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Dynamics of vertical-cavity surface-emitting lasers in the short external cavity regime:
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We study the influence of delayed optical feedback from a short external cavity (EC) on the emission
dynamics of vertical-cavity surface-emitting semiconductor lasers (VCSELs). We find the emergence of pulse
packages (PP) exhibiting characteristics which originate from the interplay of time-delay induced dynamics
and polarization mode (PM) competition. We provide detailed analysis of the polarization dynamics applying
complementary cross-correlation and spectral analysis techniques. The analysis reveals an interplay of the
dynamics linked to the hierarchy of time scales present in the laser system: the fast time scale of the EC delay,
the slower time scale of the PP, and the slow time scale of the polarization mode competition. For an analysis
of the dynamics we provide a toolbox of methods adapted to the different relevant time scales and temporal
variations of the dynamics. This complementary view unveils distinct changes in the relative oscillation phase
of the two PM for increasing the injection current on both the fast and the slow time scales. Our results
emphasize the significance of the polarization mode competition for PP dynamics in VCSELSs, contrasting the

observed behavior to what was reported for edge emitters.
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I. INTRODUCTION

To the best of our knowledge, the observation of the sen-
sitivity of the emission properties of semiconductor lasers
(SLs) to external optical feedback (OF) from a distant reflec-
tor has been reported already three decades ago [1]. Since
then, the emission properties of SLs subject to OF have been
intensively studied for different reasons. First, the high sen-
sitivity of SLs to OF is very important from the application
point of view. An unwanted reflection from optical compo-
nents can easily destroy stable laser operation and induce
complex emission dynamics [2-5]. Such instabilities can im-
pair the functionality of various devices applying semicon-
ductor laser technology, e.g., CD/DVD readout systems or
optoelectronic telecommunication devices. On the positive
side, sophisticated solutions have been developed utilizing
delayed feedback for stabilization of the output of SLs and
for narrowing the linewidth of the emitted light [6-9]. Fur-
thermore, modern technology even aims for utilization of
feedback-induced instabilities. Possible applications can be
found in private communications [10-13], for optical data
readout systems and frequency tuning [14], or chaotic
LIDAR systems [15].

Second, SLs with OF are well controllable, nonlinear sys-
tems with delays. Therefore, such systems are well suited for
an analysis of fundamental nonlinear dynamics phenomena
of delay systems. The appearance of different dynamical re-
gimes in such laser systems with delay is basically deter-

*Also at Institute of Solid State Physics, 72 Tzarigradsko Chaus-
see Blvd., 1784 Sofia, (Bulgaria).

1050-2947/2006/73(1)/013810(14)/$23.00

013810-1

PACS number(s): 42.65.Sf, 05.45.Jn, 42.55.Px

mined by the injection current and the main feedback param-
eters: the strength of the feedback, i.e., the amount of light
that reenters the active region of the SL; the length of the
external cavity (EC), and the feedback phase [16—18]. In the
case of a long EC and moderate feedback, the stable emis-
sion of a laser is easily destabilized, leading to periodic, qua-
siperiodic, or chaotic regimes of the intensity dynamics. In
the fully developed chaotic regime the linewidth broadens,
evoking a degeneration of the coherence properties of the
laser light. For that reason, this regime is referred to as “co-
herence collapse” (CC) [2]. An intriguing phenomenon be-
longing to this CC regime is the so-called “low-frequency
fluctuations” (LFF), characterized by sudden, random drop-
outs of the laser intensity, followed by a stepwise recovery
process [19,20]. A transition from these irregular dropouts to
organized periodic states is observed when the EC is sub-
stantially shortened or when the injection current is lowered
[21,22]. Indeed, for delay times of the order of the relaxation
oscillation period or shorter, i.e., in the so-called short cavity
regime, the regular pulse packages (PP) have been recently
found in edge emitting semiconductor lasers (EELs) [18]. In
this regime the dynamics of EELs sensitively depends on the
feedback phase, comprising stable emission, periodic, quasi-
periodic, and chaotic states. Typically, in this short EC re-
gime, EELs emit pulses at the delay time modulated by a
slower time-periodic envelope [18,23,24], forming pulse
packages.

