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Figure 3.8. Dependence of the relaxation oscillation frequency on the pump current in a
log-log plot. The dashed line correspond to the linear fit of the curve.

3.3 Discussion and Summary

In the previously described experiment we explored the dependence of the RO fre-
quency as a function of the injection current. The log-log plot reveals a power-law
exponent close to the square root behavior theory predicts (0.56±0.02) but actually
a bit larger. The small difference between the experimental result and theoretical
prediction is probably due to the use of pump currents close to the threshold in the
experiment. At these injection currents the laser emission has a non-negligible con-
tribution of spontaneous emission, which does not grow linearly with the injection
current.

The ratio of change in the threshold current for different temperatures is an impor-
tant dynamical parameter. As explained before, the RO frequency depends on the
injection current respect to threshold. A change in the laser threshold will cause a
change in the RO frequency. This frequency is important for the synchronization
experiments because we need two laser matching in parameters by few percent. Ob-
viously, the RO frequency is one of the most important dynamic parameters because
it determines the fastest dynamical time scales.
The T0 value we have found for our DMLD indicates a non–negligible thermal sensi-
tivity. We will take this into account in order to choose the laser operating conditions
in the bidirectional coupling experiment.
We have also analyzed the variation of the emission wavelength with the tempera-
ture. This characterization is particularly important for the synchronization expe-
riments in chapter 5. We want to determine the driving temperatures at which our
lasers will match in wavelength.

Our analysis reveals a value of α = 1.76± 0.02. Following Henry’s relation [7], the
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linewith of our DMLD is 5 times broader than the ideal one predicted by Schawlow
and Townes [5]. Most types of laser have α = 0 or approximately zero, only semi-
conductor lasers exhibit an α significantly different from zero. Even though we have
not been able to fully resolve the linewith of our lasers, the determination of α is
very important for other purposes. See table 3.2 for a summary of the parameters
of the two measured DMLD.
The linewidth enhancement factor is a fundamental dynamic parameter in order to
model the SL behavior. From the modeling of LK equations it is well known that
α must be large enough (typically between 2 and 6) to induce chaotic behavior for
moderate delayed optical feedback.

Parameters DMLD 1 DMLD2

Ith @ 22oC / mA 12.25± 0.01 11.81± 0.01
νRO @ 1.1 Ith / GHz 1.44± 0.05 1.80± 0.05

ηd @ 22oC – 21%
T0 / oC – 79.37
α - factor 1.69± 0.02 1.76± 0.02

Table 3.2: Parameters of the lasers used for synchronization experiments in chapter 5.



Chapter 4

Characteristics of Semiconductor
Lasers Subject to Delayed Optical
Feedback

This chapter discusses the changes in the laser emission due to delayed optical
feedback. These changes are evaluated using the same characteristics measured in
the previous chapter. The analyzed characteristics are the output power versus the
input current, the laser linewidth and the rf-spectrum. We also present the emission
dynamics of a laser with optical feedback to illustrate the destabilization of the
emitted intensity.

It is well known that the emission properties of semiconductor lasers (SL) can consid-
erably change under the effects of delayed optical feedback [24]. Even small amounts
of feedback light can cause instabilities in the output of the laser which was stable
for unperturbed solitary emission.
Commercial telecommunications lasers are fiber pigtailed. For applications in which
stable emission is needed, even the reflections from the facet of any attached fiber can
cause this small amount of undesired feedback. Such instabilities can be prevented
with the presence of an optical isolator to shield the laser diode from feedback. The
problem is that this measure implies additional costs and is detrimental to compact
and miniaturized designs. These stabilization problems were one of the first ques-
tions that were addressed in the study of the nonlinear dynamics of semiconductor
lasers subject to delayed optical feedback [25].

More recently, a different point of view has been adopted. Feedback induced instabil-
ities represent high-dimensional chaotic dynamics which could be used for different
purposes like random number generation [26], chaos-encrypted communications [27],
or rainbow refractometry [28].

These practical applications benefit from the fundamental study of the dynamical
properties of these delay systems. The different dynamical regimes of a delay-coupled
SL depend directly on the pump parameter and on the feedback parameter. The
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main parameters to characterize a laser with feedback are the amount of light re-
injected in the cavity (feedback rate), the length of the external cavity (EC) and
the feedback phase.

4.1 Experimental Setup

Figure 4.1 depicts the schematic of the setup we have used for the characterization
of the dynamical properties of a discrete mode laser diode (DMLD) with delayed
optical feedback in the CW regime. In this experiment we use the same setup as in
chapter 3 with the addition of a feedback line. This feedback line consists of a 50/50
coupler, acting as a fiber loop mirror [29], with an optical isolator and a polarization
controller in the feedback loop to avoid polarization rotated feedback contributions.
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Figure 4.1. Experimental setup of one laser diode (LD) with delayed optical feedback. The
LD is driven with a constant current source (IDC). The left 90/10 coupler splits the signal
between the feedback line and the detection line. The feedback line is implemented by a
50/50 coupler and an optical isolator (OI). The detection branch is split by a 90/10 coupler
and comprises an optical spectrum analyzer (OSA) and a fast photodiode (PD) connected
to the electrical spectrum analyzer (ESA).

Using this configuration, a high percentage of the emitted light is re-injected into
the SL. The light emitted by the laser diode travels through the 90/10 coupler.
A 90% of the light arrives to the fiber loop mirror. Only 25% of the incident light
propagates back from the same output of the 50/50 coupler. Taking into account the
90/10 coupler twice, 20.25% of the emitted light is re-injected into the SL mounting.
However, not all this amount of light enters directly into the laser cavity. The amount
of light injected directly into the laser cavity depends on the coupling efficiency of
the fiber pigtail attached to the laser, which typically is estimated to be around the
70 %.

We can plug various instruments into the detection line in order to measure different
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quantities. The optical spectrum is measured by the optical spectrum analyzer
(OSA) and the intensity dynamics is detected by the fast photodiode connected to
the electrical spectrum analyzer (ESA) or to the high-bandwidth oscilloscope (16
GHz). The time-averaged intensity can be measured by a power-meter attached
directly after the 10 % output of the first coupler (Not shown in Fig. 4.1).

