
results are shown in the appendix because it would be disorderly to show
them all in this paragraph. One example of how the pulse and the time
resolved chirp looks like can be seen in figure 5.34. In the figures C.l till
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e.4 we worked always in the linear region of the bias current characteristic
of figure 5.33. For the different chirp measurements we varied the bit rate
from 622 Mbit/s to 2.5 Gbit/s. For the measurement in figure e.5 the 6.1
is greater than 1B - 1thr , and some distortion in the zeros can be seen. For
figure e.6 the difference between 6.1 and 1B - 1thr is larger and therefore
more distortions are visible. The height of the chirp peaks are in the range
of 6 GHz, for the negative chirp as well as for the positive chirp. This is in
good agreement with known values of a directly modulated DFB laser.

-.
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Figure 5.34: The output pulse, on the right and the corresponding time-resolved chirp
on the left. Directly modulated DFB laser at a bit rate of 2.5 Gbit/s. The measured pulse
pattern is 0011111100111.

5.4.2 Chirp at 2.5 Gbit/s after Conversion

In this paragraph the results for the measurements of the chirp of a wave
length converted signal at 2.5 Gbit/s are presented. The measurement setup
is shown in figure 5.35. The DFB laser is directly modulated by an elec
trical 2.5 Gbit/s bit pattern. Each chirp measurement provides us with a
time-resolved chirp waveform and a corresponding pulse pattern. Because it
would degrade the readability of the report to show all the measurements,
these measurements are shown in the appendix. In figures e.7 till e.g the
pattern and the chirp for non-inverting co-propagating conversion is shown.
The current settings for this operation are shown in table 5.5, "Setting 1,
Non-inverting". The input power into the wavelength converter for the pump
signal was Pin = -12.2 dBm. The pump signal is the old wavelength sig
nal, see paragraph 2.2. The input probe power for figure e.7 and e.8 is
Pew = -3.3 dBm, and for the measurement shown in figure e.g we changed
the probe power to Pew = +1.2 dBm. In figure 5.36 an example of a time-
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Figure 5.35: The experimental setup for measuring the chirp of a wavelength converted
signal at a bit rate of 2.5 Gbit/s.

resolved chirp waveform and the corresponding pulse pattern is shown. This
measurement corresponds with operating in the co-propagating non-inverting
operation mode at 2.5 Gbit/s. The used current setting for the SOA's is "Set
ting 1, Non-inverting" from table 5.5. The measured extinction ratio of the
output pulse is 11 dB. The chirp peaks are negative (red shift) on the rising
edge, and positive (blue shift) on the falling edge of the pulse. For the inver
ting conversion the chirp peaks are a blue shift on the rising edge and a red
shift on the falling edge.

By using another current setting (Setting 2, Non-inverting, table 5.5) we
can see the influence of the current setting on the chirp behaviour of the
wavelength converter. The input power in this setup is for the pump signal
Pin = -12.5 dBm, and for the probe signal Pew = +1.2 dBm. By comparing
the two measurements of non-inverting co-propagating conversion current
settings we observe the influence on the height of the chirp peaks. Therefore
we read out of the measurement the maximum negative chirp peak and the
maximum positive chirp peak. The results are shown in table 5.6. There is no
difference observed in the height of the chirp peaks for the different current
settings. The two different current settings for operating in the non-inverting
region are shown in table 5.5. In the measurements also the extinction ratio
of the output signal is varied by tuning the polarization of the probe input
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Figure 5.36: The output pulse, extinction ratio = 11 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbit/s. The measured pulse pattern is 010010111101.

in such a way that the output extinction ratio reaches the wanted value.
Therefore we can look at the influence of the output extinction ratio on the
height of the chirp peaks. We see from table 5.6 that the influence of the
extinction ratio on the chirp peaks is very small. The chirp peaks are a
little lower for lower extinction ratios. We can conclude from these chirp
measurement for non-inverting co-propagating conversion, that for this used
pattern we see a red shift of approximately -3.5 GHz on the rising edge and
a blue shift of approximately +1 GHz on the falling edge.

Current Setting 1, Non-inverting Setting 2, Non-inverting Inverting
II 120 rnA 150 rnA 100 rnA
12 50 rnA 40 rnA 40 rnA
13 250 rnA 200 rnA 350 rnA
13/ 30 rnA 30 rnA 35mA
14 70 rnA 350 rnA 205mA
14/ 30 rnA 25 rnA 25 rnA

Table 5.5: The currents for the two different settings for operating in the non-inverting
co-propagating region, and the current setting for working in the inverting co-propagating
region.

Operating the wavelength converter in the inverting co-propagating region
we expect a chirp behaviour opposite ofthat for non-inverting co-propagating
conversion. This means a blue shift on the rising edge and a red shift on the
falling edge. The results of the measurement of the inverting co-propagating
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Extinction Setting 1 Setting 2
Ratio

pos. chirp neg. chirp pos. chirp neg. chirp
peak (GHz) peak (GHz) peak (GHz) peak (GHz)

11 1.31 -3.77 1.01 -3.49
10 1.56 -3.76 1.10 -3.05
9 1.02 -1.72 1.07 -3.07
8 - - 0.97 -2.96

Table 5.6: The chirp peaks for non-inverting co-propagating conversion at 2.5 Gbit/s
direct modulation, for different output extinction ratio's.

conversion are shown in the figures C.14 till C.19. The chirp peaks which are
determined from the figures are stated in table 5.7. The probe power used
for this measurement is Pew = 0.7 dBm.

Input Power Pew (dBm) Output Ex- pos. chirp neg. chirp
(dBm) tinction ra- peak (GHz) peak (GHz)

tio
-7.54 0.7 11.5 0.71 -3.73
-7.54 0.7 10.1 0.71 -3.63
-7.54 0.7 8.8 0.96 -4.03
-9.92 0.7 11.8 0.75 -3.43
-9.92 0.7 9.8 0.63 -2.99
-9.92 0.7 8.5 0.73 -3.05

Table 5.7: The chirp peaks for inverting co-propagating conversion at 2.5 Gbit/s direct
modulation, for different output extinction ratio's.

