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Chapter I

Introduction
1.1

Optical communication

Already for a long time people have been communicating with each other. In the first place
by spoken languages, but also by different communication techniques. The evaluation of these
techniques is in itself an interesting story. Almost 5000 years ago, people relied on smoke and
optical signals to transmit information over several kilometers. The next development, around
300 before Christ, was to use carrier pigeons to deliver handwritten messages. Beside these
techniques the handwritten and the oral messages, delivered by family and friends, were still the
common communication techniques for most people.
Later on, around 1792, an old Roman optical communication technique was used to build
a complete optical network: the semaphore flag signalling system, developed by the Frenchman
Claude Chappe. This optical network, based on the waving of a pair of hand-held flags to represent different letters of the alphabet, covered France with 556 stations covering a total distance of
4800 kilometers. But also with this communication technique the maximum distance between
two stations was limited to a few kilometers. And besides that, the bandwidth was still an issue.
The transmission rate was limited to IS characters per minute.
The phenomenal technological advances of the 19th century brought enormous changes,
many of which were made possible by the introduction of mechanically generated electricity
in 1832. With the ability of transmitting electrical messages through copper wire, invented by
Wheatstone and Cooke in Europe and Morse and Vail in the United States, the explosive devel·
opment in the communication technique had started. A lot of new techniques were developed
to improve the communication, either by improving the bandwidth and the speed, or by reducing the power consumption and the costs. Also the encoding of messages, to guarantee secure
transmission or to multiplex different signals, was one ofthe new research topics.
Meanwhile, in 1957 Bell Labs' researchers Charles Hard Townes and Arthur Leonard Schawlow
began to explore the possibility ofusing light waves and new digital technologies to transmit voice
and data. These techniques were based on the re-derivations Albert Einstein made in 1916 of Max
Planck's radiation law which was based on the concepts of spontaneous and induced emission.
This new communication technique became more realistic by the invention ofthe semiconductor
laser in 1962 by Robert Hall and the invention of the first commercial room temperature semiconductor laser in 1975 by Diode Laser Labs in New Jersey. At the same time also glass fibers
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were developed that could carry the light waves produced by these lasers. The last 30 years the
optical communication technique became the backbone of the modern telecommunication.
Nowadays still a lot of research is being done in the optical communication techniques. One
ofthese research topics is the invention ofnew optical components like the SOA (Semiconductor
optical amplifier) the MZI (Mach-Zehnder interferometer) and the AWG (Arrayed Waveguide
Grating), but also integrating these different components in one chip.
The OED (Opto-Electronic Devices) group within the Electrical Engineering department of
the Technical University Eindhoven is one of the research groups that does fundamental research on optical devices. One of the projects is developing an integrated femtosecond pulse
source. These sub-picosecond optical pulses can be used in several optical telecommunication
applications like optical time domain multiplexing (OTDM), optical clocks and optical clock reo
covery.
To understand what happens with light in devices, especially in the different components
needed for the femtosecond pulse source, one has to know how optical pulses change when they
propagate through a device. Not only the changes in the optical power spectrum are in this case
important, but also the changes in shape and phase of the optical pulse in time.
During my final project within the OED group at the Technical University Eindhoven I have
developed a measurement method To measure the temporal magnitude and phase profiles of
(sub-)picosecond « 2ps) optical pulses.

1.2 The measurement of (sub-)picosecond optical pulses
For a long time people have been trying to fully characterize an optical pulse. All the properties of an optical pulse are concealed in the optical time domain representation or in the optical
frequency domain representation of the pulse. The optical time domain representation contains
magnitude and phase in the time domain, while the optical spectrum contains magnitude and
phase in the frequency domain. Only one of these representations is needed to fully characterize the optical pulse. The two representations of the optical pulse are linked by the well-known
Fourier transformation.
Measuring the time or frequency domain of an optical pulse is not possible with a standard
simple measurement, especially not when the pulse length is a few picoseconds or shorter. In
principal an optical signal can be received with a photodiode connected to an oscilloscope from
which the intensity profile can be read. But this method has some problems. First of all, not all
information can be extracted from this signal; it does not include information about the carrier
frequency ofthe pulse, nor does it give any information about the phase ofthe envelope. Secondly,
the current photodiodes are not fast enough to translate the rapid changes in the optical pulse to
an electrical signal. If we measure a (sub-)picosecond pulse with a fast photodiode and a fast
oscilloscope, the only meaningful information we can get from the results is the average power
of the pulse and maybe the repetition rate if the pulse is part of a pulse train.
The other traditional way of partially characterizing an optical pulse is to measure the optical
power of all frequency components with an optical spectrum analyzer. This results in an optical
power spectrum which is the square of the absolute Fourier spectrum. However, here the measurement results do not give any information about the phase of the Fourier spectrum. So also
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this method does not give enough information to fully characterize the optical pulse.
A couple ofmeasurement methods were invented to characterize an optical pulse as precisely
as possible. Some of the most common and best known measurement methods at this moment
are:
• FROG (Frequency-Resolved Optical Gating)
• SPIDER (Spectral Phase Interferometry for Direct Electric field Reconstruction)
• PICASO (Phase and Intensity from Cross correlation And Spectrum Only)
• SIMBA (Spectral Interferometry using Minimum-phase Based Algorithm)
• Auto-correlationfcross-correlation
In the next sections these different measurement techniques will be explained shortly to get
an impression ofwhat is possible.

1.2.1

FROG (Frequency-Resolved Optical Gating)

The FROG technique is developed by Rick Trebino and Daniel J. Kane in 1993. [1,2] A FROG
measurement is based on the principles of auto-correlation, except for the photodiode, which is
replaced by a spectrum analyzer. The recorded FROG trace, which can consist of a couple ofhundred spectra, is used to reconstruct the optical pulse by an iterative algorithm. With this technique
the pulse shape as well as the phase profile can be reconstructed. Disadvantages ofthis technique
are the ambiguity of the reconstructed pulse with its time reversed pulse like an auto-correlation
signal, the large amount of spectra needed to reconstruct the pulse and the unsuitability for weak
pulses. Auto-correlation is mostly based on second or third order harmonics that occur in a nonlinear medium where two copies of the pulse are recombined. These harmonics are in case of
weak pulses too weak to measure. A couple of different FROG techniques are numerated below
but will not be explained in detail.
• FROG based on second-harmonic generation [3]
• FROG based on third-harmonic generation [4]
• FROG based on polarization gating [5]
• FROG based on self diffraction [6]

1.2.2

SPIDER (Spectral Phase Interferometry for Direct Electric field Reconstruction)

This SPIDER technique is developed by Ian Walmsley and Chris laconis in 1998 [7]. SPIDER
is a technique to characterize the electric field of ultrashort optical pulses, based on shearing
(frequency shifting) interferometry in the optical frequency domain. The trick in this technique is
to frequency-shift one replica ofthe pulse compared to the other one. This is done by performing
sum-frequency generation between a strongly chirped pulse and a pair oftime-separated replicas
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of the pulse. Spectral interferometry performed on these two up-shifted pulses yields essentially
the derivative of the spectral phase.
The advantage of this measurement method is that it only needs one spectral measurement,
but on the other hand the disadvantage is the complex measurement setup. It needs a lot of
components which have to be aligned very welL Furthermore, not all arbitrary pulses can be
measured. If a pulse has satellite pulses, these satellite pulses can destroy the measurement
because they can cause overlap when two time-separated replicas are made.

1.2.3

PICASO (Phase and Intensity from Cross-correlation And Spectrum Only)

The PICASO technique is developed by J.W. Nicholson [8] in 1999. Phase and Intensity from
Cross-correlation And Spectrum Only (PICASO) records I) the pulse spectrum and 2) the crosscorrelations of the pulse with a replica modified by a known linear element (dispersive plate
and/or attenuator). An iterative computer algorithm then retrieves the pulse parameter that fits
the data best. The main disadvantage of this technique is that is does not work for weak pulses
((sub)-£} pulses [9]).

1.2.4

SIMBA (Spectral Interferometry using Minimum-phase Based Algorithm)

SIMBA is a quite new technique developed in 2005 by Aydogan Ozcan [10]. SIMBA involves
measuring the power spectrum of a sequence consisting of a dummy pulse and a sample pulse
that has to be characterized. This combination of dummy and target pulse must be a minimumphase function/signal (MPF) or a close to MPF. The time domain profile is then retrieved with
a Hilbert transformation or a simple iterative error-reduction algorithm applied to the power
spectrum. One ofthe main advantages ofthis measurement method is that with only one spectral
measurement the target pulse can be reconstructed. Other advantages are the possibilities to
measure multiple pulses, and/or weak satellite pulses. One disadvantage can be the need of
an optical spectrum analyzer that can give enough data samples per wavelength over a large
bandwidth (Most state-of-the-art optical spectrum analyzer are good enough).

1.2.5

Auto-correlation/cross-correlation

Auto-correlation and cross-correlation are two mathematical techniques to measure how well
a signal matches a time-shifted version of itself (auto-correlation) or of another signal (crosscorrelation). In a practical optical measurement setup this can be realized by measuring the
second harmonic signal that occurs when a signal and a time shifted version of itself or of an
other pulse, enters a nonlinear crystaL By simple calculations some information about the pulse
can be extracted. The advantage of this measurement method is its rather simple mathematical
background. Disadvantage of this method is that only the magnitude can be reconstructed. Furthermore there is no difference between the auto-correlation of a given pulse or the time-reversed
version of it. To extract one pulse from a cross-correlation, the shape of the other pulse must be
known.
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1.3

About this thesis

In my research I have chosen to further develop the SIMBA method to characterize (sub-) picosecond optical pulses that have been sent through a photonic integrated circuit (PIC). The advantage
of this measurement method is that the measurement setup is rather easy to make in the optical
laboratory of the OED group. To make this measurement method a standard that can be used in
the optical laboratory of the OED group, the possibilities but also the limitations of this method
must be known.
In this master thesis a practical oriented feasibility study will be presented ofwhat is possible
with this SIMBA method in the optical laboratory ofthe OED group.
In chapter 2 some more background information will be given about the term: minimumphase function (MPF), which is the key within the SIMBA method. Furthermore, it discusses the
SIMBA method. To find out what the possibilities and limitations of this method are, it is first
analyzed by performing simulations which are presented in chapter 3. With the knowledge of
these simulations some measurements have been performed to see if the measurement method
also works in practice. The results of these measurements are given in chapter 4. In chapter 5
an easy measurement method will be described to verify some of the results found in chapter 4.
Besides the description of this measurement method also the results of the measurements that
have been done with this method are presented. Finally a conclusion and some recommendations
are given in chapter 6.

II

Chapter 2

SIMBA measurement method
2.1

Introduction

In this chapter the SIMBA method will be explained more in detail. The first section (2.2) contains some theoretical background of the method. In the second section (2.3) the translation to
a measurement method is made. The measurement method itself contains a physical part and a
computational part which will both be discussed.

2.2

Theory about the Minimum Phase Function (MPF)

The key within the SIMBA measurement method is the MPF. A MPF is a special time signal
within the complete range of signals. The special advantage of this signal is that its spectral
magnitude and spectral phase are related to each other. If one of them is known, the other
can be calculated by an Hilbert transformation or an iterative algorithm. Only if X jlJJ ) is the

(e

complex spectrum of a MPF, the spectral phase arg[X
magnitude IX

(e

jlJJ

) ]

can be calculated from the spectral

(e Iby the Hilbert transformation:
jlJJ

)

(2.r)

The other way around, also the magnitude spectrum can be calculated from the phase spectrum.
In appendix A an extensive explanation and proof ofthis Hilbert transformation can be found. In
the SIMBA measurement method this relation between the spectral magnitude and the spectral
phase is used.
To make use of MPF's and their properties, the intrinsic behavior of these type of signals
must be known. From the signal theory and the extensive explanation in appendix A follows that
a MFP has all his poles and zero's in the Z-domain, inside the unit circle. With this information a
couple of restrictions of a minimum-phase signal can be determined. These restrictions will not
r3

be substantiated with evidence in this thesis, but the evidence can be found in the given reference.
RESTRICTION I

The minimum-phase signal is a causal signal. This means that a signal starts at t = 0 and for
t < 0 there is no signal or the signal is equal to zero. For a repetitive signal it means that, depending on the definition of t = 0, half ofthe period is equal to zero. I
RESTRICTION

II

[n](Theorem 11-20)

"Ofall causal energy-bounded time signals with identical magnitude spectra and zero phase for w = 0,
there exists one time signal, the minimum-phase time signal, that has the smallest phase:
(2.2)

where X min (e jW ) is the frequency spectrum of the minimum-phase signal, and X (e jW ) is an arbitrary
frequency spectrum with the same magnitude as the frequency spectrum ofthe minimum-phase signal. "
From this restriction we can understand why this kind of signals is called 'minimum-phase'.
RESTRICTION III

[n](Theorem 11-21)

"Ofall causal energy-bounded time signals with identical magnitude spectra and zero phase for w = 0,
there exists one time signal, the minimum-phase time signal, that has the smallest phase derivative:"

RESTRICTION

IV-A

[n](Theorem 11-22)

"Ofall causal energy-bounded time signals with identical magnitude spectra and zero phase for w = 0,
there exists one time signal, the minimum-phase time signal, that has the smallest tail energy:
2

00

L

n=m+l

2

00

IXmin(n)! <

L

Ix(n)1

n=m+l

for every m ::: 0."
RESTRICTION

IV-B

[I2](In essence the same as IV-A)

"Ofall causal energy-bounded time signals with identical magnitude spectra and zero phase for w = 0,
there exists one time signal, the minimum-phase time signal, that has its energy concentrated nearest to
I If t = 0 is defined at the beginning of the period, the second half ofthe period is equal to zero. If t = 0 is defined
in the center ofthe period, the first halfof the period is equal to zero.

t = O. I.e., it minimizes the followingfunction which we can think ofas the delay ofenergy in the signal:

for every k ::: 0."

2.2.1

How to make a reconstructible pulse

From the previous part can be concluded that, if the magnitude spectrum of a MPF is known,
the phase spectrum of this MPF can be reconstructed. Also if a magnitude spectrum, originating
from an other (non-MFP) signal, is taken, a phase spectrum can be calculated with the Hilbert
transformation. The calculated phase spectrum in this case, together with the magnitude spectrum, does not represent the original signal but a MPF. It means that from every magnitude
spectrum (or power spectrum) a MPF can be calculated. This does not mean that if a MPF is
calculated from a magnitude spectrum, this magnitude spectrum also originates from a MPF. To
correctly use the possibility of calculating the phase spectrum from the magnitude spectrum one
has to be sure that the original signal is a MPF.
If a time signal is created with a dominant peak close to the origin (to fulfill Restriction
IV-A and IV-B), with a nearly flat phase profile (to fulfill Restriction III) and half of its time
signal equal to zero (to fulfill Restriction I), it will be a (close to) MPF. According to [ro], adding
another time signal to this (close to) MPF with a amplitude at least a factor 10 smaller than the
dominant peak of the (close to) MPF and a spectrum a factor 2 smaller than the (close to) MPF
spectrum, will result in a time signal which is also a (close to) MPF. Furthermore, according to
[ro], taking from this signal (i.e. the (close to) MPF and the added arbitrary signal together) the
magnitude spectrum, and reconstructing the MPF, the reconstructed MPF will be close to the
original signal. The difference between the reconstructed MPF and the (close to) MPF with the
added time signal is 'only' visible in the dominant peak. The added time signal can be extracted
from the reconstructed MPF and is a good representation of the original added time signal.