Recently, OF induced dynamics of vertical-cavity surface-
emitting lasers (VCSELSs) has attracted considerable interest.
It has been demonstrated that VCSELSs are similarly sensitive
to external OF as EELs [25]. However, VCSELs differ from
conventional EELs by their much shorter cavity length (usu-
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ally of the order of ) which restricts emission to one (single)
longitudinal mode. VCSELs also emit circular output beams
allowing for easier implementation into optical fiber commu-
nication systems and integrability in two-dimensional arrays.
However, the circular geometry and the surface emission of
VCSELs does not introduce strong anisotropies to fix the
polarization of the emitted light. Nevertheless, VCSELs of
small apertures typically emit light in one of the two or-
thogonally (x and y) linearly polarized directions. However,
as the injection current increases, switching from one polar-
ization mode (PM) to the other with orthogonal polarization
direction can be observed [26-29]. These polarization insta-
bilities become important in the case of OF as well. The
existence of the two PMs in VCSELs can give rise to an
additional polarization mode competition dynamics in the
presence of feedback [30-32]. So far, research on OF in-
duced dynamics of VCSELSs has mainly focused on VCSELs
with long ECs, while a detailed analysis of the dynamics of
VCSELs with short ECs is still lacking.

In this manuscript we address this topic and present re-
sults of studies on the polarization resolved dynamics of
VCSELs with OF in the short EC regime. In Sec. II we
describe the experimental setup. In Sec. III we study the total
intensity dynamics of the system and give experimental evi-
dence for PP dynamics in VCSELs with short ECs. In Sec.
IV we investigate the polarization resolved temporal dynam-
ics in the PP regime and perform a detailed study of PM
competition on fast and slow time scales of the dynamics.
Detailed discussion of the experimental results is given in
Sec. V. Final remarks are given in Sec. VI.

II. EXPERIMENTAL SETUP AND VCSEL
CHARACTERISTICS

In this section, we describe the experimental setup which
we use for the detailed characterization of the dynamics of a
VCSEL with OF operating in the short EC regime. A scheme
of the experimental setup is shown in Fig. 1. We use an

etched air-post Ga,In;_,As VCSEL emitting at A=968 nm,
whose temperature is stabilized to better than 0.01 °K (Pro-
file TED 350). We control the injection current with an ultra-
low-noise current source (ILX LDX-3620) with a resolution
of 0.01 mA and a stability of better than 1.0 wA. The wave-
length emission of the VCSEL shifts with current by d\/dI
=0.35 nm/mA and with the temperature by dN/dT
=0.05 nm/K. The output beam of the VCSEL is collimated
by an antireflection-coated aspheric lens (C) and directed
towards a partially reflecting external mirror with a reflectiv-
ity of 30%. Thus, the mirror and the facet of the VCSEL
form an external cavity. The phase of the feedback can be
controlled by a piezoelectric transducer. We carefully align
the feedback condition by adjusting the maximum threshold
reduction. The polarizing beam splitter (PBS) splits the total
intensity into its fundamental PMs, which are directed to-
wards the two perpendicular detection arms. Each of the de-
tection arms includes an optical isolator, in order to prevent
any unwanted feedback from the detection branches towards
the laser. We detect the light by means of two ultrafast photo
detectors (APD) (New Focus NFI-1554-A-50) with 12 GHz
bandwidth. The electronic signals from APDs are split into
two branches and are further analyzed with a digital oscillo-
scope (Tektronix TDS7404) with 4 GHz bandwidth and sam-
pling rate of 10 G samples/s, and an electrical spectrum ana-
lyzer (Tektronix 2755AP) with 18 GHz bandwidth. In order
to observe the dynamics of the two polarizations simulta-
neously, the lengths of the two detecting branches have been
matched carefully.

This experimental setup allows for a characterization of
VCSEL and its dynamics. In Fig. 2, we plot the ratio P,/ P,
of the power in the two fundamental PMs as a function of the
injection current, J. Without feedback, in Fig. 2(a)—in the
so-called solitary laser case—the threshold current of the
VCSEL is J=3.7 mA and the VCSEL switches from the y to
x polarization mode at a current of 4.2 mA. When OF is
applied, the threshold is significantly reduced but the switch-
ing point remains almost unchanged in Fig. 2(b). Also the
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PM suppression ratio is substantially decreased. This means
that OF excites both PMs in the whole range of current op-
eration. However, at low currents the y-PM dominates,
whereas at high currents it is mostly the x-PM.

The RIN spectra allow us to analyze the dependency of
the relaxation oscillations, vy, in a function of J. At the EC
length of L;-=6.5 cm, the short cavity condition is fulfilled
below J=5.2 mA, as illustrated in Fig. 2(c). In the following,
we present a detailed analysis of the short EC dynamics of
the VCSEL subject to OF for Lg-=6.5 cm.

III. PULSE PACKAGE DYNAMICS IN VCSELS

In the experiments, we adjust for Lp-=6.5 cm and con-
centrate on dynamics for currents below J=5.2 mA. For
these conditions, the system fulfills the requirements for the
operation in the short EC regime. In order to apply moderate
feedback strength, we chose a mirror with a reflectivity of
30%, for which we measure a threshold reduction of about
22%. As presented in the following, for these conditions we
are able to demonstrate PP dynamics in the total intensity of
the VCSEL, and we are able to investigate properties of the
PP dynamics in dependence on the injection current, J.