4.2 Effects of Delayed Optical Feedback on the

Characteristics of Semiconductor Lasers

Optical feedback can induce a great variety of dynamical phenomena in the laser.
There are two main parameters that determine the range of dynamical effects that
polarization-maintaining optical feedback can induce. These parameters are the
feedback strength and the injection current. Our experiments with delayed optical
feedback belong to the moderate feedback regime [30, 31]. This operating regime
typically ranges from 0.1 up to ten percent of emitted light re-injected in the cavity.
Stronger feedback strengths usually imply multiple external cavity reflections (and
multiple delay phases).

An important characteristic of our experimental setup is the external cavity length.
The delay time is defined as the time the light spends in a round trip along the ex-
ternal cavity. The external cavity length of our experimental setup is approximately
10 m. This length corresponds to delay times of feedback light around 50 ns. This
delay time is about two orders of magnitude larger than the relaxation oscillation
period. An scenario is usually referred as the long cavity regime. In contrast with
the short cavity regime where the typical delay times in the external cavity are of
the order of or shorter than the period of the relaxation oscillations. These two dif-
ferent regimes are only differentiated by the relation between time scales, but their
characteristic dynamics are very different [14].

Threshold Reduction

The first experimental characteristic we measure for the laser with delayed optical
feedback is the light-current characteristic. We will compare the resulting curve
with the solitary laser PI curve.

Figure 4.2 depicts two different PI curves of the same laser under different experi-
mental conditions. The dashed curve corresponds to the case of the solitary laser.
The solid line corresponds to the case of the laser subject to delayed optical feed-
back. In both cases the temperature is set at 22oC. There are three main differences
between both PI curves. First, there is a reduction in the threshold current in the
PI curve of the SL with delayed optical feedback. This threshold reduction is due
to the photons being re-injected into the laser cavity, which reduce the total losses
and cause the lasing regime to appear at lower currents than in the solitary laser
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Figure 4.2. Power-current characteristics of a DMLD under different conditions: in the soli-
tary case (dashed line) and subject to delayed optical feedback (solid line). The temperatures
of the lasers is set at 22oC.

case.

Another difference is that the PI characteristics of the laser with delayed optical
feedback shows a kink close to the solitary laser threshold. This kink can be bet-
ter observed at the inset in figure 4.2. This loss of linearity in the PI curve above
threshold is not present in the solitary laser case. We can relate this kink with fluc-
tuations of the light intensity exhibiting dominant low frequency contributions [24].
The characteristic frequencies these low frequency fluctuations (LFF) exhibit are
significantly lower than other laser characteristic frequencies as e.g. the relaxation
oscillation frequencies, the laser internal round trip frequency, and the external cav-
ity round trip frequency. LFFs occur close to the solitary laser threshold for the
whole moderate feedback regime.

Finally, a difference in the slope of both PI curves can be observed. This difference
is related to the change in external differential quantum efficiency (ηd) due to the
re-injection of light and the change in balance of the output facet reflectivity. Our
DMLDs present high power emission from one laser facet and low power emission
from the other facet (these lasers are fiber-pigtailed at the high power emission facet).
This asymmetry in the power emission is produced with an asymmetric coating: one
facet with high reflection (HR) coating (typical reflectivities larger than 90 % ) and
a facet with anti reflection (AR) coating (typical reflectivities smaller than 10 %).
These asymmetric coatings lead to asymmetries of carrier density and optical field
within the laser cavity of the solitary laser. Our DMLD are fiber-pigtailed to the
AR coated facet side of the laser and the external cavity mirror is consequently
connected to this facet. Once the delayed optical feedback is active, a substantial
decrease in the slope of the PI curve can be found, even leading to that both curves,
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with and without optical feedback, cross for a certain value of the injection current.
This value is referred to as the cross over point [30]. The total output power of the
laser does not decrease in the presence of optical feedback. There is an increase in the
effective power reflectivity on the AR-coated due to the external cavity re-injection,
changing the power balance in the laser cavity.

Coherence Collapse effect on the Emission Linewidth

In chapter 2 we explained that our DMLDs operate on single longitudinal mode
emission of the solitary laser. This happens even under delayed optical feedback
conditions. Figure 4.3 depicts two optical spectra from the same DMLD, i.e. the
solitary laser and the laser subject to delayed optical feedback. Both spectra display
a side mode suppression ratio (SMSR) greater than 46 dB. We can observe that the
spectrum of the DMLD with optical feedback exhibits a significant asymmetry in
the linewidth and a significant broadening towards longer wavelengths compared to
the solitary laser emission line.
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Figure 4.3. Optical spectra of a DMLD. The solid line corresponds to the laser with delayed
optical feedback. The dashed line corresponds to the solitary laser. The laser temperature
in both cases is 22oC and the laser is pumped at 1.96Ith.

The determination of the solitary laser linewidth in Fig. 4.3 is limited by the res-
olution of the optical spectrum analyzer (OSA). The resolution of this instrument
is 0.05 nm and we know that the linewidth of our lasers without feedback is typ-
ically thousands of times smaller than this value [21]. In Fig. 4.3 we have chosen
an injection current where the broadening of the optical spectrum is clearly visible
for the laser with optical feedback. This broadening illustrates perfectly the loss
in the spectral coherence of the emission. This effect is also known as coherence
collapse [32].
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Destabilization of the Output Intensity

Figure 4.4 depicts the intensity dynamics recorded with the 16 GHz scope of a DMLD
subject to delayed optical feedback. We observe the unstable dynamics, reflected in
changes in the amplitude of the signal. The negative values of intensity in the Fig.
4.4 are due to the AC–coupling between the photodiode and the scope. There are
also fast pulsations which are not resolved in this figure that evolve towards a sudden
power dropout. After each dropout the intensity rises beginning the chaotic cycle
again. If we increase the injection current, the dropouts become more frequent until
they finally cannot be distinguished anymore. The resulting behavior of irregular
fluctuations without clear low frequency fluctuations has been named fully developed
coherence collapse.

Figure 4.4. Low frequency fluctuations (LFF) in the output intensity of a DMLD with
optical feedback. The laser temperature is 22oC and the laser is pumped at 1.15Ith.