2.3

The implementation

In the previous section and fro] a concept is presented to fully characterize an optical pulse from
a known magnitude spectrum. In the current section this concept will be translated into a measurement method called SIMBA. This measurement method is built up in two parts, the physical
part and the computational part. Section 2.3-1 will explain the physical part. and section 2.3.2 will
explain the computational part.

2.3.1

The physical implementation

The concept behind SIMBA starts with a (close to) MPF near t = 0 2 , called the dummy pulse, to
fulfill Restriction IV-A and IV-B. Added to this signal is the pulse under study, the target pulse.
2In practice t

= 0 is arbitrary and will be chosen just before the dummy pulse.
r5

The dummy pulse is dominant and precedes the target pulse to keep a dominant peak at the
origin. If these two pulses are from two different sources, it is very difficult to combine them due
to timing problems. In case of pulses from two different repetitive sources, the repetition rate
of both sources must be exact the same, otherwise the two different pulses will drift away from
each other. Because of the fact that this measurement method will be used at the OED group to
measure pulse propagation through a photonic integrated circuit (PIC), and not originatingfrom a
PIC, there is chosen to let the dummy pulse as well as the target pulse originate from the same
source to overcome this timing problem.

FSL

= Femtosecond laser source

X(1-X) = splitter/combiner

AT
BPF
PIC
OSA

= Attenuator
= Bandpass filter
= Photonic integrated circuit
= Optical spectrum analyzer
Figure 2.1: Schematic overview of the measurement method.

In figure 2.1 a schematic overview is given ofthe measurement method. In this overview one
can see that there is one laser source, the femtosecond laser source (FSL), at the left side of the
figure. This laser source will generate laser pulses with a constant repetition rate. The generated
pulse train will be split into two different arms. In one arm (the upper arm in figure 2.1) the
target pulses will be created, in the other arm (the lower arm in figure 2.1) the dummy pulses. In
both arms the same pulse train is now present, however a factor 3d B weaker than the original
pulse train. (From now on will be spoken of one dummy pulse and one target pulse, however
correctly spoken it is a train of dummy pulses and a train of target pulses.)
In the upper arm, the arm where the target pulse will be created, the laser pulse will pass
through an attenuator (AT) and a bandpass filter (BPF). The attenuator is necessary to control
the power ratio between the dummy and the target pulse and the bandpass filter is necessary to
keep the bandwidth of the target pulse at least a factor 2 smaller than the dummy pulse (one of
the requirements defined in [10]). The resulting pulse can be led through the photonic integrated
circuit (PIC). The pulse coming out of the PIC is the target pulse that needs to be measured. On
the right side of figure 2.1 this target pulse will be combined with the dummy pulse that comes
from the lower arm. Here the dummy pulse must precede the target pulse.
In this way a time signal can be created with a dominant peak, the dummy pulse, followed by
the pulse under study, the target pulse. The resulting time signal will be measured with an optical
spectrum analyzer (OSA). The measured power spectrum contains all information needed to fully

reconstruct the target pulse. This reconstruction will be performed with the SIMBA algorithm,
which will be explained in the next section.

2.3.2

The computational implementation

In section 2.2 and appendix A one can see that recalculation of the phase spectrum is always
possible if the magnitude spectrum from a MPF is known. In [13] and [14] an iterative algorithm is presented to reconstruct this phase spectrum from the magnitude spectrum of an MPF.
Furthermore, in [14] is given the evidence that this algorithm always converges to the correct

Phase
guess

OSA

: <Po(A)

PM(A)
~

';PM(A)

IAM(A)I

1FT

/AM(A)lexp(<p A))
xp(<pn(A))

1~(A)lexp( <Po(A))

Ge:V

FT

/A'(t)lexp( <p'(t))
Keept>O

An(t)

OSA
1FT
FT

Optical spectrum analyzer
Inverse Fourier transformation
= Fourier transformation

=

=

Figure

2.2:

Block diagram of the iterative algorithm.

phase spectrum. With this algorithm a phase spectrum can be reconstructed from the magnitude spectrum, irrespective of the origin of the magnitude spectrum (MPF or a close to MPF).
The combination ofthe magnitude spectrum and the phase spectrum will always be the complex
spectrum of a MPF. In figure 2.2 a block diagram ofthis algorithm is presented (according to the
block diagrams in [10], [13] and [14])
From the measured power spectrum PM (A) first the square root is taken to get the magnitude
ofthe Fourier spectrum IAM(A)!. This magnitude ofthe Fourier spectrum is combined with a ar-
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bitrary phase <Po ()..). This can also be a flat phase profile <Po()..) = 0. The complex Fourier spectrum
is used as input for the inverse Fourier transformation to calculate the complex time representation A' (t). To converge to a MPF A' (t) is only taken for t > 0, this is one halfof the complex time
signal A'(t). The other halfis made equal to zero. This complex time signal An(t) is used as input
for the Fourier transformation to get the complex Fourier spectrum A n()") = IAn()..)lexp(<Pn()..».
Then the phase of this complex spectrum is combined with the original square root of the measured power spectrum to get the new complex Fourier spectrum lAM ()..)lexp(<Pn ()..», which will
be used as input for the next iteration step. Finally, An(t) will converge to a MPF [14].

2.4

Conclusion

The magnitude spectrum and the phase spectrum of a MPF are related to each other by a Hilbert
transformation. Iftwo pulses, a dummy pulse and a target pulse, are combined in such a way that
they are a (close to) MPF, they can be reconstructed on the basis of just a single power spectrum
(magnitude spectrum). In section 2.2 some restrictions ofthe combination ofthe two pulses into
a (close to) MPF, are made. In section 2.3.1 the combining of the two pulses is translated into
a physical measurement method, and in section 2.3.2 the computational step to reconstruct the
phase spectrum is presented. These two parts, the physical part and the computational part, form
together a measurement method to characterize the temporal magnitude and phase ofan optical
pulse.
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Chapter 3

Exploring possibilities and limitations of
the SIMBA measurement method by
simulations
3.1

Introduction

In the previous chapter (chapter 2) the SIMBA measurement method was presented. To understand how to use this measurement method and what the limitations ofthe method are, different
phenomena and situations that can occur in the measurement setup have been simulated. In this
way the limitations of the method are explored and linked to specific conditions. In [10] already
many simulations have been presented that describe the use ofthe SIMBA measurement method
and its limitations. However, it does not give much information about the exact physical cause
of these limitations. In this chapter some phenomena and the limitations they impose on the
method will be discussed. In section 3.2 the use ofa non-ideal dummy pulse and the phenomena
that can cause this non-ideality will be discussed. Section 3.3 discusses the limitations of the target pulse and the phenomena that impose extra limitations. Section 3.4 discusses the influence
of noise on the SIMBA method. In the end a conclusion about this chapter will be given.
The measurement method explained in chapter 2 has been simulated by generating two
pulses, the dummy and the target pulse. These two pulses were combined in the time domain.
From this time domain was determined their collective power spectrum. This power spectrum
was also measured in practice. The power spectrum was used as input for the SIMBA algorithm.
The result of this algorithm could be compared with the original pulses. In all simulations the
dummy pulse as well as the target pulse were described by an asymmetric hyperbolic pulse profile. In all the next equations the dummy pulse will be indicated with the subscript d and the
target pulse with the subscript t.
</Jd(t) = 0

</Jt(t)

=0

where IAd(t)! and IAt(t)1 are the magnitudes of the optical field envelopes, ¢d and ¢t the phases
of the optical field envelopes, Ad,max and At,max the maximum amplitudes, r the time between
the dummy and the target pulse and Ad and At the pulse widths of the dummy and the target
pulses. An example of the two combined pulses is given in figure 3.1. These pulse profiles have
been chosen because the hyperbolic pulse profile represents best the real laser pulses from the
laser source that will be used in the practical measurements [15]. The asymmetric pulse shape
in the target pulse can help to distinguish the target pulse from its time reversed version. (The
asymmetric pulse shape ofthe dummy pulse is later on in this chapter needed to change the spectrum of this dummy pulse to a spectrum that agrees more with the real spectrum (section 3.2.3).
Using this asymmetric pulse shape instead of a symmetric pulse shape in the dummy pulse does
not influence the simulations in any way.) The phases of both pulses are here described with a
flat profile ¢(t) = 0 but later on they will be changed to phase profiles that describe one or more
ofthe phenomena, like chirp due to dispersion and nonlinearities.
In order to quantify the error that is introduced by the method, a magnitude error 8m and a
phase error 8p for the result of a measurement simulation is defined:

8m

=

f

2
IIAt(t)I-IAt(t - 6.t)I/ dt

~------;;--_----'-.-

f
f
8p =

2

IA t (t)1 dt

I¢t(t) - ¢t(t - 6.t)/2dt
2

f

l¢t(t)1 dt

for

IAt(t)I:::: O.Ol.maX/At(t)1

where IAt(t)! and IAt(t)1 are the magnitude, and ¢t(t) and ¢t(t) the phase of the original and
the reconstructed optical target pulse envelopes. To avoid timing problems between the original
and the reconstructed target pulse 6.t is included in the equation, and is set to a value for which
the error is minimal. The phase error 8 p can only be used if ¢t(t) =1= 0 (flat phase profile). In
other cases the absolute error will be given. Before using this equation the offset in the phases is
filtered out. (by integrating the derivative ofthe phase)
To get results which are representative for the measurements which will be performed in the
experimental setup ofthe OED group, the chosen values in the simulations are in the same order
of magnitude as in the experimental setup. In this setup a 200 f s laser source is used with a
bandwidth of approximately 30nm.

3.2

Influences of a non-ideal dummy pulse

In this section the effect ofusing a non-ideal dummy pulse instead ofa minimum-phase function
(MPF) will be explored. In chapter 2 one has seen that a MPF is required to reconstruct the
full time or frequency domain representation of the target pulse. In practice it will be nearly
impossible to create a MPF because there is no way to be sure that a time signal is a MPF without
knowing the complete complex time signal and calculating the Fourier spectrum of it. There are
only a few restrictions about the shape of a MPF in time domain, that hold for every MPF time
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signal(chapter 2.2). The chance that a made time signal is a MPF is small, in most cases it will
be only close to a MPF. The limitations of the use of an imperfect MPF and the phenomena that
can increase this imperfection, will be discussed. The following topics will be discussed:
• The starting error due to the use of an imperfect MPF
• The effects of chirp due to dispersion in optical fibers. This is a linear chirp, i.e., with a
linear variation of the instantaneous frequency
• The effects of nonlinearities (e.g. self-phase modulation arising from the Kerr effect) that
can occur in the laser source.

3.2.1

The starting error due to the use of an imperfect MPF

In chapter 2 it has been shown that a minimum-phase function (MPF) is needed to reconstruct
the full time or frequency domain representation of the target pulse. In practice it will be nearly
impossible to create an MPF because there is no way to be sure that a time signal is a MPF without
knowing the complete complex time signal and calculating the Fourier spectrum of it. There are
only a few restrictions about the shape of a MPF in time domain, that hold for every MPF time
signal(chapter 2.2). The chance that a made time signal is a MPF is small, in most cases it will
be a close to MPF. The optical pulse in the measurement method must be close to a MPF but in
practice it will never be a MPF. Because of the fact that the algorithm always converges to a MPF,
an error is always introduced in practice.
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Figure 3-1: Magnitude of the optical pulse envelope of the dummy and the target pulse together.
The pulse length is 200 f sand 2.0 ps (FWHM) for the dummy and the target pulse respectively.
Ad.max I A t •max = 20 and the r = 70 ps.
To get an idea about the error that occurs in the reconstruction of the target pulse, due to
the use of an imperfect MPF, the following pulses as shown in figure 3-1 and 3.2 is performed.
The dummy and the target pulse are simulated with equation 3-1 and 3.2 in which the Ad and At
are chosen to get a 200fs dummy pulse and a 2.0ps target pulse (FWHM). The amplitude ratio
Ad.maxlA t •max is chosen to be Ad.maxl A t •max = 20 and the pulses are 70ps separated from each
other (r = 70ps). Furthermore, both pulses have a flat phase profile (<PdCt) = <PtCt) = 0) and
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Figure 3.2: (a) Optical power spectrum ofthe dummy and the target pulse together. The dummy
pulse has a bandwidth of13.5nm (FWHM), and the target pulse a bandwidth of1.3nm (FWHM).
The bandwidth of the dummy pulse will be broadened out later on to a:::::: 30nm bandwidth, like
the bandwidth of the laser source spectrum in the practical setup. The bandwidth of the target
pulse is comparable to the bandwidth that the bandpass nIter in the practical setup will yield.
(b)Zoom in on the interference pattern.

have the same center frequency. The reason for the choice for A d .max / At,max = 20, Ad/At = 0.1
and r = 70ps and the influence variations in these parameters have on the simulation will be
explained in section 3.3.
The power spectrum of the pulses together is used as input for the SIMBA algorithm. The
magnitude error in the reconstructed target pulse is 8 m :::::: 1.4· 10-7 (equation 3.3). This error,
which is rather small, can have three different causes that will be discussed here.
First of all, the error can be introduced due to the rounding error in the SIMBA algorithm.
The algorithm converges to the end value, but there must be a criterium when to stop. This
criterium is based on the average change in the phase of the complex Fourier spectrum in one
iteration step en is set to < 1.0· 1O- 15 rad, so the phase does almost not converge anymore. The
error that occurs in this algorithm does not have a large influence on the error that occurs above,
ifthe criterium is set to a weaker value « 1.0-1O- 10 rad)the error in the most significant numbers
remains the same (8 m :::::: 1.4· 10-7 ).
A second possible cause for the error is the discrete time mismatch between the original
pulse and the reconstructed pulse. The error is based on the minimal error that occurs when the
original pulse is shifted over the reconstructed pulse. (equation 3-3) This shifting is performed
in discrete time steps of rv 10 f s. If the timing difference between the original pulse and the
reconstructed pulse is rv 5f s an error occurs in the reconstruction. This error can be a significant
part of the error that has occurred in the simulation above, but in practice the time position in
comparison to t = 0 is not relevant.
Finally the use ofa non-ideal dummy pulse can have an influence on the error. From the simulations above we can conclude that, despite of the error in the reconstruction, the reconstructed
target pulse gives a good representation of the original target pulse (8 m < 0.01 % (rounded at 2
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decimals behind the comma)).
As expected, the reconstructed dummy pulse has a different pulse shape, all energy of the
dummy pulse is shifted towards the origin (t = 0). The time of the target pulse with respect
to t = 0 was not reconstructible during this shift, but the relative time between the dummy
pulse and the target pulse has remained 70 ps (a small deviation in the order of the dummy pulse
width).