In Fig. 3, we present a set of time traces of the total
intensity PP dynamics of the VCSEL together with the cor-
responding rf spectra at increasing values of J. In the time
series, we observe bursts of laser intensity pulses at the delay
time, similar to the ones shown in the case of RPP dynamics
in EELs in the short EC regime [18]. The envelope of one
sequence of pulses emitted at the delay time describes a
package shape. For a regular sequence of pulses, the time
between the drop-outs is referred to as PP period. In the
corresponding rf spectrum, we observe peaks that reveal the
presence of the two characteristic time scales, i.e., the peak at
), that is related to the inverse of the round-trip time in the

the short EC condition is fulfilled
for currents below J=5.2 mA.

external cavity (around 2.3 GHz) and the peak at the pulse
package envelope frequency, )pp, Whose position moves by
increasing the injection current J towards higher frequency
ranges. We also mention a noticeable reduction of the regu-
larity of the PP dynamics with J, which can be recognized by
the broadening of the peak at Qpp, as well as by their de-
creased amplitude.

Complementary to the above time trace analysis and the
corresponding rf spectra, we study the autocorrelation prop-
erties of the temporal behavior of the total intensity dynam-
ics of the VCSEL in the PP regime. For the correlation analy-
sis, positive values of the correlation function indicate
correlated dynamics, while negative values reveal anticorre-
lated dynamics. If the correlation coefficient at a particular
time lag is zero, one usually talks about noncorrelated behav-
ior at this time lag.

For the same values of J as the ones in Fig. 3, we obtain
the autocorrelation functions depicted in Fig. 4. In the auto-
correlation functions, we find peaks at regularly spaced time
intervals corresponding to the period of the envelope of the
PPs. We notice a continuous decrease of PP period with J.
On top of that, the insets in Fig. 4 also indicate the presence
of the correlated pulses at the delay time (at around 0.4 ns)
and multiples thereof. We mention that the pulses at the PP
envelope, in the regime of low J, are present for long time
intervals (more than hundred ns; i.e., several tens of pulse
packages) revealing the characteristic regular feature of this
dynamics. By increasing J, the amplitude of the peaks in the
correlation function, corresponding to the PP envelope time
scale, decreases and the correlation is kept for shorter and
shorter time intervals [see Fig. 4(c)], similarly to the case of
EELs [18]. Furthermore, we find less pronounced regularity
of the fast pulsations, which becomes clear from the inset in
Fig. 4(c). Finally, we come to the situation in Fig. 4(d), in
which the PP envelopes are no longer distinguishable and the
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FIG. 3. In panels (1) we plot typical time traces of the total intensity emitted by the VCSEL in the PP regime, while we depict the
corresponding rf spectra for increasing values of the injection current in panels (2). The EC length is 6.5 cm. In (a) 1=3.2 mA, (b) 1
=3.4 mA, (c) I=3.8 mA, and (d) /=5.0 mA. Please note the different scales on the vertical axes.

correlation properties of the system are completely lost. In-
deed, PPs still exist in Fig. 3(d1), but they are quite irregular
leading to averaging out the corresponding autocorrelation
peaks. Thus, the autocorrelation functions do not only con-
firm our previous observations of the characteristic features
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of the PP dynamics, but, even more, they provide further
details about the change of the dynamical properties of the
system as the injection current is varied.

In spite of many similar features of the regular pulse
packages dynamics already observed in the case of EELs

4. The autocorrelation functions of the

total intensity of VCSELSs intensity time traces of
Fig. 3 for the EC length of 6.5cm. In (a) /
=3.2mA, (b) I=3.4 mA, (c) I=3.8 mA, and (d)
I=5.0 mA.
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[18,23,24] and the ones now presented in the case of
VCSELs, we also find distinct differences. First of all, for the
VCSEL we do not find qualitative changes in the intensity
dynamics when changing the phase of the back-reflected
light, as it is the case in EELs [23,24]. This is a striking
difference as the phase sensitivity is a remarkable feature of
the PP dynamics in EELs. In EELs, by changing the EC
phase, one usually finds a characteristic cyclic scenario lead-
ing from stable laser operation to emission of pulse packages
and back to stable state [23]. We notice that it was shown in
[24], that in the case of EELs, as the delay time 7 becomes
larger than the relaxation oscillation period Ty, the PP dy-
namics becomes less phase sensitive. For that reason, in the
experiment we have verified the observation about the phase
insensitivity in a range of external cavity lengths between
3-60 cm. We mention, that for the EC length of 6.5 cm the
change of the wavelength N with J of 0.35 nm/mA implies
the variation of the phase over 27 corresponding to current
intervals of around AJ=0.02 mA. Therefore, if there was a
distinct phase sensitivity in the regime of the PP dynamics
we would be able to recognize the appearance of different
dynamics at different values of J with the used ultra-low-
noise laser driver, although the resolution of the current
source (of 1 wA) is insufficient to follow a cyclic scenario of
the dynamics by changing the injection current, as it was the
case in EELs in Ref. [23]. Another alternative for changing
the phase is to keep the current and the temperature constant,
while changing the EC length on a subwavelength scale.
Even by doing so, in the case of the VCSEL, the qualitative
phase insensitivity of PP dynamics proves to be independent
of the EC length and variations of J. Thus, it is a distinct
feature of VCSELs with OF in the short EC regime.