We also investigated the chirp performance for non-inverting counter
propagation. Two possible current settings for non-inverting counter-propagation
conversion are shown in table 5.8. The results of the chirp measurement for
counter-propagating non-inverting conversion is shown in the figures C.20 till
C.23. The level of the zero's on the scope is so low that the extinction ratio of
the output cannot be measured. This means that the output extinction ratio
is very high. The problem that is encountered in the counter-propagation
non-inverting operation is the pattern dependence of the output signal. This
pattern dependence can also be seen in the figures C.20 till C.23. When there
are two consecutive "ones" the power is higher then when it is a "one" stand-
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~ Current I Setting 1 I Setting 2 I]
II 100 rnA 100 rnA
12 50 rnA 50 rnA
13 100 rnA 350 rnA
13, 50 rnA 50 rnA
14 100 rnA 205 rnA
14, 20 rnA 20 rnA

Table 5.8: Two possible current settings for counter-propagating and non-inverting con
version.

ing alone. In figure C.20 and C.21 the current setting 1 of table 5.8 is used
and in figure C.22 and C.23 the current setting 2 of table 5.8 is used. The
input pump power is Pin = -22.4 dBm and the probe power is Pew = 0.0
dBm. The height of the chirp peaks in figure C.20 and C.21 is a red shift
of -1.9 GHz and a blue shift of +1.6 GHz. The other current setting gives
other chirp peaks as can be seen in the figures C.22 and C.23. The red shift
is -1.9 GHz, and the maximum blue shift is -2.6 GHz.

In table 5.9 the results for the chirp measurement at 2.5 Gbit/s with
external modulation of the input instead of the direct modulation of the
DFB. The measurement setup is shown in figure 5.37, with the difference
that this measurement is performed with 2.5 Gbit/s modulation instead of
10 Gbit/s modulation. The difference in chirp peaks between the input that
is directly modulated and the external modulated input is very small. The
peak to peak chirp is in the range of 3 to 4.5 for direct modulation and
in the range of 3.7 to 5 GHz for external modulation. This difference can
be related to the different date the measurements were performed. We can
conclude from this experiment that for the wavelength converter a chirped
input signal like a directly modulated DFB signal gives approximately the
same output as an unchirped input signal, like the external modulated signal.
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Figure Extinction Non-inv. pos. chirp neg. chirp pattern
Ratio /Inv. peak(GHz) peak(GHz)

C.24 12 mv 1.8 -3.1 0100101111010
C.25 12 inv 1.5 -3.0 1101000111010
C.26 10 mv 1.7 -2.8 1101000111010
C.27 10 inv 1.7 -3.0 0100101111010
C.28 8.5 mv 1.9 -3.0 0100101111010
C.29 8.5 inv 1.9 -2.9 1101000111010
C.30 7 mv 1.9 -2.8 1101000111010
C.31 7 mv 1.9 -3.0 0100101111010
C.32 13 non-mv 1.8 -3.1 1101000111010
C.33 13 non-inv 1.6 -3.0 0100101111010
C.34 11.5 non-inv 1.9 -3.2 0100101111010
C.35 11.5 non-inv 1.7 -3.2 1101000111010
C.36 10 non-inv 1.6 -2.7 1101000111010
C.37 10 non-inv 1.7 -2.5 0100101111010
C.38 8.5 non-inv 1.9 -2.8 0100101111010
C.39 8.5 non-mv 2.0 -2.8 1101000111010
CAO 7 non-inv 1.5 -204 1101000111010
CAl 7 non-inv 1.5 -2.2 0100101111010

Table 5.9: The chirp peaks for 2.5 Gbitjs external modulation for the non-inverting
co-propagating operation and the inverting co-propagating operation, for different output
extinction ratio's.
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5.4.3 Chirp at 10 Gbit/s after Conversion

In this paragraph the results of the measurement of the chirp of a 10 Gbit/s
converted signal are presented. The measurement setup is shown in figure
5.37. The current settings of the SOA's used for the 10 Gbit/s operation
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Figure 5.37: The experimental setup for measuring the chirp of a wavelength converted
signal at a bit rate of 10 Gbit/s.

are shown in table 5.5. For the non-inverting operation the "Setting 2, Non
inverting" from table 5.5 is used. The input power available at the pump
input port of the wavelength converter is Pin = -11.0 dBm for the non
inverting operation, and Pin = -10.0 dBm for the inverting operation. The
measurements were done using 2 different patterns which are 1100001010 and
1011011000. The reason for this is that we want to decrease the influence
of the pattern on the results. Before measuring the time-resolved chirp we
measured the extinction ratio on the scope. By carefully tuning the polar
ization of the probe input we can tune the extinction ratio at the output
of the wavelength converter. In this way we can check the influence of the
extinction ratio on the chirp behaviour of the output of the wavelength con
verter. The results of the time-resolved chirp measurements are shown in the
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appendix, from figure C.42 till figure C.63.
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Figure Extinction Non-inv. pas. chirp neg. chirp pattern
Ratio IInv. peak (GHz) peak (GHz)

C.42 11.5 non-inv 1.8 -2.0 1100001010
C.43 11.5 non-inv 1.6 -1.7 1011011000
C.44 10 non-inv 2.1 -2.6 1100001010
C.45 10 non-inv 2.0 -2.3 1011011000
C.46 8.5 non-inv 1.9 -2.6 1100001010
C.47 8.5 non-inv 1.9 -2.3 1011011000
C.48 7 non-inv 1.7 -2.1 1100001010
C.49 7 non-inv 1.8 -1.9 1011011000
C.50 13 inv 1.5 -1.9 1100001010
C.51 13 mv 1.4 -2.1 1011011000
C.52 12 mv 1.2 -1.7 1100001010
C.53 12 mv 1.5 -2.0 1011011000
C.54 11 inv 1.3 -1.8 1100001010
C.55 11 mv 1.5 -2.1 1011011000
C.56 10 inv 1.4 -1.6 1100001010
C.57 10 mv 1.5 -2.1 1011011000
C.58 9 inv 1.4 -1.7 1100001010
C.59 9 mv 1.5 -2.1 1011011000
C.60 7 mv 1.8 -2.4 1100001010
C.61 7 inv 1.7 -2.8 1011011000
C.62 6 inv 1.6 -2.1 1100001010
C.63 6 mv 1.7 -2.4 1011011000

Table 5.10: The chirp peaks for 10 Gbit/s external modulation for the non-inverting
co-propagating operation and the inverting co-propagating operation, for different output
extinction ratio's.