3.2.2

Chirp due to dispersion

Dispersion is the frequency- or wavelength-dependency ofthe phase velocity in a medium. When
an optical pulse propagates through a dispersive medium, like a single mode fiber, not all the
frequency components travel with the same velocity, so they do not arrive at the same time anymore. Due to this dispersion, short pulses which have a broad spectrum (in the order of a few
tens of nm), can broaden out to long pulses. This broadening also makes the pulse drift away
from being close to a MFP. In the SIMBA measurement method (chapter 2) this phenomenon
can also occur, especially with the dummy pulse, ifit travels through some meters of single mode
fiber, because the dummy pulse has a large spectrum. The number ofmeters of single mode fiber
needed in the measurement method is expected to be < 10m. In this subsection the influence of
the broadening of the dummy pulse by dispersion on the target pulse will be explored
The broadening 6.T of a pulse at the output of a dispersive medium of length z can be
measured by the difference in the arrival times of the extreme frequency components. If the
pulse bandwidth is 6.A, 6.T is given by:
6.T

2rrc

= -~zl3z6.A = ZD6.A

where the parameter D = _2:'/2 is the dispersion parameter (expressed in slm 2 ) and /32 the
group-delay dispersion coefficient (expressed in s2Im). In the same way the relative time delay
for every frequency component can be calculated. With this relative time delay the relative phase
delay <Pdi can be calculated
<Pdi(W)

= zD

2rrc(w - w r )

w2

W

2rrc(w - w

)

= z D - -W- - r-

where W r is the relative frequency with the relative time delay zero. The new complex Fourier
spectrum Ad(w) can now be calculated:

In the next simulations a standard single mode fiber (0=20· 1O-6s l m 2 or equal
D = 20 ps I nm I km) is simulated. Only the dummy pulse is led through this fiber. Because the
length of single mode fiber in the measurement method will be < 10m, the fiber length is step
by step increased by 1m, starting at zero, to see the error that occurs in the reconstruction of the
target pulse. The dummy and the target pulse have the same shape as in the previous simulations
(figure 3-1). The target pulse is in all cases simulated with a flat phase profile in time <Pt(t) = O.
The dummy pulse on the other hand does not have a flat phase profile due to the added phase

in the frequency domain of the pulse (equation 3.7). The results of the simulations are plotted
in figure 3.3. Figure 3.3(a) contains the original and the reconstructed magnitude of the optical
field ofthe target pulse. In this case the dummy pulse is chirped with 0.2ps j nm dispersion (10m
single mode fiber). Also the phase of the reconstructed optical field is shown, the original pulse
has a flat phase profile (¢t(t) = 0). In figure 3-3(b) the error in the reconstructed magnitude of
the target pulse is shown (calculated with equation 3.3). The maximum deviation in the phase
is 0.133rad per extra meter dispersive fiber. In figure 3.3(a) the length of the fiber is 10m, so a
maximum deviation of 1.33rad occurs. Due to the dispersion, the dummy pulse is broadened
with 500fsjm.
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Figure 3.3: (a) Optical field of the original and the reconstructed target pulse. The dummy pulse is
chirped with 0.2psjnm dispersion. (b) Error in the reconstruction of the magnitude of the optical
field versus the dispersion.
In the simulations above the dummy pulse is broadened by a dispersive fiber. All spectral
components of the dummy pulse obtain an extra phase shift (equation 3.7). After reconstructing
the dummy and the target pulse, the dummy pulse is in all cases the same. This means that the
phase shift, caused by dispersion in the fiber, is smoothed in all the spectral components. This
phase shift is exactly the same as the extra phase shift in equation 3.7, but now in the opposite
direction eNJdi(W). Different is the fact that the target pulse gets this phase shift as well because it
is related to the phase of the dummy pulse. Due to this phase shift in the spectral components of
the target pulse, an error occurs in the reconstruction of the target pulse. This error introduces
an extra phase and magnitude change in the time domain in the reconstruction of the optical
pulse profile of the target pulse. This error is exactly as if an eit/Jdi(W) phase shift is added to the
frequency domain of the target pulse.
From these simulations can be concluded that a chirped dummy pulse (due to dispersion)
has influence on the reconstruction of the target pulse. For a dummy pulse that is led through
10m single mode fiber, 8 m < 0.3% and a maximum phase shift distortion of 1.33rad occurs. This
phase shift is exactly the same as the phase shift added to the dummy pulse however, in the opposite way. This is already a large phase distortion ifthe phase profile needs to be measured, but also
a large broadening (from 200fs to 5.3ps) of the dummy pulse. In practice it is recommended,
and it is also possible, to keep the chirp (due to dispersion) in the dummy pulse to a minimum

by using dispersion shifted fiber. This avoids undesired extra errors in the reconstruction of the
target pulse. If a 200 f s dummy pulse is broadened to a 600 f s pulse (which is in practice already
a large broadening), the error in amplitude and phase is neglectable (8m < 0.01 % and < 0.2rad
differentiations in phase). If the chirp in the dummy pulse is known, the influence of the chirp
on the target pulse can be compensated in the reconstructed target pulse.
Furthermore, only the difference between the phases of the frequency components from the
dummy and the target pulse is measured. Ifboth pulses have the same phase shift (in frequency
domain) due to dispersive fiber(s), this phase change is canceled out after reconstruction. It
seems nice to use this in the measurement method (chapter 2), because if the dummy pulse and
the target pulse go through the same amount of dispersive fiber, only the phase change in the
chip will be measured. But one has to keep in mind that the target pulse through the chip is not
the original pulse but a chirped one (which might cause other unwanted phenomena in the chip).

3.2.3

Chirp due to nonlinearities

An other phenomenon that can occur in the dummy pulse is chirp due to nonlinearities. Examples of nonlinearities are: spontaneous and stimulated Raman and Brillouin scattering, twophoton absorption and the Kerr effect. A typical effect of nonlinearities is the broadening of the
optical power spectrum. In the experimental setup ofthe 0 ED group a 200 f s laser source is used
with a bandwidth of approximately 30nm. In the previous simulations can be observed that also
a 200 f s pulse with a smaller bandwidth (around 14nm) can be made.
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Figure 3+ (a) Optical power spectrum of the measured 200 f s laser source and that of the simulated ideal 200 f s pulse. (b) Optical power spectrum of the measured 200 f s laser source and the
simulated ideal 200 f s pulse with a nonlinear phase profile (extra phase change proportional to
the power Pd(t) of3.84 ·109 radjWatt whilemax[Pd(t)] = 6.25 ·lO-lOWatt).
In figure 3.4(a) the power spectra of the 200 f s laser source and the simulated 200 f s pulse is
shown. The difference in the width of the two spectra can be observed very well. This bandwidth
difference is caused by nonlinear effects in the laser source. In figure 3.4(b)the power spectrum of
the 200 f s simulated pulse is again plotted together with the spectrum ofthe laser source, but now
with a nonlinear chirp profile on the pulse (equation 3.8). Here the influence of nonlinearities

on the power spectrum can be observed very welL (The exact nonlinear profile ofthe laser source
is unknown so it can not be simulated.) To get an example of what happens when this kind of
nonlinearities occur, the Kerr-effect (one kind of nonlinearity) is simulated. This simulation does
not simulate all the different effects, however, as a first approximation it gives an idea ofwhat can
happen in practice.
The simulation is based on the Kerr effect: high optical intensities in a medium cause a
nonlinear phase shift which has the same temporal shape as the optical intensity. The resulting
complex optical pulse envelope A e (t) is:

where IAd(t)1 and </>d(t) are the original optical pulse envelope magnitude and phase (equation
3.1) and </>no(t) is the extra phase shift in the optical pulse envelope. This phase shift is dependent
on the optical intensity I (t) and a factor Ye that indicates the phase change per Watt in a unit area.
Furthermore we assume that all optical power will be concentrated on one unit area, so the extra
phase will only be dependent on the optical power pet) = IA(t)1 2 and Ye' This leads to

</>no(t) = YePCt)
In the simulations the same pulses are used as in the simulations above (equation 3.1 and 3.2
and figure p and 3.2). The target pulse is in all cases simulated with a flat phase profile
(</>t(t) = 0) and the extra phase of the dummy pulse is simulated according to equation 3.8. The
first simulation has been done without any chirp on the dummy pulse Ye = Orad/Watt, and in
the other simulations Ye is step by step increased by 0.32· 109 rad/ Watt
(max[Pd(t)] = 6.25 ·10-10).
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Figure 3.5: (a) Optical field of the original and reconstructed target pulse (overlapping each other).
The dummy pulse has a phase change ofYe = 3.84· 109 rad/Watt (max[Pd(t)] = 6.25.10-10).
(b)Error in the reconstruction of the magnitude of the optical field versus the phase change per
Watt.
In figure 3.5 the results ofthese simulations are shown. Remarkable is the error that occurs in
the reconstruction of the magnitude of the optical field (figure 3.5(b)). This error is fluctuating a
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little bit but remains small (8 m < 0.01 %), this in contrastto the error that occurs due to dispersion
(section 3.2.2). The fluctuation in the error is most probably caused by small differences in the
reconstructed time position between the different simulations. The phase of the reconstructed
pulse is rather flat, just like the original one. The only difference is the phase change at the
beginning of the pulse. If the phase change is only observed in the region where the magnitude
of the reconstructed target pulse is at least 1% of the maximum magnitude, the largest added
phase difference is < 0.04rad.
The reason that the reconstructed target pulse in the simulation is not changed by the chirp
is the constant pulse width of the dummy pulse. In these simulations the dummy pulse only
receives an extra phase change in time, the pulse shape remains the same, a 200 f s pulse. During
the nonlinear chirp the dummy pulse does not broaden out, only the spectrum of the dummy
pulse does. In the SIMBA algorithm a MPF is made, which implies that most energy is shifted
towards the origin (t = 0). The broadening in the spectrum implies that this MPF can be smaller
than the 200 f s pulse. In the simulations this narrowing indeed occurs, however, only a few
tenths of femtoseconds (the pulse shortening is counter proportional to the broadening of the
spectrum). This means that the spectral components ofthe dummy pulse, and ofthe target pulse
as well, are only shifted a few tenths of femtoseconds in the time domain. The impact of this
shift is very small for the 2.0 ps target pulse, so the reconstructed target pulse remains close to
the original target pulse.
From the simulations above it can be observed that the influence of nonlinear chirp (e.g.
due to nonlinearities in the laser source) on the dummy pulse is minimal. The error in the
reconstructed target pulse remains 8 m < 0.01 % and the added phase shift in the most important
region of the pulse is < 0.04rad.

3.2.4

Conclusion: influences of a non-ideal dummy pulse

In section 3.2 the use of a non-ideal dummy pulse and the phenomena that can cause this nonideality have been discussed. From the simulations can be concluded that the reconstructed
target pulse only changes if the dummy pulse is broadened too much by dispersive fiber (e.g.
from 200 f s to > 600 f s). Otherwise the error in the magnitude ofthe reconstructed target pulse
is 8m < 0.01 % and the phase change < 0.2rad. The restriction that the dummy pulse cannot
broaden to a pulse > 600 f s is feasible in practice.

3.3

Limitations on the target pulse

In the previous section the influence of a non-ideal dummy pulse and the phenomena that can
cause this non-ideality have been explored. If the dummy pulse satisfies the limitations mentioned above, the error in the reconstructed target pulse will be 8 m < 0.01 % in magnitude and
< 0.2rad in phase. This holds only if the target pulse satisfies some limitations as well. In this
section the following limitations of the target pulse and the phenomena that impose these extra
limitations will be discussed:
• Limitations in the magnitude of the target pulse power spectrum
• Limitations in the spectral components of the target pulse

• Limitations in the relative time between the dummy and the target pulse
• Limitations for chirp on the target pulse

3.3.1

Limitations in the magnitude of the target pulse power spectrum

If the power spectrum of the dummy pulse and the target pulse are measured together, in the
SIMBA method, an interference pattern occurs in the power spectrum. The 'period' of this interference pattern is dependent on the time distance between the two pulses, and the dept of
the interference pattern depends on the magnitude ratios between the two power spectra of the
pulses. In this subsection the limitations in the magnitude of the target pulse power spectrum
are discussed.
In the simulations the same 200 f sand 2.0 ps pulses are used as in the simulations above
(equation p, 3.2 and figure p and 3.2). The dummy and the target pulses are in all cases simulated with a flat phase profile (cPd(t) = cPt(t) = 0). Both pulses are centered at the same wavelength. In the simulations At,max (equation 3.2) is increased step by step while Ad,max (equation
p) is kept constant. During this increase ofthe amplitude ofthe target pulse also the magnitude
of the target pulse power spectrum increases, as well as the dept of the interference pattern. In
figure 3.6 the error (equation 3.3) in the magnitude of the reconstructed target pulse is plotted
versus the maximum magnitude ratio between the two power spectra max[Pt(),,)j Pd()..)].
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Figure 3.6: Error in the magnitude of the reconstructed target pulse versus the maximum magnitude ratio between the power spectra max[Pt()..)j Pd()..)]
In figure 3.6 one can observe that if the ratio max[Pt()..)j Pd()..)] > 1 the error in the reconstructed target pulse is increased rapidly. Intuitively this can be explained by comparing the
power spectra in which the ratio is max[Pt()..)j Pd()..)] < 1 and max[Pt()..)j Pd()..)] > 1. Two of
these power spectra are given in figure 3.7. In figure 3.7(a) the ratio is max[Pt()..)j Pd()..)] = 0.3
which implies that the magnitude of the target pulse power spectrum is in all components a
factor 3.3 smaller than the magnitude of the dummy pulse power spectrum. This results in a
interference pattern. On the other hand in figure 3.7(b) the ratio is max[Pt()..)j Pd()..)] = 2.3
which implies that the magnitude ofthe target pulse power spectrum is around 1560nm, a factor
2.3 larger than the magnitude of the dummy pulse power spectrum. This results in a different

behavior of the interference pattern around 1560nm. Because of the fact that the power spectnun can be the result of two different complex optical field envelopes, with a difference of nrad
in the phase, the reconstructed target pulse is ambiguous. The SIMBA method assumes that
Pd()..) > p/()..) and it does not add this extra phase shift which is unnecessary. If Pd()..) < p/()..),
this extra phase shift is necessary but the SIMBA method does not add it, which leads to an error
in the phase spectrum and thereby in the reconstructed target pulse. The phase of the reconstructed target pulse ¢/(t) remains the same for max [p/()..)/ Pd()..)] < 1, only small fluctuations
< 0.02rad occur. In case max[~ ()..)/ Pd ()..)] > I a nrad phase step is introduced between the
main pulse and the introduced satellite pulses.
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Figure 3.7: Power spectrum of the dummy and the target pulse together. (a)max[P/()..)/ Pd()..)] =
0.3 (b)max[P/()..)/ Pd()..)] = 2.3
If these simulations are performed in the same way, however, with different center frequencies ofthe dummy and the target pulse, the reconstruction is correct if:

In this case 8 m < 0.05% and the phase < 0.02rad. The limitation in the amplitude of the power
spectrum is related to the limitation made in [10] where the amplitude ofthe dummy pulse must
be a factor 5-10 larger than the amplitude of the target pulse. The concept behind this rule is the
relation between the magnitude of the frequency components in the power spectrum. This can
be explained by the following simulation: If the situation from figure 3.7(b) is taken in which the
target pulse has a pulse width of2.0 ps, the reconstruction introduces a large error. Ifa simulation
is performed with an 1.0 ps pulse but with the same amplitude, the reconstruction of the target
pulse is correct. Due to the smaller pulse width, the spectral width is larger and the amplitudes
of the individual spectral components are smaller than the spectral components of the dummy
pulse. The reconstruction is correct in this case because the target pulse satisfies equation 3.10.
The error in the reconstructed target pulse does not depend on the amplitude ratio in the time
domain but on the individual magnitude ratios in the frequency domain components.