A first clue to the origin for this qualitative oscillation
phase insensitivity is already given by a closer look at the
dynamics, revealing that the amplitude and oscillation phase
of the pulses emitted at the EC round-trip time in VCSELs
significantly varies. We see that in the time traces, in Fig. 3,
especially for higher values of current, some of the pulses
seem to be emitted with less modulation depth. Sometimes
the modulation is so small that they do not seem to be
present at all. This results in a significant broadening of the
peak at the delay in the corresponding rf spectra, when com-
pared to the ones shown in the case of EELs [18]. This
degraded regularity of the fast pulsations reveals a deteriora-
tion of the oscillation phase coherence of the dynamics pre-
venting the emergence of more regular states, stable emis-
sion, periodic states, and regular PPs, which can be observed
within the cyclic scenario in EELs.

Additionally, we find differences with respect to the PP
dynamics in EELs in the change of the PP envelope shape
with the injection current. The studies of regular PP dynam-
ics in EELs indicate [33], that as J is progressively increased,
one observes a gradual change in the shape of the PP enve-
lope. At low values of J the laser fires pulses at the delay 7
with continuously decreasing amplitudes. If J increases, the
amplitude of the pulses emitted within one package first con-
tinuously increases and after reaching the maximum, pro-
gressively decreases. In VCSELSs the situation seems to be
reversed. At low values of J the amplitude of the pulses
within one envelope first increases and then decreases. At
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higher levels of J the laser first emits pulses with high am-
plitudes while the amplitude of the following pulses progres-
sively decreases. This change of the shape of the PP enve-
lope in EELs has been identified in [33] as being due to the
approach of another dynamical regime, which is characteris-
tic for long external cavities, in which the laser emits not
only pulses at 7 but also exhibits secondary pulsations. The
origins of these pulsations were related to the presence of the
relaxation oscillations in semiconductor lasers. We mention
that in our experiments with VCSELs, due to the limited
bandwidth of the oscilloscope, we observe the presence of
the secondary pulsations in the time traces only if the cavity
is longer than 10 cm and the injection current is sufficiently
high. However, these frequencies lie within the detection
bandwidth of the rf spectrum analyzer, but we do not find
evidence for corresponding relaxation oscillation dynamics
in the rf spectra.

IV. POLARIZATION PROPERTIES OF PP DYNAMICS
IN VCSELS

In the previous section, we have characterized the total
intensity dynamics of the VCSEL, subject to external OF in
the short cavity regime. We have demonstrated PP dynamics
for VCSELs and compared the dynamics to typical PP dy-
namics of EELs. We have identified many similar features
but also we have revealed characteristic differences. These
differences give rise to questions about the origins of the
interesting properties of the dynamics of VCSELs. Our re-
sults, obtained so far, suggest that the presence of the two
linear polarization states might influence the PP dynamics
and destroy the regularity in the system. We will address the
question about the role of the interactions between the two
PMs in VCSELSs operating in the PP regime in this section.

A. Polarization resolved time traces

The polarization resolved PP dynamics is depicted in Fig.
5, for different values of the injection current. In black (gray)
we plot the x(y)-PM of the VCSEL. At the lowest value of
the injection current, J=3.2 mA, in Fig. 5(a), similarly as in
the case of the total intensity dynamics [see Fig. 3(al)], the
amplitude of the peaks is still small and the shape of the
single pulse package envelope is not very regular. However,
the envelope of the packages can be clearly identified, which
indicates that the PP in the two PMs are almost periodic with
a characteristic frequency of pp. The PP dynamics in the
two PMs can be much better recognized at /J=3.4 mA, in
Fig. 5(b). We notice that the polarization resolved PP dynam-
ics is not as regular as for the total intensity, in Fig. 3(bl).
The reason for this is that we observe PM competition, un-
derlying the PP dynamics, reducing the regularity of the PP
dynamics in each PM. This mechanism becomes more rel-
evant at a higher injection current, approaching the polariza-
tion switching point. Accordingly, we find a gradual loss of
the regularity in the PP dynamics as J is increased from
3.2 to 3.8 mA.