In table 5.10 the chirp peaks for all the chirp measurements at 10 Gbit/s
are shown. We can see from this table that the positive chirp peaks vary
between +1.2 GHz and +2.1 GHz. The negative chirp peaks vary between
-1.7 GHz and -2.6 GHz. The difference in the height of the chirp peaks for
inverting operation compared with non-inverting operation can be neglected.
This can be seen when looking at figure 5.38, where we can see that the
difference in the height of the chirp peaks is negligible small. The difference
between the patterns is also very small. For non-inverting operation the
chirp peaks are slightly higher when we use 1100001010. On the other hand
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Figure 5.38: The chirp peaks for inverting operation at 10 Gbit/s compared with the
chirp peaks for non-inverting operation. The pattern used is 1011011000

we get a slightly higher chirp peaks when using 1011011000 in the inverting
operation mode. Changing the extinction ratio of the output results in no
noticeable difference in the height of the chirp peaks. From this measurement
we may conclude that the height of the chirp peaks are independent on the
operation mode of the wavelength converter (non-inverting or inverting), and
they are also independent on the extinction ratio of the output signal.

The difference in chirp peaks at the output of the wavelength converter for
10 Gbit/s and 2.5 Gbit/s, can be seen in appendix C.2.2 and C.3. Where we
use an external modulator and the only difference is the modulation speed.
On the 2.5 Gbit/s pulses we see a small overshoot on the front end of a
"one", while the 10 Gbit/s signal mostly doesn't show this additional effect.
For the 10 Gbit/s signal this effect is only shown at the beginning of a "one"
when there are several consecutive zeros in a row before the "one" bit. The
difference can by explained by the fact that the photon lifetime is significantly
shorter than the carrier lifetime; thus the front end of the converted signal
experiences overshoot of the amplifier gain of the SOA in the gain recovery
process. For a 10 Gbit/s signal the gain does not fully recover, therefore
the signal will experience no overshoot but an averaging of the gain. An
extensive study on the carrier recovery time in SOA's is presented in [26].
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5.4.4 Power in the Chirp Peaks

In the STOLAS project the chirp is an important factor that limits the sys
tem performance. The proposed FSK signal will experience problems by the
induced chirp. In particularly when the chirp is larger than the deviation
between the two frequency tones of the FSK signal. The chirping is a broad
ening of the spectrum, and if this broadening is too large the other frequency
tone will be influenced.
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Figure 5.39: The distortion of the FSK signal due to chirp
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Figure 5.40: The influence of the chirp on the receiving of the FSK signal depends on
the 3-dB bandwidth of the filter before the receiver.

In figure 5.39 the chirp problem for the FSK signal is visualized. The
carrier signal is chirped and therefore the spectrum is broadened. If this
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broadening is too large, the chirp of fsk1 will be received by the bandpass
filter of fsko and the other way around. In the STOLAS project the proposed
frequency spacing between the two FSK frequency tones is 20 GHz. The
frequency tones will be filtered with a bandpass filter. This may be a FP
filter with order of magnitude of the 3-dB bandwidth around 1 GHz, or a
Gaussian filter with a 3-dB bandwidth of 13 GHz. Distortion of the FSK
signal takes place when the chirp peaks are too high and reach the bandpass
filter of the other tone. Also when the bandpass filter is too small a large
portion of the optical power can fall outside the 3-dB bandwidth of the filter
and the received power will be less.

To gain more understanding about the impact of the chirp induced by the
wavelength converter on the FSK signal, we looked at the power in the chirp
peaks. The chirp measurements of which the results are shown in appendix
C are used for further calculation of the power in the chirp peaks. We have
calculated in Matlab software the percentage of the power that is in the chirp
peaks. The surface under the pulse is integrated to find the total power, and
by checking the chirp on each time interval the percentage of power in the
chirp can be easily calculated. To gain good understanding we looked at the
percentage of the power that is in chirp peaks higher then 12.0GHzl, and also
at the percentage of the power that is in chirp peaks higher then 11.0GHzl
and 10.5GHzl. The result of the calculation of the power in the chirp peaks
are shown in table 5.11, table 5.12, table 5.13 and table 5.14.

In table 5.13 we see that the percentages of the power in the chirp peaks
for 2.5 Gbit/s (external modulated input signal) co-propagating operation.
The percentage of the power in the chirp peaks> 12.OGHzl is ::; 2.5%. The
percentage of the power in the chirp peaks> 11.0GHzl is ::; 13.1% and
::::: 1.7%. For the percentage of the power that is > 10.5GHzl away from
the carrier frequency we find a value between 30.7 % and 7.7 %. These
values of course depends on the pattern that is transmitted. In the figures
C.7 till C.13 (non-inverting operation) the pattern is 0100101111010, and for
the figures C.14 till C.19 (inverting operation) the pattern is 1001010101111.
Both patterns have 8 transitions between ones and zeros that gives us chirp
peaks, measured on a 5 ns time scale. The same calculation is performed for
the 2.5 Gbit/s directly modulated signal in co-propagating (table 5.11) and
for counter-propagating (table 5.12).

Finally we calculated the power in the chirp peaks at 10 Gbit/s co
propagating operation mode. The results of that calculation are shown in
table 5.14. The power in the chirp peaks for non-inverting conversion is
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Invjnon-inv figure perc. power> perc. power> perc. power>
10.5GHzl 11.0GHzl 12.0GHzl

mv C.24 10.6 6.8 2.4
mv C.25 10.2 7.2 2.6
inv C.26 10.3 7.3 2.1
mv C.27 11.8 8.0 2.7
inv C.28 12.3 8.5 2.8
mv C.29 11.1 7.6 2.1
mv C.30 12.0 8.1 2.0
mv C.31 12.5 8.6 2.7

non-inv C.32 20.3 12.4 3.2
non-inv C.33 20.6 13.4 4.5
non-inv C.34 21.3 14.3 5.3
non-mY C.35 21.1 13.4 4.5
non-inv C.36 20.1 11.9 2.2
non-inv C.37 20.0 11.6 2.1
non-inv C.38 21.6 13.4 4.0
non-inv C.39 22.4 14.1 3.3
non-inv C.40 19.1 11.0 1.5
non-inv C.41 18.6 10.5 1.5