Detection bandwidth plays a fundamental role in the study of intensity dynamics of
this system. Figure 4.5 depicts a zoom into the data of figure 4.4. We can recognize
the sub-nanosecond chaotic oscillations present in the output intensity of the laser.
These oscillations which for long time remained mostly unresolved, can now be
resolved due to the 16 GHz scope in combination with the 13 GHz bandwidth of the
fast photodetectors.

Broadening of the rf-spectrum and External Cavity Modes

The main characteristic of a solitary SL present in the rf-spectrum are the relax-
ation oscillations (RO). These RO are reflected by a peak in the rf-spectrum. Figure
4.6 depicts two rf-spectra corresponding to a DMLD with and without optical feed-
back. Both curves are taken at the same injection current (I = 12.98 mA). The
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Figure 4.5. Magnification of the chaotic fluctuations in the output intensity of a DMLD
with optical feedback. The laser temperature is 22oC and the laser is pumped at 1.15Ith.

solitary laser spectrum exhibits clearly the RO peak at approximately 1.25 GHz.
The plot corresponding to the laser subject to optical feedback shows a broadening
in the rf-spectrum and a shift to higher frequencies of the maximum. These effects
are related to the destabilization of the emitted intensity. In the optical feedback
case, the chaotic variations of the emitted intensity broaden the electrical spectrum.
Furthermore, the contribution of the external re-injected light causes a threshold
reduction and shifts to higher frequencies of the RO peak. This results in an effect
analogous to an increase in the injection current. Fig. 4.6 demonstrates a change in
the rf-spectrum of more than 2 GHz for these injection current and feedback rate.

There is an additional effect visible in the rf-spectrum related to delayed optical
feedback. Figure 4.7 depicts a 200 MHz window of the rf-spectrum of a DMLD
pumped at 13.93 mA. Evenly spaced peaks can be identified in this spectrum. These
peaks arise due to the external cavity modes (ECM). The ECM spacing corresponds
to the frequency spacing of the external cavity delay time. We can observe a mode
spacing of ∆f ∼ 10 MHz, which corresponds to an external cavity length of L ∼ 10 m
(L = c

2n∆f
). The noisy structure of the peaks can be the result of the interaction of

the delay dynamics with other frequencies, like the relaxation oscillation frequency.

From Fig. 4.7 one can see that the spectral power density increases below 100 MHz.
For injection currents similar to the value we have here, the dominant low frequency
fluctuations contribution builds up the power spectrum at low frequencies. An rf-
spectrum of the same laser emitting in fully developed coherence collapse would not
exhibit this behavior at low frequencies.
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Figure 4.6. rf-spectra of a DMLD. The solid line corresponds to the laser with delayed
optical feedback. The dashed line corresponds to the solitary laser. The laser temperature
in both cases is 22oC and the laser is pumped at 1.06Ith.
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Figure 4.7. rf-spectrum of a DMLD with optical feedback. The frequency range is shorter
to be able to identify the external cavity modes (ECM). The laser temperature is 22oC and
the laser is pumped at 1.18Ith.

4.3 Discussion and Summary

In this chapter we have analyzed the effects that moderate delayed optical feedback
has on the laser emission. We have demonstrated that delayed optical feedback
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causes a broadening of both the electrical spectrum and the laser linewidth. In
particular, in the electrical spectrum, we can resolve the modes of the external
cavity.
We have also described the differences between the PI curves of the solitary laser
and of the laser with delayed optical feedback. The latter one exhibits a reduction
in the value of the threshold current due to the change of effective losses caused by
the re-injected light. This threshold reduction is accompanied by a reduction of the
slope of the PI curve. As explained in chapter 3, this slope is directly related to
the external laser efficiency (ηd). The reduction of the ηd is related to compensation
mechanisms in the laser to balance the changes in effective reflectivities caused by
the feedback.
There is another important effect visible in the PI curve, i. e., the slope above
threshold exhibits a kink in the laser with feedback. We have related this kink to the
intensity fluctuations of the emitted light. In our experiment, the chaotic behavior
evolves from the low frequency fluctuations (LFF) to the coherence collapse (CC)
regime.

The LFF and CC dynamical regimes are quite ubiquitous. They are present for a
wide range of feedback conditions and laser structures. This has been extensively
studied in the past decades. e. g., the different dynamical regimes of feedback are
presented in [31]. The influence of the external cavity length in the delayed feedback
dynamics is studied in [16]. The role of the SL optical spectrum on the emission
dynamics has also been treated in [33,34,35]. Furthermore, as we will show in next
chapter, similar dynamical regimes can also be found in the mutually coupled lasers
experiment.

Different parameters have an influence on the characteristics of the laser emission.
In chapter 3 we already explained that the linewidth enhancement factor α is a
fundamental parameter that determines the laser sensitivity to feedback. However,
it is difficult to tune the α parameter, although it can be achieved [25]. In contrast,
there are two other parameters we can modify easily, i. e., the injection current
and the feedback strength. For low injection currents, we find the LFF regime. By
increasing the injection current, the LFFs become more frequent and the emission
evolves towards what is known as fully developed coherence collapse (CC). This
regime exhibits even stronger chaotic dynamics than the LFF regime. For a constant
value of the injection current, an increase in the feedback strength also destabilizes
the emitted intensity [30]. A fine characterization of the dependences respect to
these different parameters will be the subject of further investigations.
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Chapter 5

Synchronization of Two
Delay-Coupled Semiconductor
Lasers with a Passive Relay

This chapter presents experimental investigations on the synchronization of two
mutually coupled semiconductor lasers exhibiting chaotic behavior. The possibility
for synchronizing chaotic oscillators appears to be counterintuitive, since the defini-
tion of chaos implies that even the tiniest difference in the initial conditions of the
chaotic oscillators will amplify very quickly. Nevertheless, it has been demonstrated
that two coupled chaotic oscillators can synchronize and the theoretical conditions
needed to accomplish this are well studied [36]. Moreover, the synchronization of
two coupled semiconductor lasers (SL) has been demonstrated numerically [37] and
experimentally [27].