3.3.2

Limitations in the spectral components of the target pulse

In the previous subsection has been concluded that the energy in all individual spectral components of the target pulse power spectrum must be less than the energy in the individual spectral
components of the dummy pulse power spectrum. This would imply that the target pulse can
have the same spectral shape as the dummy pulse as long as the spectral components ofthe target
pulse are smaller than the spectral components of the dummy pulse. In this subsection will be
discussed if this is really the case and if there are limitations in the target pulse power spectrum.
In the following simulations the same 200 f sand 2.0 ps pulses are used as in the simulations
above (equation 3.1, 3.2 and figure 3.1 and 3.2). The dummy and the target pulses are in all cases
simulated with a flat phase profile (¢d(t) = ¢t(t) = 0). Both pulses are centered around 1560nm
to get both peaks at the same wavelength in the power spectra. In the simulations At (equation
3.2) is step by step decreased while Ad (equation 3.1) is kept constant. During this decreasing of
At the target pulse width decreases and the bandwidth increases. The ratio max[Pt(A)/ Pd(A)]
is kept constant (max[Pt(A)/ Pd(A)] = 0.3). The target pulse power spectrum is the same as the
dummy pulse power spectrum except for the magnitude which is a constant factor smaller, and
the bandwidth which is a variable factor smaller. In figure 3.8 the error (equation 3.3) in the
magnitude of the reconstructed target pulse is plotted versus the bandwidth ratio between the
target pulse and the dummy pulse !::1 BW At / !::1BWAd' (!::1 Bw A at FWHM and
max[Pt(A)/ Pd(A)] = 0.3)
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Figure 3.8: Error in the magnitude of the reconstructed target pulse versus the bandwidth ratio
between the target pulse and the dummy pulse !::1 Bw Ati!::1 Bw Ad (max[Pt(A)/ Pd(A)] = 0.3).
In figure 3.8 can be observed that the bandwidth of the target pulse power spectrum must
be smaller than the dummy pulse power spectrum. if the ratio !::1 BW At / !::1 Bw Ad > 1 the error in
the magnitude of the reconstructed target pulse is increasing rapidly. Intuitively this can also be
explained: The information needed to reconstruct the spectral components of the target pulse is
information relative to the spectral components ofthe dummy pulse. If the dummy pulse has no
spectral components in a given part ofthe spectrum, also no relative information can be extracted
from that part of the dummy pulse spectrum. All the spectral components the target pulse has,
have to be present in the dummy pulse as well.
The evolution ofthe error is different from the previous simulations is. In figure 3.6 the error

3°

remains constant until max[Pt(A)/ Pd(A)] = 1, in figure 3.8 the error first slowly increases when
the bandwidth ratio increases, and if the ratio t:lBWAti t:lBWAd > 1 the error increases faster.
This increasing of the error for t:lBWAti t:lBWAd < 1 means that an error in the reconstructed
target pulse is already introduced if the bandwidth of the target pulse is close to the bandwidth
of the dummy pulse. In figure 3.9 the original and the reconstructed target pulse are shown for
two different ratios. In figure 3.9(a) can be observed that for a ratio < 1, the magnitude of the
reconstructed target pulse is still close to the original but has already an error of 8 m = 0.03%
(equation 3.3). If the bandwidth ratio is larger than 1, like in figure 3.9(b), the reconstructed
target pulse introduces some extra satellite pulses and the error is already 8 m = 4.7%. The phase
of the reconstructed target pulse remains the same <Pt(t) < 0.02rad. Only if t:lBWAti t:lBWAd > 1
a rrrad phase step is introduced between the mean pulse and the introduced satellite pulses.
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From these simulations it can be concluded that all spectral components the target pulse
has also have to be present in the dummy pulse power spectrum. Spectral components of the
target pulse outside the power spectrum of the dummy pulse will not be reconstructed in the
target pulse but added to the reconstructed dummy pulse and will introduce an error in the reconstructed target pulse. This has already been predicted at the beginning ofthis subsection with
the knowledge ofthe previous subsection. however in this subsection it can also be observed that
ifthe dummy and the target pulse have the same power spectrum, only a less intense target pulse
power spectrum, indeed a larger error is introduced in the reconstructed target pulse compared
to the case of a smaller target pulse power spectrum.

3.3.3

Overview of the limitations in the power spectrum of the target pulse

From the two previous subsections it can be concluded that the power spectrum of the dummy
pulse must cover the power spectrum ofthe target pulse, in width (presented spectral component)
as well as in amplitude. In the next simulation one can observe if this holds for all cases, even if
the target pulse power spectrum is exactly the same as the dummy pulse power spectrum.
In these simulations a 200 f s dummy pulse is taken according to equation F and a target
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pulse according to 3.2 however with different values for At,max and At in order to change the
amplitude and the bandwidth of the power spectrum relative to these of the dummy pulse.
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Figure po: Error in the magnitude of the reconstructed target pulse versus the bandwidth ratio
and the power spectrum ratio. (a)Mesh representation. (b) Contour representation (contour lines
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In figure 3.10 it can be observed that indeed special care has to be taken if the shape of
the dummy and the target pulse power spectra are close to each other, i.e. the amplitude ratio
0.4 < max[Pt (>.)! Pd(>')] < 1 and the bandwidth ratio 0.4 < D..BWAti D..BWAd < 1. In this region
the error in the reconstructed target pulse increases more than can be observed in figure 3.6 and
figure 3.8. On the basis of figure po a good region can be chosen to minimize the error in the
method, i.e. the area in which max[Pt(A)! Pd(A)] < 0.4 or the area in which
D..BWAti D..BWAd < 0.4. In this region the error in the reconstructed target pulse is 8m < 0.5%.

3.3.4

Limitations in the relative time between the dummy and the target pulse

The time between the dummy pulse and the target pulse imposes also some limitations to the
method. First of all, to make a MPF, the dummy pulse must precede the target pulse. However
there are also some limitations on the minimum and maximum time between the two pulses. In
this subsection these limitations are discussed.
First the minimum time between the dummy and the target pulse is explored. If the target
pulse is too close to the dummy pulse, they overlap each other in the time domain. Because of
the fact that the SIMBA algorithm reconstructs the dummy pulse as well as the target pulse, they
will also overlap in the reconstructed file. The reconstructed part ofthe time domain in which the
dummy and the target pulse overlap each other is a summation ofthe two pulses, from which the
target pulse can not be extracted, because the dummy pulse in the reconstruction is undefined
due to the change to a MPF. So, the target pulse can not overlap the dummy pulse in order to be
able to fully recover the target pulse.
The maximum time between the two pulses is bounded by two limitations in the method.
First of all, to be a MPF, the pulse sequence must be causal (Chapter 2.2 Restriction I). Normally

this means that a signal is equal to zero for t < 0, but in repetitive signals (the SIMBA algorithm
uses the Fourier transformation which treats the signal as ifit is a repetitive signal), it means that
the first half part or the second half part of the signal is equal to zero. In the SIMBA algorithm
is chosen for the second half This means that the second half of the pulse sequence can not
contain the target pulse. The maximum time between the two pulses is limited to half of the
reconstructed time interval.
The other limitation is a fundamental limitation in the FFT. The combination of the dummy
pulse and the target pulse produces an interference pattern in the frequency domain. This interference pattern (modulation) contains the information needed to reconstruct the target pulse.
From the Fourier theory it is known that a modulation in the time domain corresponds to a
frequency shift in the frequency domain, and because of the symmetry in the Fourier transformation and its inverse, this means that a modulation in the frequency domain corresponds to
a delay in the time domain. Furthermore it is known from the Fourier theory that the sample
frequency must be at least twice the highest frequency the signal contains, or in other words, the
highest frequency components must contain at least two data samples. Because of the symmetry in the Fourier transformation and its inverse, this means that one 'period' in the modulated
frequency domain must contain at least two frequency samples to fully transform the frequency
domain back into the time domain. This means that the modulation and thereby the time delay
is limited. The time delay between the dummy and the target pulse is limited to:
D..t

max

1
= -2D..f

)...2
~--

2CD..)",

where D..tmax is the maximum time delay between the dummy and the target pulse, D..f or D..)... is
the sample interval of the spectrum in frequency or in wavelength and)... the central wavelength.
This D..tmax corresponds as well to half of the reconstructed time interval. If the time between
the dummy and the target pulse < D..tmax no extra error is introduced in the reconstructed target
pulse.
The case in which the target pulse precedes the dummy pulse might be interesting. There is
still a modulation in the frequency domain, and thereby the needed information to reconstruct the
target pulse. Ifthe SIMBA method is used to reconstruct this situation, it converts still to a MPF,
which leads to the reflection of the target pulse around t > 0. The target pulse is reconstructed
as if it follows the dummy pulse, but time reversed. The result can still be used but an extra step
has to be taken to time reverse the target pulse again.
From this subsection can be concluded that no extra error is introduced in the reconstructed
target pulse if the time delay between the dummy and the target pulse is limited by equation 3.II
and the pulses do not overlap each other. Furthermore, if the target pulse precedes the dummy
pulse, a time reversed version of the target pulse is reconstructed with the SIMBA algorithm.

3.3.5

Limitations for chirp on the target pulse

In section 3.2 the influence of chirp on the dummy pulse has already been explored. In this
subsection the influence of chirp on the target pulse will be explored, especially chirp resulting
from a dispersive medium and chirp resulting from a nonlinear medium. Essential would be that
this chirp can be observed in the reconstructed target pulse, because it is important information,
instead of a phenomenon that disturbs the SIMBA method, like the chirp in section 3.2. In
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the practical measurements we do not expect the number of meters single mode fiber to exceed
10 meter, and the chirp due to nonlinearities to be more than 2T Hz (top-top). The simulation
performed in this subsection will not exceed these values.
In the same way as in section 3.2 the chirp due to dispersion has been added to the target
pulse according to equation 3.7 and the chirp due to nonlinearities according to equation 3.8 and
3.9. Starting point for all simulations is the 200fs dummy and 2.0ps target pulse from figure 3-1,
figure 3.2 and equations 3-1 and 3.2 with a flat phase profile for the dummy pulse (¢>d = 0) and
both pulses centered around the same frequency. A couple of simulations have been performed
with small chirp profiles and larger chirp profiles until2.0psjnm dispersion chirp (equal to 10m
single mode fiber) and Yc = 6.4·10 1 1radj Watt nonlinear chirp (results in a 2.2T Hz chirp profile
top-top). larger chirp profiles are not expected in practice. In all cases 8m < 0.05% which means a
good reconstruction. Also the phase has been reconstructed with an error 8p < 0.05%. The only
difference in the reconstructed phase compared to the original one is the offset. Due to the shift
of the dummy pulse towards t = 0 the target pulse shifts the same amount towards t = O. This
introduces an offset in the phase. The reconstructed chirp profile, the derivative of the phase,
where this offset falls out, has an error 8p < 0.05%.
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Figure 3-11: Original and reconstructed target pulse after adding a chirp resulting from 10 meters
of single mode fiber. (a) Magnitude (b) Phase
Figure 3-11 shows the original and reconstructed target pulse in case they are led through
10 meter of single mode fiber, and figure 3.12 shows the case in which they are led through a
nonlinear medium with Yc = 6.4 . 1011 rad j Watt (resulting in a 2.2T Hz chirp profile top-top).

From these measurements can be concluded that the SIMBA method works extremely well
with chirped target pulses. One has to keep in mind that chirping the target pulse by a nonlinear
medium also introduces a larger spectrum, and that this spectrum still has to fit in the spectrum
of the dummy pulse (section 3.3.2).

3.3.6

Conclusion: limitations on the target pulse

In this section the limitations of the target pulse and the phenomena that impose these extra
limitations have been discussed. From this section can be concluded that:
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Figure J.I2: Original and reconstructed target pulse after adding a chirp resulting from traveling
through a nonlinear medium. (Ye = 6.4· 10'lrad/Watt) (a)Magnitude (b) Phase
• Iftheamplituderatiomax[Pt(A)/Pd(A)] < 0.4 or the bandwidth ratio /:).BwAt!/:).BWAd < 0.4
the error is 8 m < 0.5%. (assuming max[Pt(A)/ Pd(A)] < 1 and /:).BwAt! /:).BWAd < 1)

• If the time delay between the dummy and the target pulse is limited by equation 3.1I and
the pulses do not overlap, no extra error is introduced in the reconstructed target pulse.
• If the target pulse precedes the dummy pulse, a time reversed version ofthe target pulse is
reconstructed by the SIMBA algorithm.
• The SIMBA method works extremely well with chirped target pulses. No significant extra
error will be introduced due to added chirp on a the target pulse.