Table 5.11: The percentage of the total power of the light that is in chirp peaks>
IO.5GHzl, > 11.0GHzl and> 12.0GHzl for 2.5 Gbit/s modulation co-propagating and direct
modulation.

shown in figures C.42 till C.49. The percentage of the power in the chirp
peaks> 12.OGHzl is :S 5.3%, in the chirp peaks> 11.0GHzl the power is
:S 28.3% and 2: 19.6%. For the percentage of the power that is > 10.5GHzl
away from the carrier frequency we find a value between 50.4 % and 41.7 %.
For the inverting conversion the results are slightly different. The percentage
of the power in the chirp peaks> 12.0GHzl is :S 7.8%. The percentage of the
power in the chirp peaks> 11.0GHzl is :S 29.5% and 2: 11.2%. For the per
centage of the power that is > 10.5GHzl away from the carrier frequency we
find a value between 42.8 % and 29.1 %. For both 2.5 Gbitjs and 10 Gbitjs
the results show a slightly smaller power in the chirp peaks for inverting
operation in comparison with the non-inverting operation.

The height of chirp is :S 3 GHz and peak to peak chirp :S 6 GHz. This
means that the influence of the chirp on the performance of the FSK label,
as proposed in STOLAS is small. The bandwidth of the optical filter that
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Invjnon-inv figure perc. power> perc. power> perc. power>
10.5GHz l 11.0GHzl 12.0GHzl

non-inv. C.20 24.1 5.1 0.0
non-inv. C.21 27.4 10.6 0.0
non-inv. C.22 30.7 10.9 0.4
non-inv. C.23 26.0 5.0 0.0

Table 5.12: The percentage of the total power of the light that is in chirp peaks>
IO.5GHzl, > 11.0GHzl and> 12.0GHzl for 2.5 Gbit/s modulation counter-propagating and
direct modulation.

will be used for FSK detection is around 13 GHz. In that way all power
of the signal will be within the bandwidth of the optical receiver, and no
degradation of the FSK is expected.
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Inv/non-inv figure perc. power > perc. power> perc. power >
10.5GHzl 11.0GHzl 12.0GHzl

non-inv. C.7 26.68 11.60 1.7
non-inv. C.8 27.00 13.13 2.0
non-inv. C.9 17.82 1.72 0.0
non-inv. C.lO 26.14 9.74 2.5
non-inv. C.ll 24.24 7.99 1.4
non-inv. C.12 23.70 6.23 1.5
non-inv. C.13 22.95 6.25 1.0

inv. C.14 16.92 3.71 2.5
inv. C.15 9.96 3.76 2.2
inv. C.16 14.49 3.46 2.2
my. C.17 7.65 3.31 1.7
inv. C.18 7.80 3.70 2.1
my. C.19 9.67 3.61 1.7

Table 5.13: The percentage of the total power of the light that is in chirp peaks>
IO.5GHzl, > 11.0GHzl and> 12.OGHzl for 2.5 Gbit/s modulation co-propagating. The
input is an external modulated lightwave.
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InyInon-iny figure perc. power> perc. power> perc. power>
10.5GHzl 11.0GHzI 12.0GHzl

non-inY. CA2 43.0 2004 0.3
non-inY. CA3 41.7 19.6 0.0
non-inY. CA4 48.9 27.9 5.2
non-inY. CA5 47.1 25.7 2.9
non-mY. CA6 49.7 28.3 5.3
non-mY. CA7 47.6 27.5 3.0
non-inY. CA8 5004 25.0 0.6
non-inY. CA9 49.0 24.8 0.0

my. C.50 29.1 17.8 0.0
my. C.51 32.3 20.3 1.3
iny. C.52 26.5 11.2 0.0
my. C.53 33.6 19.8 0.0
iny. C.54 28.8 15.0 0.0
my. C.55 34.6 21.1 0.2
iny. C.56 30.3 16.3 0.0
my. C.57 35.2 20.8 1.2
iny. C.58 33.7 18.1 0.0
my. C.59 41.7 23.9 0.6
iny. C.60 37.5 2604 1.8
my. C.61 42.8 29.5 7.8
my. C.62 33.1 20.7 1.0
iny. C.63 37.2 25.9 3.8

Table 5.14: The percentage of the total power of the light that is in chirp peaks>
10.5GHzl, > 11.0GHzl and> 12.OGHzl, for co-propagating operation at 10 Gbit/s.
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In this chapter the results of the experimental work on the characterization
of the MZI wavelength converter based on XPM from Alcatel is described.
This wavelength converter is an important part of the AOLS node which will
be developed for the STOLAS project.

There are several operation modes of the wavelength converter. Non
inverting or inverting and co- or counter-propagation. The static gain is
investigated for these different operation modes. The static gain of the wave
length converter shows different results for different current settings of the
SOA's in the arms of the MZI wavelength converter and for different polariza
tion states of the input probe signal. The static extinction ratio is maximum
for counter-propagating operation in the non-inverting region. We measured
an static extinction ratio higher then 17 dB.

The optical spectrum of the wavelength converter shows an OSNR of 40
dB directly at the output of the wavelength converter. The resolution of the
spectrum analyzer for this measurement was 0.02 nm.

The power penalty for the wavelength conversion is measured at 2.5
Gbit/s for non-inverting and inverting co-propagating operation mode. The
penalty at 2.5 Gbit/s is 1 dB for the inverting operation and 1.5 dB for the
non-inverting operation. For the counter-propagating operation mode we
measured for a non-inverting current setting. The penalty was minimized
to 1 dB. The dynamic range for counter-propagation is small compared to
the co-propagating operation. The power penalty is also measured for wave
length conversion at 10 Gbit/s. For non-inverting operation we found a 1
dB power penalty, but for inverting operation we even found a regenerative
effect of 1 dB.

Increasing the probe power leads to a small improvement of the perfor
mance of the wavelength converter. This is in good agreement with the
simulation results.