Nowadays, the idea of using chaos synchronization for encoded communications
[36] is more widespread. Most of the methods used to encode signals in chaotic
carriers are analogous to the methods used in traditional radio modulation. The
message is encoded in a chaotic carrier signal generated by a chaotic oscillator. The
resulting message may only be decoded (extracted from the chaotic carrier) by an
identical chaotic oscillator. Even though in the present experiments we concentrate
specifically on the characterization of synchronization, our experimental results can
be extended to chaos communication applications [38].

In the following sections, we study the robustness of isochronous synchronization
solutions in a system of two mutually coupled SL with a passive relay. We charac-
terize the quality of the synchronization at sub-nanosecond time scales and focus our
attention on the study of the desynchronization events caused by noise. Moreover,
we study the influence of detuning the emission wavelengths and increasing pump
current on the synchronization.
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5.1 Experimental Setup

Figure 5.1 shows the schematic of the setup we have used to study the synchroniza-
tion of two mutually coupled discrete mode laser diodes (DMLDs) with self-feedback
(passive relay) coming from the semitransparent mirror (fiber loop mirror). In this
experiment, we use a setup similar to the one used in chapter 4. The lasers are cou-
pled by a 50/50 coupler with an optical isolator acting as a fiber loop mirror. The
two polarization controllers (PC) correct undesired variations of the polarization of
the light.
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Figure 5.1. Experimental setup of two bidirectionally coupled laser diodes (LD) with a
passive relay. Each LD is driven with a constant current source (IDC). Each one of the
left 90/10 couplers splits the signal between the coupling line and the detection line. The
feedback line is made by two polarization controllers (PC), a 50/50 coupler and an optical
isolator (OI). The detection lines have attached to its outputs the fast photodiodes (PD)
connected to the high-bandwidth oscilloscope (Scope).

With this configuration, each laser receives light from the other laser and from itself.
The coupling and feedback paths have equal delay times (τ). The external cavity
delay time is related to the feedback path with the following expression: τ = l

v
. The

self-feedback contribution is analogous to a configuration with a semi transparent
mirror placed between both lasers in the coupling path [38]. The 25% of light injected
in one of the input ports of the fiber loop mirror propagates backwards to the same
port. The propagating light is a mixture between both intensities, the self-feedback
and the coupling from the other laser. Each PC controls the polarization state of
the light to ensure that we are coherently coupling both lasers via the dominant TE
component of the optical field. We observe that the degree of correlation between
both lasers intensities changes by controlling the different paddles of the PC.
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We can plug different instruments into the detection line in order to measure different
quantities. The optical spectrum is measured by the optical spectrum analyzer
(OSA) and the intensity dynamics is detected by the fast photodiodes (bandwidth
of 13 GHz). The photodiodes outputs will be connected to the electrical spectrum
analyzer (ESA) if we want to detect the frequency dependence of the dynamics
(bandwidth from 7 kHz to 30 GHz) or to the oscilloscope if we want the time-
dependent dynamics (bandwidth of 16 GHz).

5.2 Experimental Results on the Synchronization

of Two Mutually Coupled Semiconductor Lasers

In order to characterize the coupling dynamics in this experiment we introduce a
wide scan of the parameter space in order to identify different synchronization char-
acteristics. In chapter 3 we have already studied the emission wavelength depen-
dence with temperature for a certain injection current. In the current experiment,
we use profit of these results to work with the smallest possible mismatch in pa-
rameters (i.e. wavelength matching with a precision of 0.1 nm) and we analyze the
isochronous synchronization conditions.
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Figure 5.2. Intensity time traces of LD1 and LD2. The laser temperatures are controlled
to 21.08oC and 22.00oC respectively, corresponding to zero-frequency detuning conditions.
Both lasers are pumped at 12 mA (1.02Ith).

In our experiment, we use two lasers which in the following are being labeled as laser
diode 1 (LD1) and laser diode 2 (LD2). Both lasers are DC pumped. We record their
intensity dynamics in two channels of the oscilloscope. The large bandwidth of this
instrument allow us to fully resolve the intensity dynamics of this coupled system. In
chapter 1, we explained that the semiconductor laser dynamics are mainly limited by



46 Synchronization of Two Delay-Coupled Semiconductor Lasers with a Passive Relay

the relaxation oscillations characteristic frequency. For our lasers, these frequencies
are in the order of magnitude of a few GHz, smaller than the scope bandwidth (and
the fast-photodiode bandwidth). The bandwidth of our instruments therefore allow
us to resolve the full sub-nanosecond variations in the time-dependent behavior of
the intensity dynamics of the lasers.

Figure 5.2 shows a 7 ns time window of two intensity time series resolving the sub-
nanosecond intensity dynamics of both lasers. Any small temporal shift caused by
a length difference between the two detection lines can be compensated for within
the scope. Each intensity time trace has been normalized by subtracting its mean
and dividing it by the standard deviation. Therefore, both time traces are centered
around zero. We can observe sub-nanosecond chaotic-like variations of the intensity
for both lasers. Despite these fast variations, both intensity time traces follow the
same trajectories at the same time, demonstrating excellent isochronous synchro-
nized behavior. The observed differences between both time traces are within the
detection noise levels.

We obtain a first characterization of the synchronization quality via plotting the
normalized output intensities of LD1 as a function of LD2. Figure 5.3 depicts 5600
samples covering a time interval of 140 ns. We observe that the density of points is
well-centered around the diagonal.

Figure 5.3. Synchronization plot depicting the normalized intensities of LD1 versus LD2
of the time series partly shown in figure 5.2. The regression coefficient is ∼0.86.

A linear regression analysis of the distribution of these 5600 points shows that most
of the samples are situated along the diagonal line with a regression coefficient of
∼0.86. Given the experimental conditions, such a correlation coefficient can be
associated with good synchronization.
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Cross-correlation Analysis

The cross-correlation analysis of the intensity dynamics of both lasers can provide
insight into important time scales of the dynamics and the related physical processes.
The cross-correlation between time traces contains statistical information of both
time series. We will use the cross-correlation function (CCF) for the quantification
of the synchronization of both lasers.