3.4

Influence of noise on the method

Finally, the influence of noise on the SIMBA method will be explored. Known noise sources that
can occur in a practical setup are:
• Internal noise floor of the spectrum analyzer
• Absolute level accuracy of the spectrum analyzer
To perform simulations representative to the measurements, the specifications of the APEX
optical spectrum analyzer from the optical laboratory are used (see the manual of the APEX
AP2041A optical spectrum analyzer). In the same way as the previous simulation a 200fs
dummy pulse and a 2.0ps target pulse are simulated with max[Pt('A)/ Pd(A)] = 0.3 (figures J.I
and 3.2 and equations 3.1 and 3.2, flat phase profile and the same center frequency). The APEX
spectrum analyzer has a noise floor of -70dBm. This is simulated by adding normal distributed
noise with a mean value ofOWatt and a variance of 1.0· lO-IOWatt (-70dBm) to the power
spectrum of the simulation.
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In figure 3.13 the error of the reconstructed target pulse is given versus the maximum of the
power spectrum of the dummy pulse (in the experimental setup of the OED group and in all
previous simulations this value is approximately max[Pd(A)] :::::: -51dBm). In this figure can be
observed that ifthe dummy pulse is too weak, and that implies the target pulse is too weak as well,
the noise floor in the spectrum analyzer introduces a large extra error. If max[Pd(A)] :::::: -51dBm
the extra introduced error is 8 m = 0.2%, but if max[Pd(A)] :::::: -61dBm the error becomes already
8m = 2.5%. To minimize the extra introduced error caused by the influence of the noise floor in
the spectrum analyzer, the dummy and the target pulses must be as strong as possible.
To see what kind of influence the noise floor has on the method, the same simulation is
performed as in J.Io but now with a -70dBm noise floor. The dummy pulse is again a 200fs
pulse with a flat phase profile (ifJd = 0) and max[Pd(A)] :::::: -51dBm (equation 3.1). The target
pulse is changed proportionally to the dummy pulse to control the ratios max[P(A)j Pd(A)] and
t:..BwAti t:..BWAd (equation 3.2). Both pulses have the same center wavelength. To minimize the
fluctuation due to the noise in these simulations, every value in the graph is simulated five times
and from the results the maximum value is taken.
In figure 3.14 can be observed that besides the region mentioned in chapter 3-3-3 (the amplitude ratio 0.4 < max[P(A)j Pd(A)] < 1 together with the bandwidth ratio
0.4 < t:..BwAti t:..BWAd < 1) there is also a region around max[P(A)j Pd(A)] < 0.1 and especially
(0.1, 0.1) in figure 3.14 in which the error increases.
The region max[P(A)j Pd(A)] < 0.1 can be explained by the fact that here
= -64dBm which is close to the -70dBm noise level. If the same simulations are
performed, but with the dummy and the target pulse amplified by lOdBm keeping the noise level
at - 70d Bm, the extra error disappears. From this observation can be concluded that the - 70d Bm
noise floor only has a significant influence if the maximum magnitude of the target pulse power
spectrum is close to the noise level. How strong the target pulse power spectrum must be to keep
the extra error caused by the -70dBm noise floor, under 8 m = 0.5%, is also dependent on the
bandwidth of the target pulse. In figure J.I4 can be observed that the noise has more influence
on the measurement if the bandwidth of the target pulse is small in comparison to the dummy
pulse bandwidth. If the target pulse bandwidth is small the number of spectral samples is small
max[P(A)]
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max[Pd(A)] ~ -51dBm. (The maximum over five simulations is taken) (a) Mesh representation.
(b) Contour representation (contour lines are drawn on error levels 8m = ±O.OOI (8 m = ±O.l %)
separated from each other).

as well. The noise on these samples has more influence on the reconstructed target pulse than
the noise on a broad spectrum. In the second case the noise on the spectrum will average out
more in the time domain than in the first case.
Another influence of the spectrum analyzer on the measurement method is the absolute
level accuracy. For the APEX this absolute level accuracy is ±O.3dB (after calibration!), what
means that values on the Y-axis can deviate ±O.3dB from the absolute values. The total measured
spectrum can have a deviation of ±O.3dB. This has only influence on the absolute level of the
reconstructed target pulse, not on the pulse shape or the pulse phase. A O.3d B deviation will
introduce a 3.5% deviation in the reconstructed pulse amplitude. This deviation caused by the
absolute level accuracy of the spectrum analyzer has to be taken into account if two measured
spectra are compared with each other and if they are measured with different calibrations, which
happens when the spectrum analyzer is turned on and off.

3.4.1

Conclusion: influence of noise on the method

From the simulations in this section can be concluded that the - 70d B m noise level of the OSA
only has a significant influence if the magnitude of the dummy and the target pulse come closer
to the -70d Bm noise floor (figure }13)' The exact error is dependent on different cases of power
spectrum amplitudes of the dummy and the target pulse and their ratios.
The absolute level accuracy only introduces a problem if the OSA is re-calibrated between
two measurements and if these measurements are compared with each other. Otherwise it can
only give an absolute error in the power spectrum and by that in the reconstructed target pulse
as well.
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3.5

Conclusion

The simulations that have been performed and presented in this chapter give a good idea of how
the SIMBA method works, ofwhat the limitations are and ofwhich phenomena can impose extra
limitations. First of all, the use of a non-ideal dummy pulse has been discussed and the question
which phenomena can increase these limitations. The conclusions can be found in section 3.2.4.
Secondly, the target pulse has been discussed: its limitations and the phenomena which can give
extra limitations. The conclusions are presented in section 3.3.6. Finally, a couple of simulations
have been performed to understand what influence noise has on the method. The conclusion can
be found in section 3+1.
All these simulations together lead to the conclusion that it is possible to use the SIMBA
method and that the target pulse can be reconstructed with maximum deviation of 0.5%. However, one has to be aware of the limitations of the method and what influence it has if these
limitations are exceeded.

Chapter 4

SIMBA in Practice
4.1

Introduction

4.2

Measurement setup

The practical measurements have been performed in the opticallaboratorium of the OED group.
In figure 4.1 a schematic overview of the measurement setup is given, including a list of used
devices.
4.5

oPIC1·--2-';;---~~
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= Femtosecond laser source
= 3db fiber coupler
= Attenuator
= Bandpass filter
= Optical delay line
= Photonic integrated circuit
= Polarization controller
= Optical spectrum analyzer
= Autocorrelator
= Lens
= Lens
= Dispersion shifted fiber
= Single mode fiber

ThorLabs MenloSystem FSLIOIO
555°9°34°°73
OZ BB-100-II-1300/1550-9/125-S-40-3A3A-3-0.5-DS
(I.2nm) OZ TF-II-n-I520/I57o-8/I25-S-40-3A3A-3-0.5-I,2-DS
OZ ODL-300-n-I55o-8/I25-S-40-3S3A-3-0.5-MC/RS232-DS
ThorLabs + 3m DSF
APEX AP204IA
APE Pulse Check TC
ThorLabs C260TM-C f=I5.4
ThorLabs C230TM-C f=4.5

Figure 4.1: Schematic overview ofthe measurement setup and a list ofused devises.
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In figure 4.1 the used fibers are standard single mode fibers and standard dispersion shifted
fibers. In the next subsection some of these devices will be discussed.

4.2.1

Devices

Femtosecond Laser source (FSL): A fiber-based femtosecond laser. It provides 150fs (200fs
measured) pulses at 1550nm with a repetition rate of 80M Hz and an average output power
of 10m W. It is a turn-key device and can only be switched on and off.
Attenuator (AT): The two attenuators are included in the measurement setup to optimize the
power spectrum ratio between the dummy and the target pulse. The attenuation must be
as small as possible to minimize the influence of the noise floor (chapter 3.4).
Bandpass Filter (BPF): An 1.2nm tunable bandpass filter. The pass band is tuned towards the
strongest part of the input power spectrum to get the strongest output spectrum.

Figure 4.2: Screenshot ODr controller

Optical Delay line (ODL): With the optical delay line the length difference of the two arms can
be tuned. Large delays !:J.t > 1.5ns must be compensated with an extra added fiber. For a
delay O.15ns < !:J.t < 1.5ns the (free space) distance between the lenses can be changed,
and for the fine tuning !:J.t < O.15ns the optical delay line can be used. The optical delay line
can be controlled via a RS232 connection and the program 'ODLControl.exe'. A screenshot
ofthis program is given in figure 4.2.
Photonic Integrated Circuit (PIC): This will be the device from which the exiting pulse needs to
be known. An active/passive PIC with SOA's is used to perform the measurements in this
chapter, but an arbitrary PIC with an input and an output can be measured.

Polarization Controller (PC): The polarization controllers are added to control the polarization of
the dummy and the target pulse individually. A PC has a 3 meter dispersion shifted fiber
inside.
Optical Spectrum Analyzer (OSA): For the APEX high resolution spectrum analyzer is chosen to
measure the interference pattern in the spectrum. The dummy and the target pulse are
separated from each other in time, which causes an interference pattern. This interference
pattern includes all information needed to reconstruct the target pulse. The period of this
interference pattern is counter proportional to the delay between the pulses (chapter 3.3.4).
A large delay can only be measured if the wavelength step is small enough, so this is only
possible with the APEX. In the APEX OSA the 0.16 pm wavelength resolution is used. This
setting is chosen because it did introduce less noise on the power spectrum than the 0.8pm
wavelength resolution. Why this setting introduces less noise is still not yet known.
Autocorrelator (AC): It is important that the dummy pulse is not broadened too much by dispersive fiber (chapter 3.2). This can be verified by the autocorrelator.
DSF & SMF: In the measurement setup generally only Dispersion Shifted Fiber (DSF) is used
to avoid broadening of the dummy pulse by dispersion which would occur when single
mode fiber (SMF) is used. Measurements with the autocorrelator on the setup did show
that if only dispersion shifted fiber was used, the dummy pulse became a 500fs pulse. By
adding 1 meter single mode fiber in the arms, the dummy pulse became a 200fs pulse.
This means that the 500fs pulse was still chirped, and that this (partially) could be compensated by adding 1 meter of single mode fiber. The cause of the occurrence of this
broadening occurs and why this is compensated by adding 1 meter single mode fiber is still
unknown. Several simulation have been performed (like third order dispersion) to find out
the cause of this phenomenon without result. Most probably it is caused by a nonlinear
effect in the dispersion shifted fiber (probably 3rd order dispersion on a chirped pulse), because by increasing the length of dispersion shifted fiber between the laser source and the
autocorrelator, the pulse width also increases.

4.3

Measurement on active/passive Semiconductor Optical Amplifier
(SOA)

In this section are presented the results from the measurements with an active/passive SOA. This
active/passive SOA is made in January 2005 at the OED group under mask number M050115 and
chip number M0349. The total path length ofthe SOA on the chip is according to the mask layout
between 3.0mm and 3.5mm and it is measured with a ruler 3.3mm. The length of the active part
is 0.6mm. According to [16] the refractive index of the active layer is approximately n a = 3.73
and that of the passive layer approximately n p = 3.65. In all the measurements the SOA will
be pumped with a 100mA forward biased current. In figure 4.3 is given the mask layout of the
active/passive chip. The 8th SOA from the top on the right side is used (the 8th SOA if only the
variable length SONs are taken into account).
First a single measurement is performed without connecting the upper arm (the arm with
PIC) of the measurement setup (figure 4-1). This measurement is performed to get the spectrum
of the dummy pulse. With this spectrum max[Pd(A)] can be defined. Furthermore the presence

.~

I

Figure 4.3: Mask layout of the used active/passive SOA (M050115). The 8th SOA from the top on
the right side is used (the 8th SOA ifonly the van·able length SOA's are taken into account)
ofother pulses in the time domain, besides the dummy pulse, can be explored. These extra pulses
can be satellite pulses or reflections of the dummy pulse. In figure 4.4(a) the power spectrum
of the dummy pulse is given and in figure 4.5 the time domain representation calculated by the
SIMBA algorithm.
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Figure 4+ (a) Power spectrum of the measured dummy pulse (attenuator full open).(b)Power
spectrum of the measured target pulse (attenuator full open).
In the time domain representation in figure 4.5(b) it can be seen that in addition to the strong
dummy pulse at t = 0 there are also a couple of other pulses. The pulse around t = 50ps is a
reflection in the attenuator ofthe dummy pulse arm. To avoid extra errors in the target pulse, the
target pulse must not overlap this reflection.
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Figure 4.5: (a) Calculated optical field magnitude of the dummy pulse (t < 150ps). (b)Zoom in
on the weakest part of figure a.

Except the power spectrum of the dummy pulse, also the power spectrum of the target pulse
is measured by connecting only the upper arm ofthe measurement setup (figure 4.1). This power
spectrum is given in figure 4.4(b). The power spectrum ratio max[Pt(A)/ Pd(A)] ~ 0.22 and the
bandwidth ratio /.}.BWAr! /.}.BWAd ~ 0.05 can be measured from these two spectra.
Ifboth arms of the measurement setup are connected, an interference pattern occurs in the
measured power spectrum. This can be seen in figure 4.6(a). The reconstructed time domain
representation is given in 4.6(b). The time difference between the dummy pulse and the first
target pulse is ~ 10 ps. In the frequency domain this means a periodic interference with a period
of ~ 0.8nm (equation 3.n) which agrees with the interference period in the power spectrum
(4· 6 (a)).
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Figure 4.6: (a) Spectrum of dummy and target pulse combined. (b)Calcu1ated optical field magnitude from the spectrum in a. (Only the first 200 ps and the weakest part is shown to zoom in
on the target pulse.
43

Furthermore, in figure 4.6(b) two reflections ofthe target pulse can be seen. These reflection
are located at ~ 78ps and ~ 156ps from the first target pulse. These reflections occur in the PIC
where they reflect on the facets ofthe PIC. The velocity oflight going through the PIC is
c/n a = 3· 108 /3.73 = 0.804· 108m/s for the active material and
c/n p = 3 . 108 /3.65 = 0.822· 108m/s for the passive material. The active path length of the SOA
is 0.6mm (after reflection 1.2mm). In total it will take 1.2.10- 3 /0.804.108 = 14.92ps. The other
63.08ps the pulse will travel in the passive material a distance of63.08 * 0.822.108 = 5.18mm.
So the total chip length is 5.18/2 = 2.59mm passive material and 0.6mm active material, in total
3.19mm which agrees with the chip mask. In figure 4.6(b) the first and the second reflection of
the PIC can be seen. This measurement is not optimal for the reconstruction ofthe target pulse
magnitude and phase because it is located too close to the dummy pulse. In figure 4.5 one can
see that close to the dummy pulse there are some satellite pulses which make the reconstruction
of this target pulse difficult. To avoid extra errors in the reconstructed target pulse, it can better
be located around lOOps after the dummy pulse where no reflections or satellite pulses from the
dummy pulse are.
In the next subsections some phenomena wil be discussed. The discussed phenomena will
be: the relative polarizations of the dummy and the target pulse, the influence of the amplitude
ratio (discussed in chapter 3+1), and the time reversed target pulse which is originally located
before the dummy pulse.