The dynamic range of the wavelength converter is an important parameter
to characterize. The data signals in the network do not have the exact
same power level when they reach the AOLS node in the STOLAS network.
The 2-dB dynamic range is measured for 2.5 Gbit/s operation in the co
and counter-propagating mode. The dynamic range is the largest for co
propagating non-inverting mode. For the 10 Gbit/s signal we only checked co-
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propagating operation. The results for non-inverting and inverting operation
are respectively 2.7 and 2.1 dB for the 2-dB dynamic range. But because
the range where the power penalty is smaller then 2 dB compared to the
back to back system is larger for inverting operation, inverting operation is
preferred above non-inverting. The range for inverting operation is 3.7 dB
and for non-inverting operation is 1.7 dB.

The chirp measurements were carried out for 2.5 Gbit/s as well as for 10
Gbit/s. No big difference in chirp to chirp peaks were observed. For non
inverting conversion we found a red shift on the rising edge and a blue shift
on the falling edge. For inverting operation the chirp is opposite to the non
inverting operation. The peak to peak chirp measured is varying between 3.5
and 5 GHz. The chirp peaks are not dependent on the extinction ratio of the
output signal, or on the modulation speed. Also the chirp on the input of
the wavelength converter has no influence on the chirp on the output pulse.
This is measured for using direct modulation and comparing it with external
modulation of the input pulse.

The power in the chirp peaks is important for the STOLAS project. When
the chirp is too large it will influence the FSK signal. Therefore the power
in the chirp peaks is calculated from the time-resolved chirp measurements.
We have looked at the percentage of the power that is in chirp peaks higher
then 10.5GHzl, 11.0GHzl and 12.OGHzl. The percentage of the power for 2.5
Gbit/s operation are respectively in the order of 25 %, 10 % and 2 %. For
operation at 10 Gbit/s the percentage are respectively in the range of 40
%, 25 % and 5 %. The proposed deviation between the frequency tones in
the STOLAS project is 20 GHz. Because the chirp peaks are < 3 GHz no
degradation of the FSK signal is expected.

The simulated chirp peak to peak values are between 2 and 4 GHz, this
is more or less the same result as in the experimental work. The results
of the experiments and the simulations are different on several topics. The
undefined phase at the sign change point in the simulations did not lead
to high chirp peaks in the experiments. There is a small raising of the
chirp peaks when using higher extinction ratio's in the simulations. This
property can not be seen in the experimental work, where we varied the
output extinction ratio by tuning the probe polarization state.
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Conclusions

In principle, the operation point of the Mach-Zehnder Interferometer wave
length converter depends on the pump power, the probe power, the probe po
larization state and the SOA injection currents. The Mach-Zehnder devices
can be operated with pump and probe counter-propagating, which alleviates
the need for a filter.

Interferometric wavelength converters based on XPM reduce the chirp
problem that exist in XGM. The magnitude of the chirp is smaller, around 4
GHz peak-to-peak in the experiments, and the sign of the chirp depends on
whether the device is set for inverting or non-inverting operation. For non
inverting operation, the red and blue chirps occur on the rising and falling
edges of the output signal. On the other hand the inverting operation induces
a blue shift on the rising edge and a red shift on the falling edge.

The MZI wavelength converter exhibits excellent conversion capabilities
over the entire EDFA range. For the application of the wavelength converter
in the AOLS node in the STOLAS project conversion to the same wavelength
would be desirable. Simply bypassing the wavelength converter with the aid
of a switch is not an attractive solution, as it adds complexity as well as caus
ing a potential difference in signal quality dependent on whether conversion
is done to the same wavelength.

In the experimental work, good results were obtained for non-inverting as
well as for inverting conversion, both operating in co-propagating mode. The
counter-directional conversion was not so successful, because the counter
directional coupling causes pattern-dependent timing jitter, which limits the
cascadability. Moreover, the conversion speed is limited by a modulation
bandwidth which is inherently lower than for co-directional coupling [24].
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The power penalty for the wavelength conversion at 2.5 Gbit/s for non
inverting and inverting co-propagating operation mode is respectively 1.5 dB
and 1 dB. At 10 Gbit/s we found for non-inverting operation 1 dB power
penalty, and for inverting operation we found a regenerative effect of 1 dB.

The dynamic range of the wavelength converter is an important parameter
to characterize. The data signals in the network do not have the exact
same power level when they reach the AOLS node in the STOLAS network.
The 2-dB dynamic range is measured for 2.5 Gbit/s operation in the co
and counter-propagating mode. The dynamic range is the largest for co
propagating non-inverting mode. For the 10 Gbit/s signal we only checked co
propagating operation. The results for non-inverting and inverting operation
are respectively 2.7 and 2.1 dB for the 2-dB dynamic range. But because
the range where the power penalty is smaller then 2 dB compared to the
back to back system is larger for inverting operation, inverting operation is
preferred above non-inverting. The range for inverting operation is 3.7 dB
and for non-inverting operation is 1.7 dB.

The chirping is a broadening of the spectrum, and if this broadening
is too large the frequency modulated label will be influenced. The chirp
measurements were carried out for 2.5 Gbit/s as well as for 10 Gbit/s. No big
difference in chirp to chirp peaks were observed. For non-inverting conversion
we found a red shift on the rising edge and a blue shift on the falling edge.
For inverting operation the chirp is opposite to the non-inverting operation.
The peak to peak chirp measured is varying between 3.5 and 5 GHz. The
chirp peaks are not dependent on the extinction ratio of the output signal,
or on the modulation speed. Also the chirp on the input of the wavelength
converter has no influence on the chirp on the output pulse. This is measured
for using direct modulation of the input signal and comparing it with external
modulation of the input signal.

The power in the chirp peaks is important for the STOLAS project. When
the chirp is too large it will influence the FSK signal. Therefore the power
in the chirp peaks is calculated from the time-resolved chirp measurements.
We have looked at the percentage of the power that is in chirp peaks higher
then 10.5GHzl, 11.0GHzl and 12.0GHzl. The percentage of the power for 2.5
Gbit/s operation are respectively in the order of 25 %, 10 % and 2 %. For
operation at 10 Gbit/s the percentage are respectively in the range of 40
%, 25 % and 5 %. The proposed deviation between the frequency tones in
the STOLAS project is 20 GHz. Because the chirp peaks are < 3 GHz no
degradation of the FSK signal is expected.
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The simulated chirp peak to peak values are between 2 and 4 GHz, this
is more or less the same result as in the experimental work. The results
of the experiments and the simulations are different on several topics. The
undefined phase at the sign change point in the simulations did not lead
to high chirp peaks in the experiments. There is a small raising of the
chirp peaks when using higher extinction ratio's in the simulations. This
property can not be seen in the experimental work, where we varied the
output extinction ratio by tuning the probe polarization state.