For the computation of the CCF we have first normalized the time series to avoid
dc-contributions that can alter features of the results. For this reason, each time
trace is shifted to zero mean power and normalized by its corresponding standard
deviation. The formula used to calculate the normalized CCF is the following:

C(∆t) =
〈[I1(t)− 〈I1〉][I2(t+ ∆t)− 〈I2〉]〉√
〈[I1(t)− 〈I1〉]〉2〈[I2(t)− 〈I2〉]〉2

, (5.1)

where C is the cross-correlation coefficient, I1 and I2 stand for the normalized power
intensities and ∆t is the time shift of one of the time series with respect to t. The
angled brackets indicate the time averaging over t, always performed with time series
longer than 50 times the external cavity delay time (τEC).

C
ro
s
s
-C
o
rr
e
la
ti
o
n

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Time Lag / ns

-150 -100 -50 0 50 100 150

Figure 5.4. Cross-correlation function of the intensity time traces of LD1 and LD2. The
parameters are the same than in figure 5.3. The cross-correlation coefficient at zero-lag of
the 160000 points of each time series is 0.94.

We can identify the quality of the synchronization via the peaks of the CCF. Figure
5.4 depicts the CCF of the two intensity time series exhibited in Fig. 5.2. The
different peaks visible at both sides of the central peak are situated at lags that
are multiples of the delay time. These peaks illustrate the typical recurrence of the
cross-correlation peaks in delay systems around multiples of the delay time. We can
observe that the side peaks are situated at τ ' 73 ns and 2τ ' 146 ns.
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Figure 5.5. Cross-correlation function of the intensity time traces of LD1 and LD2. The
laser temperatures are controlled to 21.40oC and 22.00oC respectively. Both lasers are
pumped at 13 mA (1.10Ith). The cross-correlation value at zero-lag is 0.87.

Figure 5.5 depicts the cross-correlation between the intensity time series of LD1
and LD2 for an injection current of 13 mA. The maximum time lag in this figure is
larger than in figure 5.4 to show the behavior of the CCF far from the central peak.
The first characteristic that can be observed is the decay of the maximum of the
CCF with the increase of the time-lag. This decaying envelope decreases to almost
zero for time-lags larger than 1000 ns (∼ 14 τEC). This means that there is no
correlation between the two time series for lags greater than 14 times the external
cavity round trip time. Moreover we can observe a slightly rising plateau present at
time-lags near 1000 ns. These times correspond to the characteristic low-frequency
fluctuations frequencies (∼MHz).

Detuning Conditions

In this section, we analyze the influence of detuning on the synchronization dynam-
ics of the delay-coupled lasers. The frequency detuning introduces an asymmetric
change in parameters since the emission wavelength changes when we change the
temperature of a laser, as seen in chapter 3 (section 2).

Figure 5.6 depicts the maximum of the CCF at zero-lag for the time series of the
two lasers in dependence of the detuning. We detune the lasers by changing the
temperature of LD1 while the temperature of LD2 is maintained fixed. At each step
of temperature (0.25 oC), we measure the cross-correlation at zero-lag. We consider
the detuning to be positive when the detuned laser exhibits a higher solitary emission
frequency than its counterpart. We can identify a distinct region where the cross-
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Figure 5.6. Dependence of the cross-correlation coefficient at zero-lag on the nominal
frequency detuning between the solitary lasers. The values correspond to an injection current
of 12 mA (1.02Ith). The two red lines contain the frequency-locking region.

correlation value is higher than 0.8. This region, that extends from -11 GHz to 8
GHz, is usually referred to as locking region, i. e. the range of temperatures wherein
the emission of both lasers lock on one single frequency. For larger detuning values
we can observe an abrupt drop in the correlation value. This drop in the CCF is
not symmetric for detuning values below and above the locking region.

(a) (b)

Figure 5.7. Experimental time traces for detuning values inside (a) and outside (b) the
frequency-locking region. The detuning values are -0.78 GHz and -25.95 GHz respectively.

The intensity time traces of the lasers exhibit different behavior in each different de-
tuning region. In the locking region (Fig. 5.7a), the two intensity time traces exhibit
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the characteristic low-frequency fluctuations (LFF) behavior and look well synchro-
nized. In contrast, in the large detuning region (Fig. 5.7b), both time traces exhibit
non-synchronized behavior with fast oscillations similar to the behavior observed in
a SL subject to delayed optical feedback in the coherence collapse regime.

Isochronous synchronization regime

After we have analyzed the effects of the detuning in frequencies, we investigate the
role of the injection current on the synchronization of the mutually delay-coupled
lasers. For this experiment we have chosen laser temperatures that correspond to
the zero-detuning case, as determined in the previous section, compensating for the
changes in emission wavelength. We modify the injection current equally in both
lasers to account for the symmetric situation in this measurement.
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Figure 5.8. Dependence of the cross-correlation coefficient at zero-lag on the injection
current. The values correspond to the zero-detuning region.

Figure 5.8 depicts the cross-correlation coefficient at zero-lag for different injection
currents. We observe that the value of this cross-correlation coefficient decreases
monotonously with the increase of the injection current. This monotonic decay is
not easy to explain since it involves two different dynamical regimes. The injection
currents up to 14 mA correspond to dynamical behaviors in the LFF regime. Higher
injection currents exhibit coherence collapse (CC) behavior, without any identifiable
low-frequency structure.

The decay in the cross-correlation coefficient at zero-lag could be related to an
increase of desynchronization events for higher pump currents. However, there has
not been any evident explanation, and we will study this problem in detail in the
next section. For this purpose we will study the emergence of desynchronization
events using the same scenario discussed in the current section.
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Desynchronization Events: Bubbling

So far, we have demonstrated the dependence of correlations related to isochronous
synchronization on frequency detuning and injection current. We will now inves-
tigate the general robustness of isochronous synchronization for the zero-detuning
case. From theoretical studies [39,40] we know that synchronization is usually char-
acterized by transversal stability of the attractor. Transversal stability is not enough
to characterize the synchronization behavior. Invariant manifolds within the chaotic
attractor can become transversally unstable. Then, noise can induce collisions with
these transversally unstable modes causing a loss of synchronization. We identify
these noise-driven desynchronization events as bubbling events. The unstable modes
correspond to the saddle point solutions of a stability analysis of the Lang-Kobayashi
equations for two delay-coupled lasers with a passive relay (section 1.3.2).