Polarization

4.3.1

One ofthe most important parts ofthe measurement method is the interference in the frequency
domain between the dummy pulse and the target pulse, because the interference pattern includes
all information to reconstruct the target pulse. This interference happens in the 3d B coupler on
the right side ofthe measurement setup (figure 4.1) where the two arms come together. However
the two pulses will only interfere if they have the same polarization. If the dummy pulse has a
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Figure 4-T (a) Power spectrum of a measurement in which the dummy and the target pulse are
orthogonal. (b) Power spectrum ofa measurement in which the dummy and the target pulse have
the same polarization.
44

TM polarization and the target pulse a TE polarization, or they are in any other way orthogonally
polarized, they will not interfere and the spectrum analyzer will only detect both power spectra
individually and will combine them. In figure 4.7(a) a power spectrum of a measurement is
given in which the dummy and the target pulse have an orthogonal polarization. Here the power
spectrum of the target pulse is just added to the power spectrum of the dummy pulse. In figure
4.7(a) the same measurement is performed but with the same polarization of both pulses. In the
power spectrum ofthis measurement this can be seen by the presence ofthe periodic interference
like in figure 4.6(a). Ifthe dummy and the target pulse have the same polarization, they interfere
in the frequency domain in the place in setup where they come together, in this case the 3dB
coupler. Iffrequency components of the dummy pulse and the target pulse have the same phase,
they will add up, but if the phase differs 180 they will subtract from each other. This introduces
the periodic interference pattern in the power spectrum.
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Figure 4.8: The reconstructed target pulse for the measurement in case ofequal polarization and
in case ofan orthogonal polarization.

In figure 4.8 the two reconstructed target pulses are given for the two power spectra given in
figure 4.7. The importance of a good polarization can be deduced from this figure very well. The
polarization of the two pulses can be optimized with the polarization controllers in both arms of
the measurement setup.
The easiest way to optimize the polarization is by detecting the power in the individual polarizations with the power meter ofthe APEX-OSA, and optimize all power to one polarization. An
other way is to minimize the time between the dummy and the target pulse (~ 5 ps) and connecting a low resolution spectrum analyzer instead of the high resolution spectrum analyzer. With
a low resolution spectrum analyzer the spectrum can be measured continuously, and the small
time interval between the two pulses is needed to still be able to see the interference pattern.
With the polarization controllers the polarization can be optimized by maximizing the amplitude
ofthe interference pattern.
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4.3.2

Relative error in practical measurements and the limitation in the target pulse
power spectrum magnitude.

In the previous chapter a lot of simulations have already been performed to explore the limitations of the measurement method including the influence of noise. In this subsection will be
researched if these results agree with the practical measurements as well.
The main problem of performing measurements in practice with this new method is the
verification of the results. With the measurement methods now available in the laboratory of the
OED group, it is not possible to complete verify the measurements performed by the SIMBA
method. Only the pulse magnitude can be verified until a certain assured level with a crosscorrelation technique (to be discussed in chapter 5). To get another indication about the reliability
of the SIMBA measurement method, different measurements will be performed from which
the same output data are expected. This way, the output data of different measurements can be
compared with each other. Also a couple ofmeasurements will be performed in which, according
to the simulations in chapter 3, the measurement method will introduce extra errors. This will
give extra information about the representability of the simulations for the measurements in
practice.
In these measurements a constant ~ 2ps (FWHM) pulse is led through the SOA discussed
above, resulting in the ~ 2ps (FWHM) target pulse. The maximum magnitude ofthe target pulse
power spectrum is ~ 7.7 ·10- IO Watt (-6IdBm) and it has an 1.2nm bandwidth. The dummy pulse
will be a ~ 200fs (FWHM) pulse with a variable maximum power spectrum magnitude between
7.7 . 10-9 Watt and 2.6 . 10- 10 Watt and a bandwidth of ~ 30nm. This will give a power spectrum
magnitude ratio between 0.1 and 3.0 and a constant bandwidth ratio of ~ 0.05. The power spectra
are representable for the power spectra given in figure 4+ The dummy pulse is preceding the
target pulse with lOOps.
The expectation is, according to the simulations in chapter 3.3.3, that the reconstructed target
pulse from the measurements in which the power spectrum magnitude ratio> 1, has an extra
error. The target pulse from the measurements in which the power spectrum magnitude ratio
< 1 can be reconstructed well (8 m < 0.05%), so all these measurements 'ideally' give the same
target pulse. To measure the differences between two reconstructed target pulses a relative error
will be defined:

8 Am

=

J IIAtl(OI-IAdt - ~t)112dt

~--------=---~-

J !A t l(0!2 dt
where IAll (0 I is the magnitude of the reconstructed optical target pulse envelope which will
function as a reference pulse, and JA t2 (t) I the magnitude ofthe reconstructed optical target pulse
envelope of the measurement under study. ~t is added to the equation to avoid time fluctuation
between two different measurements.
In figure 4.9 two measured target pulses are shown (magnitude and phase). The first reconstructed pulse, relative target pulse A, is measured with a power spectrum magnitude ratio of0.12
and the second reconstructed pulse, relative target pulse C, is measured with a power spectrum
magnitude ratio of 0.62. The relative magnitude error between these two pulses is 8 Am ~ 1.45%,
according to equation 4.1.
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ratios.
In the same way two other relative target pulses are measured, relative target pulse B with a
power spectrum magnitude ratio of 0.26 and relative target pulse D with a power spectrum magnitude ratio of 0.84. These two pulses, together with the two pulses above, are defined as relative
target pulses. Likewise other measurements are performed with different power spectrum magnitude ratios between 0.1 and 3.0. These measurements are compared to the four relative target
pulses and the relative error is calculated with equation 4.1. The results from these measurements are plotted in figure 4.10 together with the expectations from the simulations in figure 3.6.
In all the measurements the target pulse has a constant magnitude, the dummy pulse magnitude
is changed to change the power spectrum magnitude ratios.
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From these measurements a couple of conclusions can be dawn. First of all the two reconstructed pulses in figure 4.9 look rather the same (8ilm ~ 1.45%), but the relative error (equation
4.r)in this measurement is not comparable to the simulated error from chapter 3.3.1. This also
applies to the other measurements shown in figure 4.10 in which the power spectrum magnitude
ratio is < 1. In all these measurements the relative error 8 ilm < 4%. The difference between
the simulations and the practical measurements can have more causes than the noise floor in the
OSA, but are not further explored:
• Spontaneous emission in the SOA
• Noise from the femtosecond laser source
• Dirty on lenses fiber tips and PIC facets

4.3.3

Target pulse preceding dummy pulse

At the end ofchapter 3.3.4 a couple of simulations have been performed in which the target pulse
was preceding the dummy pulse. In these cases the target pulse was also reconstructed, however
mirrored around t = O. This could be nice if it is not possible to let the target pulse follow
the dummy pulse. In this subsection will be researched if this mirroring occurs in the practical
measurement as welL
Just as in the previous measurements the dummy pulse is a ~ 200 f s (FWHM) pulse with a
~ 30nm bandwidth and a maximum power spectrum magnitude of ~ 8.3 . 10-9 Waft. The target

pulse is again the pulse that havee been led through the SOA which results in a ~ 2ps (FWHM)
pulse with a ~ 1.2nm bandwidth and a maximum power spectrum magnitude of
~ 5.3· lO- lO Watt. In the first measurement the target pulse is located ~ BOps after the dummy
pulse, and in the second measurement the target pulse is located ~ BOps before the dummy
pulse.
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The reconstructed target pulses are shown in figure 4.II and figure 4.12. The relative error
between the pulse in figure 4.II and the mirrored one in figure 4.12 is 1.3% (equation 4.1). From
these measurements can be concluded that it is possible to measure the target pulse if it is preceding the dummy pulse, but one has to be sure about the location of the original target pulse
(before or after the dummy pulse), otherwise it is not possible to know if the reconstructed target
pulse must be mirrored. One way to know if the target pulse is proceeding the dummy pulse
or not is by moving the optical delay line (ODL) a bit (~ lOps). If the target pulse is following
the dummy pulse and the ODL is made shorter, the 'period' of the interference pattern is getting
shorter. If the 'period' is getting longer (less periods) the target pulse is preceding the dummy
pulse.

4.4

het SIMBA programma

The SIMBA algorithm discussed in chapter 2.3.2 is implemented in a C-program (Windows CVI).
This program controls the OSA and receives the data ofthe measured power spectrum. With this
data it calculates the time domain according to the SIMBA algorithm and the chirp profile if
desired. In figure 4.13 a screenshot of the program is given. More about this program will be
explained in Appendix B.

4.5

Conclusion

The measurement method is used to build a measurement setup in the optical laboratory of the
OED groep. With this measurement setup some measurements where done to see if the practical setup agrees with the simulations. It can be concluded that the measurements are mutual
consistent and repeatable. Furthermore, a couple of behaviors which were expected from the
simulations did occur in the measurements. The difference between simulations and the practical measurements was the noise. Due to more noise in the measurement setup two identical
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Figure 4.13: Screenshot SIMBA scope
measurements did give two reconstructed target pulses with a difference between 0 - 4%. In
the simulations the maximum error due to noise was 8 m < 0.5% (if the other restrictions are
fulfilled) .
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Chapter 5

Cross-correlation
5.1

Introduction

The problem in the previous chapter has been the verification of the reconstructed target pulses.
Because of the lack of input information, it was not possible to compare the reconstructed target
pulse with data that include the 'correct' target pulse. To verify the reconstructed target pulse,
another measurement method will be presented in this chapter. This measurement method,
called cross-correlation, can give some information about the target pulse magnitude, but not
about the phase. For this measurement method has been chosen because it is easy to switch the
SIMBA measurement setup to a cross-correlation measurement setup.
In this chapter first some theory about the cross-correlation will be presented. Secondly
the practical implementation of this method will be discussed and some measurements will be
presented that have been performed according to this method, and finally, the results ofthe crosscorrelation measurements will be compared to the results of the SIMBA measurements.

5.2

Theory

In a cross-correlation measurement setup two pulses are cross-correlated in time. If the two
signals are defined as f(t) and g(t) the cross-correlation is defined as:

f

00

«Jjg(r)

=

f(t

+ r) g*(t) dt =

f(r)*g*(-r)

(5-1)

-00

where the asterisk as superscript * indicates the complex conjugate and the normal asterisk *
indicates a convolution. (more information and properties ofthe correlation and the convolution
function can be found in [17])
If the cross-correlation function is known, as well as one ofthe signals f(t) or g(t), the other
signal can be reconstructed. From the convolution theory is known that the Fourier transformation of f(r) is F(w), from g*(-r) is G*(w) and that a convolution in the time domain will be
a multiplication in the frequency domain. The Fourier transformation of the cross-correlation

signal CPfg(r) is defined as <Pfg(w) and is equal to:

= F(w)·G*(w)

<Pfg(W)

With equation 5.2 one of the signals can be calculated by dividing the cross-correlation spectrum
<Pfg(w) through the known spectrum F(w) or the complex conjugated spectrum G*(w) and inverse Fourier transform the result back to the time domain.
F(w)

=

<Pfg(w)
G*(w)

G*(w) = <P fg(w)
F(w)

Interesting in the cross-correlation is the case in which g(t) is een Dirac delta function
(or Dirac impulse) 8(t), an infinitely small pulse with a weighe of one. In this case the crosscorrelation is exactly the same as the 1 (t) due to the selectivity of the Dirac delta function.

!

00

CPf8(r)

=

l(t + r) 8(t) dt = I(r)

(5·5)

-00

Auto-correlation is a special case of the cross-correlation in which a signal is correlated with
itself.

!

00

CPff(r)

=

l(t + r)l*(t)dt = l(r)*I*(-r)

-00

5.3

Measuring the cross-correlation in practice

The practical implementation ofthis measurement method can be performed by nearly the same
measurement method as described in chapter 2. The only difference is the use of an autocorrelator instead of an optical spectrum analyzer.
In the autocorrelator the signal is split by a beamsplitter into two equal parts and recombined
again in a beamsplitter. However one signal is then delayed in time with a variable delay r.
Behind the second beamsplitter, both signals are focussed by a lens into a nonlinear optical crystal
in which they overlap. Depending on the overlapping intensity of the two signals, a second
harmonic signal is generated. After being separated from the fundamental input signal by a filter
the signal is measured by a photodetector. Varying the delay r gives the intensity auto-correlation
signal of the input signal on the photodetector. Different from equation 5.6 is the fact that only
the intensity of the pulse is taken, without any phase information. Thereby this only gives the
intensity auto-correlation signal.
lin other words: area under the function

To get a cross-correlated signal of two different pulses in the autocorrelator, the two pulses
must be combined with each other with a small time delay in between.

in which Al (t) and A2(t) are the two different pulses, f:j.t the time between the pulses and A 1,2(t)
the combination of the two pulses. If this signal is used as input for the autocorrelator the
following auto-correlation signal will be measured. (Because of the fact that the autocorrelator
works with the power intensity P(t) of the pulse, P(t) is used instead of A(t). The relation is:
P(t) = IA(t)1 2)

f

00

((JAuto('r)

=

P1,2(t

+ -r) P1,2(t) dt

-00

(po)
in which ({JPiPj is the intensity cross-correlation between Pi(t) and Pj(t). From equation 5.10 can
be observed that the autocorrelator gives the intensity auto-correlation ({JP\Pl and ({Jpzpz and the
cross-correlation ({Jp\PZ and ({JPZp\ shifted positively or negatively with f:j.t. From this result only
({JP1PZ can be used to get the intensity cross-correlation of the signals Al (t) and A2(t). (({JPZPl can
also be used and will give the same results)
The same measurement setup as in figure 4.1 can be used to measure the cross-correlation.
In this measurement setup, made for the SIMBA measurement method, the autocorrelator is
already included to verify the width of the dummy pulse. The first pulse is the dummy pulse
and the second pulse the target pulse which is delayed f:j.t ~ lOps relative to dummy pulse. The
retrieved auto-correlation signal is:

If only the section around f:j.t is taken (the right part of the auto-correlation signal), the intensity
cross-correlation ({JPdP,(-r - f:j.t) is measured between the dummy pulse Ad(t) and the target pulse
At(t).