Chapter 7

Further Work

The work on the characterization of the All Optical Label Swapping (AOLS)
node has been described in this thesis. However the STOLAS project is
still running and a lot of work still has to be done. For example the imple
mentation of an pre-amplifier before the label swapping node to increase the
dynamic range has to be implemented.

Solutions for conversion to the same wavelength without the disadvan
tage of working in the counter-propagating operation mode should be inves
tigated. For example a dual-stage wavelength converter, where conversion to
the same wavelength can be achieved co-directionally through conversion to
an internal wavelength in the first stage, and conversion back to the input
wavelength in the second stage. A disadvantage of this scheme is added com
plexity and cost. Another possibility is the dual-order mode Mach-Zehnder
interferometer that allows co-directional conversion to the same wavelength
through mode separation of the data signal and CW-light [24].

In the performed experimental work the sensitivity is improved for the 10
Gbit/s operation and not for the 2.5 Gbit/s operation mode. Investigation of
the reason for this behaviour would contribute to get better understanding
of the operation of the MZI wavelength converter based on XPM.

The effect of the probe power, that is shown in figure 5.21 for 2.5 Gbit/s
and in figure 5.29 for 10 Gbit/s shows an increasing sensitivity for increasing
the probe power. A remarking point is the extra penalty for Pprobe = -5
dBm for 2.5 Gbit/s inverting operation, and the extra penalty at Pprobe =
-1 dBm for 10 Gbit/s non-inverting operation. Studying the eye-diagram
could give better insight in the reason for this behaviour.



120 Further Work

For the STOLAS project experiments need to be carried out with the
combined modulation formats 1M and FSK. The erasing of the old label in
formation in the wavelength converter need to be verified. The influence
of the wavelength conversion on the frequency modulation need to be stud
ied. The question how big the influence of the chirp is on the frequency
modulation must be solved.

In the STOLAS project WDM is proposed, therefore the wavelength de
pendence of the AOLS node is a feature that should be well known. The
experiments were carried out with wavelength conversion from 1549 nm to
1552.4 nm, because of practical reasons. The bandpass filter was available
only for a few wavelengths, and the laser we used was a DFB laser of which
the wavelength can only be tuned a few nanometer with the temperature con
trol. New experiments over a larger range of wavelengths must be carried out
to determine the wavelength dependence of the MZI wavelength converter.

In the STOLAS project the data has the possibility to be transferred via
several label swapping nodes before reaching his destination. In each label
swapping node the data will be copied on a new wavelength using the MZI
wavelength converter based on XPM. The pattern dependence in the wave
length converter could be a limiting factor after a few AOLS nodes. We
have only performed simulations on this topic so far. For further investiga
tion of the pattern dependence, cascading several wavelength converters in
experimental work would increase our insight. Several methods to solve this
pattern dependence should be further studied and implemented.



Appendix A

VPI modules

A.I Traveling Wave Semiconductor Optical Am
plifier

The module simulates a traveling wave semiconductor optical amplifier (SOA),
using semi-analytical longitudinal integration. This module implements a

Injection current SOA
Confinement factor
Length
Width
Height
Internal Loss
Differential Gain
Carrier Density at Transparency
Index to gain coupling a
Recombination constant a
Recombination constant b
Recombination constant c
Initial carrier density

150 rnA
0.15
500 f.Lm
3 f.Lm
0.08 f.Lm
4.0. 103m- l

2.78 .1O-2°m2

1.4 . 1024m-3

5.0
1.43.108S-1

1.0 . 10-16S-l m 3

3.0.10-41 S-l m 6

3.0·1024m-3

Table A.I: Parameters of the BOA module, which can be used in VPI, with their default
values.

simple lump model of the traveling-wave semiconductor optical amplifier
(SOA). The physical quantities are averaged over the Length L of the de
vice. Note, that a time dependence of the gain caused by saturation effects
as well as the time-dependent phase change due to the gain-index coupling
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are included into this model. The gain medium of the amplifier is described
by the material gain coefficient g(N) (per unit length) which is dependent
on the carrier density N and is given by

(A.I)

where NtT is the carrier density at transparency point and dg / dN is the dif
ferential gain characterizing a slope of the dependence g(N). The actual
amplification of optical waves in the amplifier is determined also by the opti
cal confinement factor r defined as a fraction of the mode power within the
active layer and by the waveguide loss as

(A.2)

where gtot(N) is the net gain coefficient. the total gain G(z) of optical wave
at the location z of SOA can be calculated according to

G(N, z) = exp[gtot(N)z] = exp[(rg(N) - as)z], (A.3)

where a constant carrier density N(z) = constant over the amplifier length
was assumed. With equation A.3 the average light power Pav over the length
of the amplifier can be found as follows:

IlL IlLPav = L 0 P(N, z)dz = L 0 PinG(N, z)dz

= in l L

exp[gtot(N)z]dz

_ p exp[gtot(N)L - 1]
- m gtot(N)L .

(AA)

Note, that Pav is a function oftime because the input signal power Pin(t) and
the carrier density N(t) are time-dependent in equation AA. The dynamic
equation for the carrier density N(t) is given by AA

dN _ ~ _ ( ) _ rg(N)Pav(N, t)L
dt - qV R N Vhf' (A.5)

where I is the injection current, q is the electron charge, V = L . w . d is the
volume, w is the width, and d is the thickness of the active layer. The last
term of equation A.5 describes a depletion of inversion due to the stimulated
emission. f denotes the light frequency and h the Planck constant. The
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recombination rate R(N) includes the spontaneous emission and the non
radiative transitions, in particular the Auger recombination

R(N) = AN + BN2 + CN3 (A.6)

where A, Band C are constant s characterizing the different recombination
processes. Equations A.5 and A.6 are solved numerically using a 5th order
Runge-Kutta algorithm with an adaptive control of the step size. After the
dependence N(t) was numerically found, the output optical field Eout(t) is
calculated from the input filed Ein(t) according to

E () - E. ( ) [(1 + ja)fg(N(t))L - asL]
out t - m t exp 2 ' (A.7)

where the linewidth enhancement factor a, takes into account the coupling
between the gain and refractive index of the amplifying medium. In particu
lar, this coupling leads to the chirp of output signal if SOA is "dynamically"
saturated, i.e., N(t) shows a significant variation during the bit length.
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Figure A.I: The visualization of the BER estimation in VPI.