Figure 5.9a depicts the time traces of LD1 and LD2 pumped at 13 mA. The time
trace of LD1 has been shifted up to visualize both time traces. In general, the two
lasers exhibit well synchronized behavior even though their intensities are not fully
resolved in this figure. We experimentally investigate the desynchronization events
measuring the intensity difference between time traces [40]. However, we find that,
with this method, it is difficult to distinguish real desynchronization events in the
chaotic trajectory from noise in the detection. In order to solve this identification
problem, we have chosen to perform an integration analysis of the intensity differ-
ence. Equation 5.2 shows the iterative relation between time traces used to calculate
the integrated intensity difference time trace:

τ∑
i=1

|I1i − I2i |
τ〈|I1|+ |I2|〉

, (5.2)

where τ is the external cavity delay time and the brackets represent the mean value.
Eq. 5.2 is the sum over one delay time of the normalized intensity difference. This
sum is calculated at each time of the corresponding intensity time traces. The
result is a new time trace that corresponds to the integrated intensity difference
of the two time traces. This integration accounts for the major desynchronization
events highlighting them from the rest of the well synchronized time series. We can
then resolve between real desynchronizations of both lasers and only noise in the
detection line.
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(a)

(b)

Figure 5.9. (a) Intensity time traces and (b) Integrated intensity difference of LD1 and
LD2 pumped at 13 mA (1.10Ith). Temperature of LD1 is 21.40 oC and temperature of LD2
is
22.00 oC.

Figure 5.9b depicts a 6000 ns window of the integrated difference time trace for
an injection current of 13 mA. We can see how the integrated intensity difference
follows almost regular oscillations, with the presence of several abrupt high peaks. If
we compare this figure to the intensity time trace of any of the lasers (Fig. 5.9a), it
becomes evident that these peaks are related to the frequency dropouts characteristic
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of the LFF regime. Moreover, the intensity difference decreases during the LFF cycle
to a minimum value that is abruptly increased when the dropout takes place. This
behavior has also been observed previously in other experimental studies [41].

(a) (b)

Figure 5.10. (a) Experimental LFF dropout without loss of isochronous synchronization.
(b) Experimental LFF dropout with loss of isochronous synchronization. Both figures corre-
spond to different instants in the same time trace. The injection current is 13 mA (1.10Ith)
and temperatures of LD1 and LD2 are 21.40 oC and 22.00 oC respectively.

Interestingly, not all the dropouts have a related abrupt increase. In Fig. 5.9b,
there is a dropout around 3300 ns that has no abrupt change of their intensity
difference. This observation means that there are some LFF dropouts that have no
desynchronization events associated. Figure 5.10 represent the time traces of LD1
and LD2 near different dropout regions for the same data plotted in Fig. 5.9b. Figure
5.10a depicts the LFF dropout without loss in synchronization. In contrast, Fig.
5.10b shows a typical LFF dropout with an associated desynchronization event. In
the latter figure, we can observe that the time trace of LD1 experiences an intensity
dropout. After one delay time (∼73 ns), LD2 experiences the dropout too and they
recover isochronous synchronization again. If both time traces are uncorrelated for
a time interval τ (equal to the external cavity delay time), the integrated intensity
difference should grow during this τ period. This is exactly what we observe in Fig.
5.9b. The desynchronization peaks grow while they accumulate unsynchronized
periods and, after one τ , they begin to decrease reflecting the resynchronization
between both lasers.

Figure 5.11 shows the synchronization plots corresponding to the data shown in
figure 5.10. Each figure depicts 5600 points of the time trace of LD2 versus the
time trace of LD1. Figure 5.11a corresponds to a dropout where both time traces
drop simultaneously, while Fig. 5.11b corresponds to a dropout with loss of corre-
lation between the time traces during the dropout. We observe that in Fig. 5.11a
both intensity time traces fall approximately on the diagonal, exhibiting a moderate
correlation value (∼0.57). Fig. 5.11b exhibit very low correlation between both
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Figure 5.11. Synchronization plots depicting the normalized intensity of LD1 versus in-
tensity of LD2 of the time series shown in figure 5.10 for the cases of: (a) dropout without
loss of isochronous synchronization (regression coefficient of ∼0.57). (b) dropout with loss
of isochronous synchronization (regression coefficient of ∼0.18).

intensity time traces (∼0.18).

The complete picture of desynchronization events in our delay-coupled system im-
plies a further analysis of bubbling for different injection currents. As explained in
the previous section, we can observe low-frequency fluctuations for injection currents
up to 14 mA. In this dynamical regime, we can observe that bubbling only occurs
during power dropouts. Moreover, the characteristic time of the desynchronization
intervals is close to τEC . The main difference between the three injection currents
analyzed in the LFF regime is that the time between consecutive dropouts decreases
as the injection current is increased.

For pump currents above 14 mA, in the fully developed CC regime, we find that
our integrated bubbling analysis results in a noisy-like structure that doesn’t reflect
identifiable individual desynchronization events. Therefore, the conclusion that can
be drawn from the careful inspection of the intensity time traces is, that desynchro-
nization events become more frequent as the injection current is increased.

Figure 5.12 depicts a typical desynchronization event in the CC regime. We can
see that both time traces follow a good synchronized behavior until 1.5 ns when
they desynchronize for 2 ns approximately. After this interval they re-synchronize
again. This 2 ns desynchronization interval is much shorter than the characteristic
desynchronization intervals in the LFF regime (τEC ∼ 73 ns). Furthermore, another
particularity of the desynchronization events in CC regime is that their characteristic
time between events decreases to almost the level of the chaotic oscillations. These
particularities characterize the synchronization in the CC regime as fast alternations
between periods of well synchronized behavior and short desynchronization intervals.
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Figure 5.12. Desynchronization event in CC regime. The injection current is 15 mA
(1.27Ith) and temperatures of LD1 and LD2 are 21.37 oC and 22.00 oC respectively.
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Figure 5.13. Mean of the integrated intensity difference of both time traces for the zero-
detuning conditions. The error bars correspond to the standard deviation from the mean.