5.3.1

Measurement on active/passive SOA

In this subsection the results of the auto-correlation measurements are presented. Just as in
chapter 4.3 the FSL generates a 200 f s laser pulse which is split into the dummy pulse arm (lower
arm) and the target pulse arm (upper arm) of the setup. In the dummy pulse arm the 200 f s is
kept 200 f s and in the target pulse arm the 200 f s pulse is led through a bandwidth filter resulting
in a ~ 2ps pulse. This pulse is led through the SOA resulting in the target pulse. The length of
the two arms is made in such a way that the dummy pulse precedes the target pulse by ~ lOps.
The attenuators in both arms are both fully opened to get the strongest target and dummy pulses.
The resulting auto-correlation is given in figure p(a).
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Figure 5.l: (a)Auto-correlation measurement of the dummy and the target pulse over a range
ofsops. Because of the large amplitude difference between the auto-correlation signals in the
middle and the cross-correlations on the right and the left side, the autocorrelator is zoomed in
into the scale of cross-correlations (the ratio between the amplitude of the auto-correlation in
the middle and the cross-correlations is around 500). (b) Cross-correlation measurement of the
dummy and the target pulse over a range OfISPS ({!PdP,(r - Llt). The gray line indicates a single
measurement and the black line the average over IOO measurements. The scale on the Y-axis of
both figures is not defined but is the intensity auto/cross-correlation which has the unit [Watt].
Because of the fact that the target pulse is very weak (measured power -24.3dBm) the
dummy pulse has to be as strong as possible (measured power -4.2dBm) to still get a crosscorrelation signal on the autocorrelator. The amplitude ratio between the amplitude ofthe optical
field of the dummy pulse and the target pulse is according to the SIMBA measurement method
~ 35. The measurement presented in figure 5.I(a) is performed with the maximum gain in the
autocorreiator. Measuring only the autocorrelation ofthe target pulse did not work because ofthe
low power.
In figure 5.I(a) in the middle the auto-correlation of the dummy pulse can be observed
({!PdPd(r) (the top is cut off). Also the auto-correlation of the target pulse must be located in
the middle but this signal does not rise the noise floor ofthe autocorrelator and can not be measured. On the right hand side the cross-correlation of the dummy and the target pulse can be
observed ({! Pd P, (r - jj.t) and on the left hand side the cross-correlation ofthe target pulse and the
dummy pulse can be observed ({!PIPd (r + jj.t). In figure 5.I(b) a cross-correlation measurement is
presented from the cross-correlation ({! Pd PI (r - jj.t). For this measurement the X-axis is shifted to
get the cross-correlation in the middle (by tuning the center point screw on the back side of the
autocorrelator).

5.3.2

What information can be extracted from the cross-correlation?

In figure p(b) a cross-correlation measurement is presented ofthe cross-correlation
(r - jj.t). In this subsection will be discussed what information can be extracted from this
cross-correlation.

({! Pd PI
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With equation 5.4 one ofthe original pulses can be calculated back ifthe cross-correlation and
the other pulse is known. If <t> jg(w) is replaced by the Fourier transformation of the measured
cross-correlation <t>P/Pd(W) and F(w) by the Fourier transformation of the 200fs dummy pulse
Pd(W), the Fourier transformation ofthe target pulse Pt(w) can be calculated with

The asterisk in the equation is removed because of the real intensity pulse profiles.
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Figure 5.2: Normalized spectrum of (a) the measured cross-correlation and the simulated 200 f s
pulse (b) the calculated target pulse from the cross-correlation and the 200 f s pulse.
From the measured cross-correlation (average over 100 measurements) the spectrum is calculated with a Fourier transformation. The spectrum of the known 200 f s pulse is simulated.
It has the same time scale as the cross-correlation measurement (lspS in 256 datapoints). The
magnitude spectra ofthe measured cross-correlation and the simulated 200 f s pulse are given in
figure 5.2(a). The magnitude spectrum given in figure 5.2(b) is the magnitude spectrum of the
target pulse calculated with equation 5.12. Right away, it can be observed that on the edges of the
spectrum the equation gives some problems because of two close to zero values and the random
phase in this section of the cross-correlation. To calculate the target pulse back first the noisy
signal on the edges of the spectrum must be filtered out. With a simple rectangle filter the noise
on the edges of the spectrum is filtered out, and the middle part of the spectrum remains. The
magnitude spectrum of the target pulse and the target pulse itself are given in figure 5.3
Calculating back the target pulse like this is possible, but special attention has to be paid when
using equation 5.12. The equation can return a noisy random signal back due to the combination
ofnoise and random phase when the relative signal level ofthe cross-correlation spectrum is low.
Furthermore, in the calculation a simulated 200 f s pulse is used. Measurements has turned out
that this width agrees with the real pulse. However the exact shape can be different which can
influence the target pulse.
To overcome this problem a shortest possible, dummy pulse is taken to get the situation
from equation 5.5 in which the target pulse is cross-correlated with a delta pulse. The result of
this cross-correlation is the original target pulse. The 200 f s dummy pulse is small in comparison
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Figure 5.3: (a) Normalized spectrum ofthe filtered target pulse magnitude spectrum (b)Caiculated
target pulse from the filtered spectrum.
to the target pulse (the FWHM width is a factor IO smaller), it acts as a delta pulse. The crosscorrelation method gives a good representation ofthe original target pulse, it only has a deviation
similar to the width ofthe dummy pulse (200fs).

5.3.3

What can go wrong in a cross-correlation measurement?

Measuring the target pulse by the cross-correlation method can go wrong due to different reasons.
The most important mistakes one can make by using this measurement method are listed and
will be discussed in this subsection.
• Wrong polarization
• Dispersion
• Shape ofthe dummy pulse
Wrong polarization

The autocorrelator is only sensitive to TE polarized light. The dummy and the target pulse have
to be rotated with the polarization controllers to the TE polarization. If one of the pulses has
another polarization, the cross-correlation (partially) disappears.
Dispersion

To measure the pulse that leaves the PIC, the deformation of the pulse while propagating from
PIC output to autocorrelator must be minimized. This deformation can be the cause of dispersion in the fibers behind the PIC. To minimize the deformation due to dispersion, a minimal
length of fiber should be used. Furthermore, dispersion shifted fiber can be used to minimize
the dispersion in the needed fibers.

I

Shape of the dummy pulse

In the first method to extract the target pulse from the cross-correlation measurement, the shape
of the dummy pulse must be known. Because of the fact that this pulse shape is not exactly
known, the reconstructed target pulse is also not exact. In the second method the dummy pulse
is assumed to be a delta pulse, but in practice it will never be one. Broadening of the dummy
pulse, e.g. due to dispersion, must be minimal to keep the dummy pulse as short as possible.

5.4

Comparing the cross-correlation method with the SIMBA method

The cross-correlation method is used to verify the SIMBA method. Ideally would be that the
cross-correlation method gives the same result as the SIMBA method. Only the magnitude ofthe
target pulse can be compared, because ofthe fact that cross-correlation only gives the magnitude
of the pulse. In the next measurement a target pulse is measured by the SIMBA method as well
as by the cross-correlation method. For the dummy pulse a 200 f s pulse is used with a 30nm
bandwidth and for the target pulse a 2ps pulse with a 1.2nm bandwidth. The only difference
between the two measurement methods is the relative time distance between the dummy and the
target pulse. In the SIMBA measurement the pulses are ~ 130 ps separated from each other, and
in the cross-correlation measurement ~ 10 ps. In figure 5.4 the results of these measurements
are presented.
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Figure 5.4: Reconstructed target pulses from the different measurement methods. The magnitude ofthe pulses is normalized because the cross-correlation method gives no information about
the absolute magnitude of the pulse, only a relative shape. X-corr. A gives direct the shape of the
cross-correlation assuming that the dummy pulse is a delta pulse. X-corr. B gives the reconstructed target pulse reconstructed from the cross-correlation and the simulated 200 f s dummy
pulse. The reconstructed target pulse from the SIMBA method, is from a single measurement
whereas the cross-correlation measurement is an average over IOO measurements.
To compare the reconstructed target pulses of the different measurements it is necessary
to normalize the magnitude, because of the fact that the cross-correlation measurement does
not give any information about the absolute magnitude of the cross-correlation. Furthermore,
the offset in the target pulse resulting from the cross-correlation measurement is filtered out.
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The relative error between the reconstructed pulses from the SIMBA measurement and the direct cross-correlation measurement is &b.m ~ 3.7%. The relative error between the direct crosscorrelation measurement and the reconstructed pulse from the cross-correlation measurement
is &b.m ~ 1.0%.
From this figure can be observed that the SIMBA method and the cross-correlation method do
roughly give the same optical field magnitude. Because of the fact that the way of reconstructing
the target pulse in the two measurement methods is completely different and the fact that both
measurement methods do give roughly the same target pulse, we can conclude that the SIMBA
method and the cross-correlation method work properly.

Chapter 6

Conclusion
6.1

Summary

The goal of this masters project was to develop a measurement method which can fully characterize the temporal magnitude and phase of (sub-) picosecond optical pulses and to realize this
measurement method in the optical laboratory. During the research the SIMBA method has been
chosen as primary method, because of its possibility to characterize the magnitude as well as the
phase of the optical pulse. As a verification the cross-correlation method has been used as a secondary method, the disadvantage ofthis method is that it only characterizes the magnitude ofthe
optical pulse.
The SIMBA method is based on the relative phase between a dummy pulse and the measured
target pulse. This phase information is covered in the power spectrum of the two pulses combined. With an iterative algorithm the temporal magnitude and phase of the target pulse can be
reconstructed. During the research the boundaries of the SIMBA method have been explored by
simulations, especially the boundaries which are important for the practical implementation of
the method in a measurement setup in the optical laboratory of the OED group. By simulations
has been explored under which conditions the measurement method works, and what influence
noise can have on the method. From the simulations could be concluded that the SIMBA method
works well and that the target pulse can be reconstructed with a maximum deviation of0.5%. The
simulations have shown that it is possible to realize the SIMBA method in a measurement setup.
The SIMBA method has been worked out in a measurement setup in the optical laboratory
ofthe OED group. The measurements that have been performed were mutual consistent and repeatable. Furthermore, a couple ofbehaviors which were expected on the basis ofthe simulations
did actually occur in the measurements. The difference between two reconstructed target pulses
of the two identical measurements was < 4%.
To verify the SIMBA method another measurement method called cross-correlation has been
presented. This method is based on the cross-correlation between the target pulse and a known
other pulse or a close to delta pulse. With this measurement method the optical field magnitude
could be reconstructed. Comparing the results of the cross-correlation method and the SIMBA
method by measuring the same target pulse has shown that both methods give roughly the same
target pulse (8 8m ~ 4%). By assuming that the two totaly different methods do not accidentally
introduce the same error, we can conclude that the SIMBA method as well as the cross-correlation

59

method work well.

6.2
6.2.1

Recommendations
Influence of noise

The influence of noise or other phenomena on the SIMBA measurements still gives a 4% deviation. The exact origin of this deviation is not known yet, however, at least two noise origins can
be thought o( The first one is noise originating from the measurement setup, like spontaneous
emission in the SOA and noise from the femtosecond laser source. The other one is noise introduced by the optical spectrum analyzer, especially in case of a low signal level. The second noise
origin can be minimized by keeping the signal level as high as possible. In the cases in which it
is not possible to eliminate the noise, can be tried to filter out the noise with the software. There
are three different ways of filtering out the noise which will be discussed.

Filtering in the frequency domain

The first way is filtering in the frequency domain. The measured power spectrum of the combined dummy and target pulse has shown some noise on it. By averaging a measured data point
with surrounding data points noise can be filtered out. However one has to be very careful when
using this filtering technique. The interferometric pattern in the spectrum must be retained.
This pattern includes all information ofthe target pulse, by filtering out this informatio the whole
measurement will be destroyed. Ifthe target is close to the dummy pulse, the period of the interference pattern is large and so thereby it is easier to average over multiple samples. However, if
one period of the interference pattern contains only four data points, averaging will filter out the
pattern and destroy the measurement.
Averaging multiple measured spectra does not work. The 'zero crossing' of the interference
pattern in the power spectrum is constantly changing due to path length differentiations between
the two arms ofthe setup. Averaging over multiple measured spectra will quench the interference
pattern.

Filtering in the time domain

Another way to filter out noise is to average in the time domain. Averaging over surrounding
data points is not possible because of the small number of data points in one target pulse, but
averaging over multiple measurements is possible if we expect that all these measurements will
give approximately the same result. However also in this case one has to be careful. Averaging over the magnitude of the target pulse does not give a problem, but averaging over the phase
does. Due to the path length differentiations the offset ofthe phase is not defined and fluctuating.
Directly averaging over the phase or over the complex shape will give valueless information. Averaging over the chirp profile (derivative of the phase) and the magnitude works well. If needed,
the phase can be calculated back from this chirp profile.

60

Filter out a part of the total bandwidth
The last filtering technique is probably the most tricky one. If for the dummy pulse a 30nm bandwidth is used and the target pulse has an 1.2nm bandwidth the interference pattern is only located
around this 1.2nm. All information needed to reconstruct the target pulse is covered by this interference pattern. Filtering out the spectrum around the 1.2nm bandwidth ofthe target pulse by
a 10nm bandwidth filter, will preserve all information needed for the reconstruction of the target
pulse and will reduce the noise in the other part of the spectrum. Due to this bandpass filter the
reconstructed dummy pulse will broaden, but I don't know ifthis also influences the target pulse.
If this does not happen, the bandwidth ofthe spectrum measured with the optical spectrum analyzer can also be reduced, which implies that one can measured with a smaller wavelength step.
The advantage of having a smaller wavelength step is, the fact that more samples can be taken
with information about the interference pattern, which results in a better reconstruction of the
target pulse. But the disadvantage is that at a given moment the 80M Hz mode structure of the
femtosecond laser source will be introduced in the measured power spectrum. Ifthe sampling of
the spectrum is not exactly synchronous with the mode structure, aliasing will occur which gives
extra problems in the reconstruction ofthe target pulse.