A closer look at the dynamics presented in Fig. 5 reveals
that in some cases the PP dynamics temporarily takes place
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FIG. 5. Polarization resolved dynamics of a

VCSEL in the PP regime at different values of the
injection current. In black (gray) we plot the

Intensity [arb. units]

x(y)-PM of the VCSEL. The EC length is around
6.5cm. In (a) I=3.2 mA, (b) I=3.4mA, (c) I
=3.8 mA, and (d) /=5.0 mA.
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in one of the PMs only, while the second mode is almost
turned off. In other cases the PP dynamics take place in the
two PMs simultaneously. We refer to the first case of dynam-
ics, in which the pulses are emitted in one PM only, as type
I PPs. The second case of dynamics, in which the PP dynam-
ics take place in the two PMs simultaneously, we call type II
PPs. Similar interplay of the feedback induced complex dy-
namics and PM competition in VCSELs has been found nu-
merically by Sciamanna et al. in [34] for LFF dynamics in
the long EC regime and later experimentally confirmed by
Sondermann et al. in [32] and Naumenko et al. in [35].

B. Cross-correlation analysis of pulse packages

In order to analyze the behavior of the polarization re-
solved dynamics qualitatively, we study the cross-correlation
properties of the PMs during the PP dynamics. In Fig. 6, we
plot the cross-correlation functions of the full time traces of
the two PMs in the regime of PP dynamics at different values
of the injection current. In this way, we are able to obtain
information about the regularity of the system at different
time scales and also we can extract the characteristic corre-
lation time between the dynamics of the PMs.
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At the lowest value of J, in Fig. 6(a), we observe regularly
spaced maxima of the correlation function corresponding to
the period of the PP envelope. By increasing the injection
current, in Figs. 6(b)-6(d), we observe a continuous decrease
of the modulation amplitude at the time scale of the mul-
tiples of the PP envelope until the peaks completely vanish,
which we demonstrate in Fig. 6(d). First, this shows that the
regularity of the PP dynamics is progressively lost and, sec-
ond, that the dynamics dominantly persists for longer and
longer time intervals in one PM. Moreover, in the regime of
high injection currents, well above the polarization switching
point, the cross-correlation function becomes negative for all
time lags. This substantial change of the shape of the cross-
correlation function can be associated with a remarkable
change of the PP dynamics reflecting a gradual transition
from type II PP to type I PP. Indeed, the results, presented in
Fig. 6, confirm that in the low range of current the dynamics
is mostly type II PP, whereas well above the solitary thresh-
old it progressively becomes type I PP, although the PM
suppression ratio P,/ P, is still comparatively small, accord-
ing to Fig. 2(b).

Additionally, in Fig. 6, we find correlation peaks reflect-
ing the correlation properties of the pulses emitted at each
round-trip time. In order to better reveal the correlation prop-
erties of the PP dynamics at this short time scale, we replot in
Fig. 7 the cross-correlation functions for different injection
currents, focusing on the vicinity of zero time lag and few
multiples of the delay.

In Fig. 7(a), we clearly see the correlated peaks at the
delay and multiples thereof. On top of that, superimposed on
the delay time spaced peaks, we find a positive correlation at
zero time lag revealing not only that in most cases the PPs
are observed in the two PMs simultaneously, but also that the
PP dynamics of the two modes within one package is corre-
lated, i.e., the pulses are fired mostly at the same moment of
time. By increasing the injection current, we find in Figs.

7(a)-7(f) that the cross-correlation coefficients at zero time
lag and the delay continuously decrease in a similar way as
the pulses at the PP envelope. It means that the dynamics
becomes more and more anticorrelated at this time scales.
And in a similar way as in the PP envelope case, this con-
tinuous decrease is also related to the transition from type II
PP to type I PP as we change the injection current.

However, in Fig. 7, we find even more information about
the intriguing particularities of the mode competition dynam-
ics in VCSEL subject to feedback in short cavity regime. In
Fig. 7(a), we observe a clear maximum of the cross-
correlation function around zero time lag and also we see
positive peaks at the delay time (and multiples thereof),
which means that the emission of peaks takes place in a
correlated manner at low pumps. As we increase the injec-
tion current, we do not find the maxima of the correlation
function precisely at zero time lag and at the delay, but these
peaks are rather shifted to the right. Due to limited resolution
of the oscilloscope (0.1 ns), this shift is best observed in
cases 7(d)-7(f). As we increase the current, on average, the
emission of pulses in one PM is delayed with respect to the
other PM. This average delay slightly increases with the cur-
rent, and leads to fully anticorrelated behavior of the pulse
emission at very high currents, see Fig. 7(f).