A.2 BER Estimation (Gaussian Assumption)

The module evaluates the system performance by estimating the bit error rate
(BER) using a Gaussian approximation. The module uses the bit sequence
from input port bits to determine the marks and spaces in the received signal.
At the end of a simulation run the BER as well as the Q-value is calculated
with respect to the given decision threshold. This threshold is set to the
optimum value of the decision threshold minimizing the BER is calculated
according to:

~exp (_ (D - ~0)2) = ~exp (_ (D - ~1?) . (A.8)
ao 2ao a1 2a1

Where /-11 is the mean value of the marks and /-10 corresponds to the mean
value of the spaces, and ao and a1 are the standard deviations of the marks
and spaces, respectively. At the end of a simulation run the BER is estimated
for the determined decision threshold D using a Gaussian approximation

BER(D) = ( n1 ) BER1 (D) + ( no ) BERo(D) (A.9)
no + n1 no + n1

n1 f (1/-11 - DI)
= 2(no + nd er c V2a1

+ no erf c (1/-10 - D I) ,
2(no + nd V2ao

where D is he decision threshold, n1 and no are the numbers of marks and
spaces, respectively, and erfc(x) denotes the complementary error function
given by

2 l inf
2er fc(x) = Vir x e-Y dy.

The Q-factor is calculated according to A.8

Q = 1/-11 - /-101.
a1 +ao

(A.I0)

(A.11)
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Appendix C

Chirp Measurements

C.l Chirp Measurement of a Directly Modu
lated DFB Laser
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Figure C.l: The output pulse, on the right and the corresponding time-resolved chirp on
the left. Directly modulated DFB laser at a bit rate of 622 Mbit/s. The measured pulse
pattern is 1010110.
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Figure C.2: The output pulse, on the right and the corresponding time-resolved chirp
on the left. Directly modulated DFB laser at a bit rate of 1.25 Cbit/s. The measured
pulse pattern is 1010110.
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Figure C.3: The output pulse, on the right and the corresponding time-resolved chirp
on the left. Directly modulated DFB laser at a bit rate of 2.5 Cbit/s. The measured pulse
pattern is 1010110101011.
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Figure C.4: The output pulse, on the right and the corresponding time-resolved chirp
on the left. Directly modulated DFB laser at a bit rate of 2.5 Gbit/s. The measured pulse
pattern is 0011111100111.
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Figure C.5: The output pulse, on the right and the corresponding time-resolved chirp
on the left. Directly modulated DFB laser at a bit rate of 1.25 Gbit/s. The measured
pulse pattern is 1010110.



134 Chirp Measurements

,.•
time(ns)

;E:1.8

~
CI) 1.'

..,..
tilTl9(ns)

2
1110

•

I, III

'kl I' \I~
~.~ i ~
-,

o 0.'

Figure C.6: The output pulse, on the right and the corresponding time-resolved chirp
on the left. Directly modulated DFB laser at a bit rate of 1.25 Gbit/s. The measured
pulse pattern is 1010110.
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Figure C.7: The output pulse, extinction ratio = 11 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbitjs.
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Figure C.B: The output pulse, extinction ratio = 10 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbitjs.
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Figure C.9: The output pulse, extinction ratio = 9 dB, on the right and the corresponding
time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit rate of
2.5 Gbit/s.
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Figure C.IO: The output pulse, extinction ratio = 11 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbit/s.
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Figure C.II: The output pulse, extinction ratio = 10 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbit/s.
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Figure C.12: The output pulse, extinction ratio = 9 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbit/s.
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Figure C.13: The output pulse, extinction ratio = 8 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbit/s.

chirp lII. 2.5 Gbil./9 IrJ\I'IIrting. eJdlncllon ralio is 11.5 dB

~
::<5-1.5

f

Wave10rm al 2.5 Gbit/s Inverted

Figure C.14: The output pulse, extinction ratio = 11.5 dB, on the right and the cor
responding time-resolved chirp on the left. Co-propagating inverting conversion at a bit
rate of 2.5 Gbit/s.
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Figure C.15: The output pulse, extinction ratio = 10 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 2.5 Gbit/s.
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Figure C.16: The output pulse, extinction ratio = 9 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit
rate of 2.5 Gbit/s.
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Figure C.17: The output pulse, extinction ratio = 11.5 dB, on the right and the cor
responding time-resolved chirp on the left. Co-propagating inverting conversion at a bit
rate of 2.5 Gbit/s.
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Figure C.IS: The output pulse, extinction ratio = 10 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 2.5 Gbit/s.
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Figure C.19: The output pulse, extinction ratio = 8.5 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 2.5 Gbit/s.
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Figure C.20: The output pulse on the right and the corresponding time-resolved chirp
on the left. Counter-propagating non-inverting conversion at a bit rate of 2.5 Gbit/s. The
measured pulse pattern is 0100101111010, and the used current setting is shown in table
5.2, setting 1.
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Figure C.2!: The output pulse on the right and the corresponding time-resolved chirp
on the left. Counter-propagating non-inverting conversion at a bit rate of 2.5 Gbitjs. The
measured pulse pattern is 1101000111010, and the used current setting is shown in table
5.2, setting 1.
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Figure C.22: The output pulse on the right and the corresponding time-resolved chirp
on the left. Counter-propagating non-inverting conversion at a bit rate of 2.5 Gbitjs. The
measured pulse pattern is 1101000111010, and the used current setting is shown in table
5.2, setting 2.
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Figure C.23: The output pulse on the right and the corresponding time-resolved chirp
on the left. Counter-propagating non-inverting conversion at a bit rate of 2.5 Gbit/s. The
measured pulse pattern is 0100101111010, and the used current setting is shown in table
5.2, setting 2.