6.2.2

Absolute power level of the APEX optical spectrum analyzer

The data received from the APEX OSA is given in m W (per spectral component). In the manual
of the APEX it is not exactly defined what it means. Is it the measured power per nm or the
measured power for one measured channel (20M Hz or 100M Hz) or an average or integration
over a spectral sampling interval?
I have received the following additional information from the manufacturer of the APEX
OSA:

"When the AP2041A is displaying a 20,OOOpts spectrum ofa 60nm large signal then the
points displayed are only the maximum power points measured at a given resolution. So
using the AP2041A on a wide span will give you some points measured at the resolution
you have selected but the number ofpoints displayed on the screen are limited to 20,OOOpts
and we are keeping only the max. For every kind ofspan, the measured points are realized
every o.oo8pm and the number ofdisplay points can be selected as you want with a limit of
20,OOOpts. "
I will give my opinion about what exactly is measured and what this means for the measure·
ments that have been performed. The power spectra that have been measured have a spectral
range of 80nm (lOT Hz). The individual spectral points are in this case 80nmj20.000 = 4pm
(500MHz) separated from each other. The 0.16pm (20M Hz) resolution is used in the OSA which
steps with 0.008pm (IMHz) steps through the spectrum. For the 80nm spectrum this means
that every displayed spectral point is the maximum over 4pmjO.008pm = 500 internal measurements. The displayed spectral point is only the maximum value of these internal measurements
and is the power measured in one 0.16pm (20M Hz) window.
Ifthe power spectrum of the FSi is measured the following occurs. The FSi has a repetition
rate of 80M Hz which means that the modes in the spectrum are 0.64pm (80M Hz) separated
from each other. One interval of 4pm (500M Hz) which results in one spectral data point, will
6r

span 4pmjO.64pm = 6.25 modes of the FSL. If we assume that the linewidth of one mode is
< O.16pm « 20M Hz) only one mode will be measured with the O.16pm (20M Hz) resolution
(filter) of the OSA. The individual spectral points will be defined by the power of the strongest
mode over 6.25 modes. The total power of the measured spectrum is thereby not the total power
of the FSL. If we assume that the modes that are close to each other do almost not differ from
each other, the total power ofthe spectrum is a factor 6.25 too small. By multiplying every spectral
point with 6.25, the real power in the spectrum can be measured. (In the measurements in this
thesis this correction has not been applied)

Appendices
Appendix A: The Hilbert transformation and the minimum-phase function (MPF)
(The following part is most of all based on derivations made in [12, 18])
Any sequence can be expressed as the sum of a conjugate symmetric sequence xe(n) and
a conjugate antisymmetric sequence xo(n). The conjugate symmetric part is the sequence for
which X e (n) = x; (-n), and the conjugate antisymmetric part is the sequence for which
X o (n) = -x; (-n) where * denotes complex conjugation. An arbitrary sequence x (n) can always
be expressed as a sum of the conjugate symmetric and conjugate antisymmetric sequence as:
(6.1)

in which
xe(n)

= ~[x(n) +x*(-n)]

(6.2)

and
xo(n) =

~ [x(n) -

(6·3)

x*( -n)]

Ifone considers a general, complex sequence x (n) with Fourier transformation X

(e

jW

),

then the

Fourier transformation of x*(n) is X(e- jw ) and the Fourier transformation of x*( -n) is x*(e jw ).
Now the conjugate symmetric and conjugate antisymmetric parts ofthe sequence can be Fourier
transformed

and

It can be observed that the conjugate symmetric and the conjugate antisymmetric parts of a

sequence in the time domain correspond to the real and imaginary parts of that sequence in

the frequency domain. If a causal energy-bounded sequence x(n) is considered, no matter if it
is a real one, the conjugate symmetric and the conjugate antisymmetric parts of the sequence
are related to each other. Because of the fact that x (n) is a causal sequence, x (n) is zero for all
negative values of n. For n < 0 the conjugate symmetric and the conjugate antisymmetric part of
the sequence must cancel each other out to get a causal sequence. For n < 0 can be said:
(6.6)

n<O

Because xe(n) is a conjugate symmetric sequence and xo(n) is a conjugate antisymmetric sequence xe(n) and xo(n) for n > 0 are also related:
n>O

At the origin n = 0, xe(n) = x(O) and xo(n) = O. By combining (6.6) and (6.7), a relation is established between the conjugate symmetric part of the sequence and the conjugate antisymmetric
part of the sequence for all values of n:
xo(n)

= xAn)h(n)

xe(n)

= xo(n)h(n) + x(n)8(n)

(6.8)

in which 8(n) is the unit impulse signal and h(n) is defined by:

h(n)

=

-1
0
{
1

for n < 0
for n = 0
for n > 0

(6.1O)

If (6.8) and (6.9) are Fourier transformed to the frequency domein, with the knowledge that the
Fourier transformation of xe(n) is 9l[X (e jW )] and xo(n) is I~[ X(e jw )] a relation between the
real and the imaginary part of the frequency spectrum is establishedby:

f

7f

j~[X(ejw)] = 2~

9l[x(e

je

j
)]H(e (W-e))de

(6.n)

-7f

and

f ~[x(eje)]H(ej(W-e))de+x(O)
7f

9l[X(e

jw

)]

=j2~

(6.12)

-7f

In (6.n) and (6.12) can be observed that for a causal sequence there exists a relation between the
real and the imaginary part of the sequence. (6.n) and (6.12) are defined as a Hilbert Transformation.
Strictly spoken, the Fourier transformation of h(n) does not exist because it is not absolutely
integrable. To avoid this problem h(n) is considered as the limit of another signal which has a
Fourier transformation which is easy to compute. If the following sequence is considered:

in which £ (n) is the unit step function and a is a real constant of absolute value less than one. If
ho(n) is combined with its symmetrical reflection ho(-n), a new signal can be constructed:

If the limit from a -+ 1 is taken:
limh,(n)

= h(k)

a---+'

From this sequence the Fourier transformation can be computed:
(6.r6)

Because ho(n) is a real signal Ho(e- jW )

=

o

H (e jw ). H, (e jw ) can be written as:

For ho(n) the Fourier transformation can be calculated:
(6.r8)

This formula holds for every w except for w

= 0:

Two times the imaginary part of this expression is the desired Fourier transformation H (e jW ):

H

(e

.

Jw

(W) =

cos 2"
)

= - j

sin (

I)

w
- j cot(- )

(6.20)
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If (6.rr) and (6.r2) are combined with (6.20) and the discontinuity of w at the origin is taken
into account, the final equation to relate the real and imaginary part of a causal energy-bounded
sequence is established.

(6.2r)

and

(6.22)

Now X(z) is considered which is the z-transformation of the sequence x(n). (If the region of
convergence of X (z) includes the unit circle, the Fourier transformation of x (n) can be found by
taking z = e jw .) From the definition is known that:
X(z)

= In[ X(z)] = In!X(Z)1 + j arg[ X(Z)]

(6.23)

In this function X(z) can be considered as the complex logarithm of X (z) and the z-transformation
of a sequence i(n). The z-transformation is a Laurent expansion defining an analytical function [18]. This implies that X(z) must be an analytical function, and so the ambiguity of2:rr in
arg[ X(Z)] must be removed by defining the argument of X(z) to be a continuous function. Furthermore the fact that the logarithm of zero diverges has to be taken into account. From the

I

I

previous section is known that In X (z) and arg[ X (z)] are Hilbert transformations of each other,
if and only if i(n) is a causal energy-bounded sequence. The boundary condition implies the
following equation:
+00

L

li(n)1 < 00

n=-oo

which holds for all time limited analytical sequences. Ifthis condition is satisfied, X(z) converges
on the unit circle. This enables the deduction of the existence of the frequency domain X jW ).
Practically, this condition is always fulfilled, in case ofthe use ofmeasured discrete signals, which
always have an existing frequency domain. The causality condition, on the other hand, introduces
more constrains to the signaL The region of convergence of a causal sequence is determined by
the pole that is located furthest from the origin. [19]. The region of convergence covers the region
outside a circle through the pole furthest from the origin. However, because of the fact that it
is also an energy-bounded signal, the region of convergence must also include the unit circle.
It can be conclude that a causal energy-bounded sequence has all poles inside the unit circle.
Furthermore is known that the region of convergence of a causal sequence includes 00 [12]. If
now the relation between X(z) and X(z) in (6.23) is considered, some information about the
poles and zeros of X (z) can be extracted. Since X(z) is infinity (pole) at both poles and zeros
of X(z), it is required that within the region of convergence associated with X(z), there are no
poles or zeros of X (z). It can be concluded that all the poles and zeros of X (z) must be inside the
unit circle. If these conditions are satisfied, lnlx (z) I and arg[X (z)] are Hilbert transformations
of each other and can be calculated from each other by:

(e

and

(6.26)
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Now a function X (z) is defined in which the phase arg[X (z) ] is directly coupled to its mag-

I

I

nitude In X (z) by a Hilbert transformation. The condition that X (z) has only poles and zeros inside the unit circle is called the minimum-phase condition. lbe signal X (z) is called a
minimum-phase function/signal (MPF) if it satisfies this condition

Appendix B: Implementation of the SIMBA algorithm in C
lbe SIMBA algorithm discussed in chapter 2.3.2 is implemented in a C-program (Windows CVI).
This program controls the OSA and receives the data ofthe measured power spectrum. With this
data it calculates the time domain according to the SIMBA algorithm and the chirp profile if desired. In this appendix the C-code of the SIMBA algorithm is given. All other code is to connect
to the OSA and for the user interface of the program. lbe files SIMBA scope main. c and
S IMBA s cope main panne 1 . h are the main files of the program in which the user interfase is controlled. The files data_control. c and data_control. h control all data. The
files SIMBA calculations. c and SIMBA calculations. h include all calculations performed with the data (including the SIMBA algorithm). lbe files GP IB APEX2 4 0 lA. c and
GPIB APEX2401A. h include all functions to control the APEX OSA via GPIB. This file can be
replaced by another file to control the APEX OSA via the ethernet.

6.2.3

C-code of the SIMBA algorithm

int SIMBA_Calculate_Time_Domain(int datapoints, double *frequency,
double *Abs_Spectrum, double *Angle_Spectrum,
double *Abs_Time, double *Abs_Time_Log,
double* Angle_Time, int Max_Iterations)

Ilfrequency
IIAbs_Spectrum
IIAngle_Spectrum
I lAbs_Time
IIAbs_Time_Log
IIAngle_Time
IIMax Iterations

array with frequency points (input)
array with magnitude spectrum (input)
array with Phase spectrum (output)
array with magnitude of time signal (output)
array with log magnitude of time signal (output)
array with Phase of time signal (output)
maxmimal number of iterations (input)

int k=O,m=O;
int test=l;
double Magnitude=O.O,Phase=O.O;
double Old~hase[MAX_NUMBER_DATAPOINTS];

II to calculate change in
II Phase after iteration

double errorl=O.O;
double error2=1.0;
NIComplexNumber * Spectrum;
NIComplexNumber * Time;
PFFTTable *FFT_Table;

II FFT table to speed up calculation

Iiallocate memory for complex data arrays
Spectrum = (NIComplexNumber*) calloc (MAX_NUMBER_DATAPOINTS,sizeof(NIComplexNumber));
Time = (NIComplexNumber*) calloc (MAX_NUMBER_DATAPOINTS,sizeof(NIComplexNumber));

II calculate FFT table
FFT_Table=CreateFFTTable (datapoints);
Ilfill the complex spectrum array with data
for(k=O ; k< datapoints ; k++)
{

Spectrum[k] .real=Abs_Spectrum[k];
Spectrum[k] .imaginary=O;
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Old_Phase[k]=O.O;

k=O;
//start iterations
while (k<Max_Iterations && error2>PRECISION)
(
if (k==Max_Iterations-l)
test==l;
if (error2<le-14)
test==l;
//calculate Time domain from Spectrum
err = CxlnvFFTEx (Spectrum, datapoints, FFT_Table, 0, Time);
//set the second part of the Time domain to 0 (causality)
for (m=(datapoints/2) ; m<datapoints ;m++)
Time[m] .imaginary=O;
Time[m] .real=O;

//calculate Spectrum from Time domain
err = CxFFTEx (Time, datapoints, datapoints, FFT_Table, 0, Spectrum);
error2=0.0;

for

(m=O ; m<datapoints jm++)
//Change all Magnitudes of the Spectrum back to the original value
err
ToPolar (Spectrum[m] .real, Spectrum[m] . imaginary,
&Magnitude, &Phase);
err
ToRect (Abs_Spectrum[m], Phase,
&Spectrum[m] .real, &Spectrum[m] .imaginary);
//calculate the pahse change in compare to the previous iteration
errorl=(Old_Phase[m]-Phase);
if(errorl <0)
errorl=errorl*-l;
error2=error2+errorl;
Old_Phase [m] =Phase;

}
error2=(error2/datapoints);
k++;

//calculate for the last time the Time domain
err = CxlnvFFTEx (Spectrum, datapoints, FFT_Table, 0, Time)j
//change from Real/lmag to Mag/Phase
for(k=O
k< datapoints ; k++)
(

err
err

ToPolar (Spectrum[k] .real, Spectrum[k] . imaginary,
&Abs_Spectrum[k], &Angle_Spectrum[k])j
ToPolar (Time[k] .real, Time[k] . imaginary,

&Abs_Time[k], &Angle_Time[k]);

for(k=O ; k<datapoints ; k++)
{

II clear memory
DestroyFFTTable (FFT_Table);
free (Spectrum) ;
free(Time);
return (0);

Appendix C: Definition of the Fourier transformation
The following definition of the Fourier transformation and the inverse Fourier transformation is
used:
For given vectors oflength N:
N

X(k)

= LX(j)(U~-I)(k-l)
j=l

N

x(j) = (1/ N) L

in which
(UN

=

e(-2rri)/N

is a Nth root of unity.

X(k)(U~(j-l)(k-l)

(6.28)
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List of Symbols
fh

Group velocity dispersion

LlBW

Bandwidth (FWHM)

Yc

Phase change per watt in a unit area

A

Pulse width constant

A

Wavelength

8m

Magnitude error

8p

Phase error

8/',.m

Relative magnitude error

w

Angular frequency

lfJ(A)

Phase optical Fourier spectrum (wavelength)

lfJ(t)

Phase optical field envelope

lfJdi(W) Relative phase delay due to dispersion
lfJno(w) Relative phase delay due to nonlinearities

r

Relative time difference between dummy and target pulse

({J fg

Cross-correlation between the signal f and g

A(A)

Complex optical Fourier spectrum (wavelength)

IA (A) I Magnitude optical Fourier spectrum (wavelength)
A(w)

Complex optical Fourier spectrum (angular frequency)

A(t)

Complex optical field envelope

IA(t)1

Magnitude optical field envelope

c

Velocity oflight

D

Dispersion parameter
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f

Frequency

I (t)

Optical intensity

ni

Refractive index of material i

P(J...)

Power spectrum (wavelength)

P(w)

Power spectrum (angular frequency)

P(t)

Optical power in time domain

t

Time

X(w)

Complex spectrum

x(n)

Complex time signal

x (e jw ) Complex spectrum (relation to the Z-domain)
z

Length of a dispersive medium

!:1 T

Pulse broadening

List of Abbreviations
AC

Autocorrelator

AT

Attenuator

BPF

Bandpass Filter

DSF

Dispersion Shifted Fiber

FSL

Femtosecond Laser

FWHM

Full Width Half Maximum (always of the power)

FROG

Frequency-Resolved Optical Gating

MPF

Minimum Phase Function/Minimum Phase Signal

OED

Opto-Electronic Devices (Chair at the Electrical Engineering department of the TU/e)

ODL

Optical Delay Line

OSA

Optical Spectrum Analyzer

PC

Polarization Controller

PIC

Photonic Integrated Circuit

PICASO

Phase and Intensity from Cross correlation And Spectrum Only

SIMBA

Spectral Interferometry using Minimum-phase Based Algorithm

SMF

Single Mode Fiber

SOA

Semiconductor Optical Amplifier

SPIDER

Spectral Phase Interferometry for Direct Electric field Reconstruction

TE

Transverse Electric

TM

Transverse Magnetic

TU/e

Technical University Eindhoven
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