We note that the cross-correlation functions are not sym-
metric around zero except for the ones depicted in cases (a)
and (f), in Fig. 7. In the nearly symmetric cases, in (a) and (f)
in Fig. 7, the dynamics keeps the correlation properties dur-
ing the whole duration of the PP envelope. In Fig. 7(a), we
find that the PP dynamics in the two PM appears in the same
moments of time and it is on average correlated during the
time of the PP envelope, whereas, in Fig. 7(f), the PP dynam-
ics appears consecutively in the two PM. If the cross-
correlation function is not symmetric, as it is depicted in
cases 7(b)-7(e), the average correlation of the PP dynamics
changes within a single pulse package envelope. It also

013810-7



TABAKA et al. PHYSICAL REVIEW A 73, 013810 (2006)
T T T T T
@ 021
c
3
g
S,
> 0.1 nv
Z !
g
E FIG. 8. In (a) polarization re-
0 k . . . . solved time traces in PP regime
E 6ogs Time [n:]'ooo 4003 201e and in (b) the sum of the two
. . . " . PMs, illustrating  continuous
7) .l (b) i change of the amplitude of the
£ 0.
5 peaks. The parameters are Lgc
£ =6.5 cm and J=3.6 mA.
2 01F
0
s
c
0 1 1 1 1 1
3990 3995 4000 4005 4010
Time [ns]

means that the PP dynamics may not always persist in one of
the PM until the end of the PP envelope. Moreover, the lower
cross-correlation coefficient on the left-hand side, in Figs.
7(b)-7(e) shows that the x-PM is strongly anticorrelated with
the pulses that are emitted before the appearance of the
present pulse and less anticorrelated with the pulses that are
emitted after the appearance of the present pulse in the
y-PM. Therefore, the two PMs are strongly coupled in the PP
regime, and the appearance of PP dynamics in one PM trig-
gers the emission of pulses in the other PM.

As we have discussed above, the effect that contributes to
the negative correlation at zero time lag, as it is the case in
Fig. 7(f), is mainly related to the fast dynamics on the time
scale of a single round trip. In order to clarify the emergence
of this negative correlation property, we compare an enlarged
segment of the polarization resolved time traces with the sum
of the two time series of the PMs of the VCSEL. The corre-
sponding time series are depicted in Fig. 8. In the sum of the
two PM intensities, illustrated in Fig. 8(b), we find that the
regularity of the PPs is not destroyed by the PM competition.
In addition to this, the sum of the two PM intensities reveals
that PM competition is a relevant mechanism explaining the
changes of the amplitude of the fast pulsations on the time
scale of the delay time for the total intensity dynamics, dis-
cussed in the previous section. A closer look at the time
series at the time interval around 4000 ns, in Fig. 8(b), un-
covers a significant decrease of the amplitude of the peaks at
the delay time. At this time, the corresponding polarization
resolved traces, in Fig. 8(a), are anticorrelated. On the con-
trary, the pulses at the time interval around 3990 ns, in Fig.
8(a), are correlated, resulting in large amplitude peaks in the
sum of the traces, in Fig. 8(b). Therefore, we can associate
the variation of the amplitude of the pulses in the total inten-
sity, in Fig. 3, with the polarization dynamics taking place
during one PP. We notice that similar analyses of the corre-
lation behavior and its variability were already reported in
Ref. [35]. Despite these changes of correlation among the
two PMs at comparable intensities, we find a tendency that
the momentary difference of the power of the PM influences
the correlation of the pulses emitted in the two PMs.

We illustrate this tendency via the time series depicted in
Fig. 9, in which we present the polarization resolved time

series as solid lines, recorded with a bandwidth of 4 GHz,
together with the same but low-pass filtered time series, with
the cut-off frequency of the filter being 100 MHz, depicted
as dotted lines. In Fig. 9, the intensity dynamics of the x-PM
is represented in black, while that of the y-PM is shown in
gray. We have selected an injection current of 4.5 mA, which
is close to the polarization switching point. In this way, we
are able to compare the correlation properties of the fast
pulses, i.e., the positions and the amplitudes of the peaks, in
relation to the momentary mean intensity of the modes.

As illustrated in Fig. 9, for large differences of the PM
intensities, the pulses tend to be anticorrelated, while we find
correlation predominantly for time intervals with equal inten-
sities of the two PMs. For a current value of J=4.5 mA,
close to the polarization switch, we have a frequent change
of the dominant PM and, therefore, a frequent and gradual
change between correlation and anticorrelation of the pulses.
This is a result of a permanent interplay between the PM
competition and feedback induced dynamics. In contrast, we
find anticorrelation of the fast pulses of the PMs for injection

0.4

Intensity [arb. units]

Time [ns]

FIG. 9. Polarization resolved time traces recorded with 4 GHz
(solid lines) and same time traces filtered with a 100 MHz low-pass
filter (dotted lines). A comparison reveals the dependence of the
short-time correlation properties of the fast pulsations on the mo-
mentary intensity difference of the polarization modes. The
x-polarization mode is represented in black and the y-polarization
mode in gray. The parameters are Lp-=6.5 cm and J=4.5 mA.
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currents well above the polarization switching point, contrib-
uting to the negative cross-correlation coefficients at zero
time lag and multiples of the delay as it is evident, in Figs.
6(d) and 7(f). The reason for this anticorrelation can be
found in the domination of the x-polarization mode and the
higher power available for the pulses, underlying the
relevance of PM competition on this time scale of the
dynamics.