In order to quantify the synchronization robustness as a function of the injection
current, we have analyzed the integrated intensity difference of both lasers for dif-
ferent injection currents. Figure 5.13 depicts the evolution of the mean and the
standard deviation of the integrated intensity difference with the injection current
for the zero-detuning scenario. For the first three values of the injection current,
both lasers exhibit intensity time traces in the LFF regime, while in the latter three
points both lasers operate in the fully developed CC regime. The mean integrated
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intensity difference increases monotonously. This behavior is complementary to the
previously obtained tendency of the cross-correlation coefficient at zero-lag, where
this coefficient decreases monotonously with the increase of the injection current.
However, the standard deviation doesn’t follow the same tendency. We can see that
its values are larger for the injection currents corresponding to the LFF regime. In
particular, the largest value corresponds to a pump current of 14 mA, the current
where both intensity time traces exhibit more frequent dropout events.

5.3 Discussion and Summary

In this chapter, we have investigated the synchronization properties of a system
of two delay-coupled SL with a passive relay. Both SL are coupled via their op-
tical fields. The coupling and the relay originate from the same fiber-loop mirror.
We have reported sub-nanosecond chaotic oscillations with isochronously synchro-
nized dynamics. In order to quantify the synchronization, we have used the cross-
correlation function (CCF) of the intensity time traces of both lasers. We have
measured the cross-correlation characteristics for two different scenarios; in partic-
ular, an asymmetric scenario where both lasers are detuned with respect to each
other in their optical frequencies and a symmetric scenario (zero-detuning) where
both lasers are biased at different pump currents. Finally, we have studied the
robustness of synchronization in the symmetric scenario.

In the frequency detuning experiment, both lasers exhibit good synchronization
characteristics inside a certain frequency-locking region. We have demonstrated that
the maximum cross-correlation coefficient for detuning values beyond the locking
range decay drastically. However, there is an asymmetry for the CCF in the limits of
the locking range for positive and negative detuning values. This asymmetry could
be caused by the way the emission frequencies are detuned. We experimentally
proceeded in the frequency of one of the lasers by changing its temperature. As we
explained in chapter 3, a change in temperature also causes a modification in the
laser threshold current and, consequently, has influence in the emission power of the
detuned laser. In principle, a change in the emission frequency of the detuned laser
where the distance from threshold would be maintained could avoid this asymmetry
in the locking range. i .e., every change in temperature at the detuned laser should be
followed by a change in the injection current to maintain the distance from threshold
unchanged. Thus, to prove this hypothesis will require further investigations.

In the zero-detuning experiment, we have analyzed the evolution of the CCF with
the injection current. We have observed a decrease of the CCF at zero-lag for in-
creasing values of the injection current. However, there is a transition of different
dynamical regimes between 14 and 15 mA, which is not clearly reflected in the max-
ima of the CCF at zero-lag (see figure 5.8).
An accurate analysis of the robustness of the synchronization has given us a possi-
ble explanation for this behavior. We have observed how desynchronization events



5.3. Discussion and Summary 57

can be observed during power dropouts in the LFF regime. Moreover, not all the
dropouts cause a loss of synchronization, a consequence of the noise-induced nature
of these bubbling events. This noise-induced instability differentiate bubbling from
other source of desynchronization, i. e. blow-out bifurcations, which are caused by
the loss of stability of the chaotic attractor itself [40]. If we increase the injection
current, the dynamics of the coupled system evolve towards the coherence collapse
regime. The temporal characteristic structure of the LFF regime is no longer identi-
fiable, and the desynchronization events become more frequent in time. The plot of
the average desynchronization (Fig. 5.13) shows the complementary behavior with
respect to the CCF (Fig. 5.8). i. e. where the CCF at zero-lag is higher, the mean
average desynchronization is lower and vice versa.

The characterization of bubbling in our delay–coupled system is far from being
complete. We want to investigate more accurately the nature of bubbling in the
coherence collapse regime. The influence of frequency detuning in the robustness
of synchronization is also an open question. Furthermore, our research on the syn-
chronization robustness in the zero-detuning conditions relates to the problem of
finding the optimal conditions for chaos communications [38]. In the signal from
a chaotic laser with modulation, the synchronization between the chaotic emitter
and the chaotic receiver can be momentarily lost by noise-induced instabilities. The
study of these losses is fundamental because they can increase the bit error rate
significantly. The results exhibited in this thesis suggest that there is no dynam-
ical regime that totally avoids bubbling and consequently, bubbling is a problem
inherent to our delay–coupled system in the presence of a passive relay.

Further investigations on this setup of two mutually-coupled semiconductor lasers
with a passive relay can involve different aspects of the setup. For example, the
variation of the ratio between the mutually-coupling and the self-coupling strengths
or the study of the effects of a mismatch between the delay times for both lasers.
These variations have already been studied from numerical and analytical points
of view [42]. This showed interesting behaviors like the suppression of coupling-
induced instabilities for small delay mismatches corresponding to certain fractional
ratios [41, 42], or the increase of bubbling under coupling mismatch conditions.
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Chapter 6

Summary and Outlook

In this Ms Thesis, we have experimentally investigated the nonlinear dynamical
behavior of semiconductor lasers subject to delayed optical feedback and coupling.
Special attention has been given to the experimental characterization of the syn-
chronization of two mutually-coupled semiconductor lasers with a passive relay.

The five chapters of the master thesis can be divided in three main parts. The
first part (chapters 1 and 2) is focused on the presentation and explanation of the
general properties of our experimental setups. The second part (chapters 3 and 4) is
devoted to the study of the main characteristics of a solitary laser and a laser with
delayed optical feedback respectively. Finally, the third part (chapter 5) presents
the experiments on the bidirectional optical-coupling of two semiconductor lasers.

In the first part, we have made an introduction to semiconductor lasers and optical
fiber setups. Moreover, we have introduced a rate equation formulation to model and
better understand the dynamics present in our delay-coupled semiconductor lasers.
The second chapter has been dedicated to the explanation of the particular aspects of
our experiments. Furthermore, a significant part of this Ms Thesis work was setting
up the experiments in a newly built laboratory where pioneering experimental work
on the dynamical properties of delay coupled systems has been carried out. All the
experimental devices have been tested and characterized for the current experiments.