144 Chirp Measurements

C.2.2 External Modulation
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Figure C.24: The output pulse, extinction ratio = 12 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 2.5 Gbit/s. The measured pulse pattern is 0100101111010.
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Figure C.25: The output pulse, extinction ratio = 12 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 2.5 Gbit/s. The measured pulse pattern is 1101000111010.
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Figure C.26: The output pulse, extinction ratio = 10 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 2.5 Gbit/s. The measured pulse pattern is 1101000111010.
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Figure C.27: The output pulse, extinction ratio = 10 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 2.5 Gbit/s. The measured pulse pattern is 0100101111010.
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Figure C.28: The output pulse, extinction ratio = 8.5 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 2.5 Gbit/s. The measured pulse pattern is 0100101111010.
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Figure C.29: The output pulse, extinction ratio = 8.5 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 2.5 Gbit/s. The measured pulse pattern is 1101000111010.
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Figure C.30: The output pulse, extinction ratio = 7 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit
rate of 2.5 Gbit/s. The measured pulse pattern is 1101000111010.
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Figure C.31: The output pulse, extinction ratio = 7 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit
rate of 2.5 Gbit/s. The measured pulse pattern is 0100101111010.
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Figure C.32: The output pulse, extinction ratio = 13 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbit/s. The measured pulse pattern is 1101000111010.
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Figure C.33: The output pulse, extinction ratio = 13 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbit/s. The measured pulse pattern is 0100101111010.
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Figure C.34: The output pulse, extinction ratio = 11.5 dB, on the right and the cor
responding time-resolved chirp on the left. Co-propagating non-inverting conversion at a
bit rate of 2.5 Gbitjs. The measured pulse pattern is 0100101111010.
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Figure C.35: The output pulse, extinction ratio = 11.5 dB, on the right and the cor
responding time-resolved chirp on the left. Co-propagating non-inverting conversion at a
bit rate of 2.5 Gbitjs. The measured pulse pattern is 1101000111010.
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Figure C.36: The output pulse, extinction ratio = 10 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbit/s. The measured pulse pattern is 1101000111010.
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Figure C.37: The output pulse, extinction ratio = 10 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbit/s. The measured pulse pattern is 0100101111010.
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Figure C.38: The output pulse, extinction ratio = 8.5 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbit/s. The measured pulse pattern is 0100101111010.
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Figure C.39: The output pulse, extinction ratio = 8.5 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbit/s. The measured pulse pattern is 1101000111010.
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Figure CAD: The output pulse, extinction ratio = 7 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbit/s. The measured pulse pattern is 1101000111010.
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Figure C.41: The output pulse, extinction ratio = 7 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 2.5 Gbit/s. The measured pulse pattern is 0100101111010.
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Figure C.42: The output pulse, extinction ratio = 11.5 dB, on the right and the cor
responding time-resolved chirp on the left. Co-propagating non-inverting conversion at a
bit rate of 10 Gbit/s. The measured pulse pattern is 1100001010.
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Figure C.43: The output pulse, extinction ratio = 11.5 dB, on the right and the cor
responding time-resolved chirp on the left. Co-propagating non-inverting conversion at a
bit rate of 10 Gbit/s. The measured pulse pattern is 1011011000.
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Figure C.44: The output pulse, extinction ratio = 10 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 10 Gbit/s. The measured pulse pattern is 1100001010.
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Figure C.45: The output pulse, extinction ratio = 10 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 10 Gbit/s. The measured pulse pattern is 1011011000.
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Figure CA6: The output pulse, extinction ratio = 8.5 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 10 Gbit/s. The measured pulse pattern is 1100001010.
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Figure C.47: The output pulse, extinction ratio = 8.5 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 10 Gbit/s. The measured pulse pattern is 1011011000.
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Figure C.48: The output pulse, extinction ratio = 7 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 10 Gbit/s. The measured pulse pattern is 1100001010.
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Figure C.49: The output pulse, extinction ratio = 7 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating non-inverting conversion at a bit
rate of 10 Gbit/s. The measured pulse pattern is 1011011000.
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Figure C.50: The output pulse, extinction ratio = 13 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 10 Gbitjs. The measured pulse pattern is 1100001010.
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Figure C.51: The output pulse, extinction ratio = 13 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 10 Gbitjs. The measured pulse pattern is 1011011000.
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Figure C.52: The output pulse, extinction ratio = 12 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 10 Gbit/s. The measured pulse pattern is 1100001010.
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Figure C.53: The output pulse, extinction ratio = 12 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 10 Gbit/s. The measured pulse pattern is 1011011000.
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Figure C.54: The output pulse, extinction ratio = 11 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 10 Cbit/s. The measured pulse pattern is 1100001010.
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Figure C.55: The output pulse, extinction ratio = 11 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 10 Cbit/s. The measured pulse pattern is 1011011000.
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Figure C.56: The output pulse, extinction ratio = 10 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 10 Gbit/s. The measured pulse pattern is 1100001010.
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Figure C.57: The output pulse, extinction ratio = 10 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit rate
of 10 Gbit/s. The measured pulse pattern is 1011011000.
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Figure C.58: The output pulse, extinction ratio = 9 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit
rate of 10 Gbit/s. The measured pulse pattern is 1100001010.
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Figure C.59: The output pulse, extinction ratio = 9 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit
rate of 10 Gbit/s. The measured pulse pattern is 1011011000.
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Figure C.60: The output pulse, extinction ratio = 7 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit
rate of 10 Gbitjs. The measured pulse pattern is 1100001010.
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Figure C.61: The output pulse, extinction ratio = 7 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit
rate of 10 Gbitjs. The measured pulse pattern is 1011011000.
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Figure C.62: The output pulse, extinction ratio = 6 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit
rate of 10 Gbit/s. The measured pulse pattern is 1100001010.

WlMlfonn el10GbiI/S InYllr19d

c( n
':( ~. \J

o 0.1 0.2 0.3 0.4 --=o"c-.,--:'o.•C--~o,·-----:,~. --:'o.•~
Iime(na)

chirpal10 GaI/lIlnwl1il1ljJ, aJdinction ratlo 13 Ode

~ j\

• ~ J
-2·!50;-----:-:-----:';,---O:O---=,c-:-.• ----:;0.':-'~o.•c--c'c,,-----:o:":-.• ----c,ec-.• ---.J,

Iime(na)

Figure C.63: The output pulse, extinction ratio = 6 dB, on the right and the corre
sponding time-resolved chirp on the left. Co-propagating inverting conversion at a bit
rate of 10 Gbit/s. The measured pulse pattern is 1011011000.
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