C. Spectral analysis

In this section, we complement the analysis of the PM
dynamics presented above, by exploring the correlation
properties of the two PMs of the VCSEL by analyzing the
spectral properties of the dynamics. The applied method al-
lows for the investigation of the phase coherence of the two
PMs in the dynamical system and has been successfully used
in the case of multimode EELs [36,37]. Our goal is to extract
the correlation properties of the dynamics for different char-
acteristic frequencies involved in the dynamics. To this end,
we compare the power spectral density (PSD) of the total
intensity with the PSDs of the two PMs. We use the follow-
ing notation: P,({}),P,({2) represent the value of the PSD at
a particular frequency ) of the dynamics of the x-(y-) PM,
measured from the rf spectra, and P,,,({)) represents the
measured PSD of the total intensity dynamics of the VCSEL.
We introduce the incoherent sum S;,.(Q)=P,(Q)+P (),
and the in-phase sum S,,(Q)=[yP(Q)+y P),(Q)]2 of the
measured PSDs of the two PMs at a particular frequency ().
Therefore, the oscillation phase coherence of the intensity
dynamics in the case of the two PMs of VCSEL can be
classified as follows [36,37]. For perfectly in-phased dynam-
ics we have P,,(€Q)=S,,(€2) and for perfectly antiphase dy-
namics we have P,,(Q2)=0. For all intermediate states the
following condition is fulfilled: 0 <P,,(€2) <S,,({2). For the
latter, we distinguish between predominantly in-phase states:
P, (Q)>S,,.(Q); and predominantly antiphase states:
Ptot(Q) < Sinc(Q)~

In Fig. 10, we depict the measured PSD of the total inten-
sity P,,, together with the incoherent sum §;,. and the in-
phase sum S, of polarization resolved PSDs as a function of
the injection current. In each plot, we observe peaks corre-
sponding to the PP envelope frequency {)pp and peaks at the
delay ), (and multiples thereof). For each value of J, we
observe anticorrelated dynamics in the low frequency range
O p<Qpp, ie., S;,.(0)> P, (0)=0. This feature reflects the
presence of the slow mode hopping dynamics between the
two polarization states, characteristic for PM competition, in
the whole range of currents. In other words, the PP dynamics
is superimposed on the low-frequency mode hopping dynam-
ics. This means that although the PP dynamics might persist
in two PMs simultaneously, there is a continuous change
of the amplitude of the PPs in each PM, induced by PM
competition.

At the lowest value of the injection current /J=3.2 mA, we
see that at Qpp, P, (Qpp) is almost at the level of S,,(Qpp),
which indicates that the dynamics is in phase. As can be seen
in Figs. 10(a)-10(d), this in-phase dynamics at ()pp) is pro-
gressively lost for increasing J and gradually changes to an-
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FIG. 10. Comparison of the measured PSD of the total intensity
P, (in black), the incoherent sum S,,. (dark gray), and the in-phase
sum S, (light gray) of polarization resolved PSDs at different val-
ues of the injection current. In (a) J=3.2 mA, (b) J=3.8 mA, (¢)
J=5.0 mA, and (d) J=6.0 mA. The length of the cavity is Lgc
=6.5 cm. The vertical lines in the insets represent the inverse of the
delay. Please note the different vertical scales.

tiphase dynamics for currents well above the polarization
switching point. This result confirms our previous findings,
obtained from the cross-correlation analysis presented in
Sec. IV B, in which the pulse packages in the two PMs are
mainly correlated for low current levels, while they are pre-
dominantly anticorrelated for high current levels.

In the following, we focus on the high-frequency part of
the dynamics comprising the fast pulsations at the round-trip
frequency. The corresponding frequency range is depicted in
the insets of Fig. 10. In the inset of Fig. 10(a), we see that
P,,(Q,)<S,,.(Q,). This shows that the dynamics of the PMs
at (), is either incoherent (no fixed phase relation of the
dynamics of the PMs at ), sustains) or slightly antiphase, on
the long time average. For J=3.8 mA, in Fig. 10(b), ap-
proaching the polarization switching point, P,, is on the
same level as §;,. at the frequency (). Indeed, for the later
two cases it is difficult to distinguish between incoherent and
antiphase dynamics. Time resolved correlation methods will
be applied later on to clarify this issue.