The characterization of our particular semiconductor lasers has been reported in
part 2. In chapter 3, we have analyzed the main properties of one solitary laser. We
have determined several parameters that characterize the dynamics of the system,
e. g.: the linewidth enhancement factor, the relaxation oscillations frequency as a
function of the injection current or the emission wavelength as a function of the
temperature. Chapter 4 has been dedicated to the experimental study of the effects
that delayed optical feedback has on the emission of our laser diodes. We have
observed a reduction of the laser threshold current and a decrease in the slope of
the power-current characteristics. Moreover, the laser also presents changes in its
optical and electrical spectra due to the destabilization of the emission caused by
the delayed optical feedback.
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In the final part, we have focused our investigation on the bidirectional coupling
scheme, optimizing the experimental conditions of our setup in order to stabilize the
isochronous synchronization solution. Under these conditions, both lasers exhibit
exactly the same behavior, which is analogous to the behavior of a laser subject to de-
layed optical feedback, and previously characterized in chapter 4. Special effort has
been made to understand the synchronization and desynchronization mechanisms of
our delay-coupled system. This research is important for possible implementations
of high-speed secure communications based on chaotic carriers [38].

Future experimental work will concentrate on different mismatches that this system
can present. This is an interesting question not only from an experimental point of
view, but also from analytical and numerical perspectives because, in most cases,
these are still open problems. Different parameters we can modify are, for example:

• The magnitude of the coupling strengths: in our bidirectional coupling exper-
iments we have worked with equal self-coupling and mutually-coupling magni-
tudes. Although we have not changed them, the modification of the coupling
strengths would allow us to modify the amount of light re-injected into the
laser diodes and, consequently, to study the dependence of their isochronous
synchronization as a function of the feedback. Numerical and analytical stud-
ies on this setup [42] predict a deterioration of the stability of synchronization
under these conditions. Larger coupling mismatch would result in longer bub-
bling events because the stability of the mode structure would be changed.

• The relative emission frequencies of both lasers: we have already analyzed how
detuning of the solitary frequencies of both lasers affects the dynamics and the
spectral properties. Furthermore, we have found a region (locking region) of
good synchronization and totally desynchronized behavior beyond this region.
However, further analysis of this phenomenon would provide more insight into
the injection current dependence of the size of the locking region.

• The delay times between both lasers and the semitransparent mirror (fiber
loop mirror): a delay mismatch would introduce an asymmetry into the system
that could lead to interesting dynamical phenomena. Numerical simulations
[42] of the Lang-Kobayashi model (presented in chapter 1) reveal interesting
effects. In particular, because of small mismatch values, corresponding to
certain fractional ratios, the system would exhibit a supression of the chaotic
dynamics.

Moreover, it is interesting to study the nonlinear dynamical properties of other cou-
pling configurations. There are several interesting configurations that can be studied
with our fiber setups, which would be more difficult to implement in free-optics se-
tups. Different examples of possible configurations would be the optical coupling
of three or more lasers in networks like unidirectionally or bidirectionally coupled
rings [43,44], a bidirectional coupling without relay [3,11,41] or a bidirectional cou-
pling of two or more lasers through a central laser acting as an active relay. The
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latter configuration has been studied previously [19,38,45] revealing interesting phe-
nomena, e. g.: robust isochronous synchronization between the outer lasers over a
broad parameter range with a lag mediation of the central laser. An extensive in-
vestigation of the robustness of synchronization solutions in these coupled systems
remains an exciting challenge for the future.
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Appendix A

List of Instruments and
Components

In this appendix we present the detailed references to the components and instru-
ments used in the experiments:

1. Eblana EP1550-DM-BAK-001: DMLD

2. Thorlabs LM14S2: Butterfly mount

3. Thorlabs PRO8000: LD controller

4. Absys C-WD-AL-50-H-2210-35-AP/AP: Fiber Coupler (50/50)

5. Absys PII-55-P-D-2-22-LL-1: Fiber Isolator

6. Thorlabs FPC560: Fiber Polarization Controller

7. Thorlabs PM30: Optical Powermeter

8. Anritsu MS9710C: Optical Spectrum Analyzer

9. Miteq DR-125G-A: Fast Photodiodes

10. Anritsu MS2667C: Electrical Spectrum Analyzer

11. LeCroy SDA816Zi: High Bandwidth Oscilloscope
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Fast pulsing and chaotic itinerancy with a drift in the coherence collapse of semicon-
ductor lasers, Phys. Rev. Lett., Vol. 76, (1996) 220–223.

[10] T. Sano, Antimode dynamics and chaotic itinerancy in the coherence collapse of
semiconductor lasers with optical feedback, Phys. Rev. A, Vol. 50, (1994) 2719–2726.

[11] J. Mulet, C. R. Mirasso, T. Heil, I. Fischer, Synchronization scenario of two distant
mutually coupled semiconductor lasers, J. Opt. B 6 (1) (2004) 97–105.

[12] M. C. Soriano, Ph.D. Thesis: Aspects of feedback and noise in vertical-cavity surface-
emitting lasers, Vrije Universiteit, (2006) Brussel.

[13] C. O. Weiss, R. Vilaseca, Dynamics of Lasers, VCH, Weinheim, 1991.

[14] M. Peil, Ph.D. Thesis: Dynamics and synchronization phenomena of semiconductor
lasers with delayed optical feedback, Logos Verlag, (2006) Berlin.

[15] R. Lang, K. Kobayashi, External optical feedback effects on semiconductor injection
laser properties, IEEE Journal of Quantum Electronics, QE-16(3), (1980) 347–355.

[16] T. Heil, Ph.D. Thesis: Delay dynamics in semiconductor lasers. feedback and coupling

65



66 Bibliography

instabilities, stabilization, and synchronization, Shaker Verlag, (2001) Darmstadt.

[17] B. Tromborg, J. H. Osmundsen, H. Olesen, Stability analysis for a semiconductor
laser in an external cavity, IEEE J. Quantum Electron. 20 (9) (1984) 1023–1032.

[18] V. Flunkert, Ph.D. Thesis: Delayed complex systems and applications to lasers,
Techsnische Universität Berlin, (2010) Berlin.
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