A further increase of J exposes an interesting feature. The
measured PSDs of the two PMs in Fig. 10(d) reveal a two-
peak structure in the vicinity of (),. The peak on the left side
is close to the inverse of the EC round-trip time, while the
position of the peak on the right side shifts with J. Interest-
ingly, the double-peaked PSD reveals different correlation
behavior for each of the two peaks. The peak on the left side
shows antiphase dynamics, while the one on the right side
exhibits in-phase dynamics. An explanation of the origin of
this double-peak structure is beyond the scope of this paper,
but we remark that a similar double-peaked structure at ) is
commonly known [30,35] in the case of the long cavity re-
gime of LFF dynamics. Recently, the emergence of this
double-peak structure has been related to an interplay be-

013810-9



TABAKA et al PHYSICAL REVIEW A 73, 013810 (2006)
2 2 .
I @
g 15 (a) g . (b)
T T
2> 1 23
5 =
8 os 2 o .
[ o 1 FIG. 11. Low-pass filtered probability density
a o . . .
0 0 vs cross-correlation coefficient at zero lag at dif-
- -0s ° 05 1 - -08 0 05 1 ferent values of the injection current. In (a) J
o o =3.2mA, (b) J=3.8 mA, (c) J=4.5 mA, and (d)
=201 © B 45 (d) J=6.0 mA. The histogram is normalized such,
g o8 g that integral over probability distribution is 1.
Z 06 2 1 The length of the cavity is Lg-=6.5 cm.
g o 2
o o 05
2 02 <]
o o
o o
-1 -05 o 05 1 -1 -05 o 05 1

Correlation cosff.

tween the external cavity round-trip frequency and the relax-
ation oscillation frequency [38].

Here, again, we focus on the influence of an increased
injection level on the correlation properties of the fast inten-
sity pulsations of the VCSEL which are related to the delay
term. For increasing J, we find successively pronounced an-
tiphase dynamics at ). Our results show that the higher the
injection current, the better the antiphase PP dynamics per-
sists. This becomes clear from Figs. 10(c) and 10(d). This
result also agrees with our previous result, obtained from the
cross-correlation analysis and discussed in Sec. IV B, and
demonstrates that the fast pulsations of the PMs tend to be
anticorrelated for currents well above the polarization
switching point.

Utilizations of the cross correlation and the spectral analy-
sis for characterization of the PP dynamics of the two PMs of
the VCSEL have verified the role of PM mode competition
for the emergence of the total intensity dynamics. We have
been able to analyze this effect on the relevant time scales of
the PP dynamics. However, the above cross correlation and
spectral analysis provide information on the time average
properties of the system only, i.e., comprising temporarily
different correlation states of dynamics. Therefore, in order
to reveal the momentary cross-correlation properties, and to
quantify the amount of correlated and anticorrelated dynam-
ics that are taking place on the relevant time scales in the
system, i.e., the time scale of the PP envelope, and the time
scale of the delay, we complement our results by a time
resolved correlation technique, which we will introduce in
the following sections.

D. Low-frequency components of the PP dynamics

In this section, we analyze the temporal evolution of the
correlation properties of the dynamics of the two PMs of the
VCSEL. First, we focus on the temporal evolution of the
correlation properties on the PP envelope time scale. To this
end, we perform a sliding segment cross-correlation analysis
on the low-pass filtered polarization resolved time traces of
the laser intensity. This technique allows us to capture the
time resolved correlation properties of the system. Of par-
ticular interest is the information about the influence of the

Correlation cosff.

mode competition on the dynamics on the time scale of a
single pulse package. With the low-pass filtering of the time
traces we remove the contribution of the fast dynamics on
the time scale of the delay; the remaining dynamics are on
the time scales longer than the period of the PP envelope. To
this end, we average the measured time traces over a time
window of twice the EC round-trip time. Then, we calculate
the correlation coefficient of the low-pass filtered data for a
segment of the time traces corresponding to the inverse of
the cut-off frequency of the low-pass filter. After that, we
repeat this procedure for the next interval, consecutively slid-
ing the window along the time series. In this way, we obtain
a set of cross-correlation coefficients in the range [-1,1],
reflecting the temporal evolution of the correlation properties
with a resolution of the time scale of the PP envelope. We
analyze the statistics of these coefficients and plot the results
in the form of a histogram, which describes the probability
density of the cross-correlation coefficient.

In Fig. 11, we present the histograms of the cross-
correlation coefficient at zero lag of the low-pass filtered
time traces of the two polarizations at different values of the
injection current. At J=3.2 mA, in Fig. 11(a), we observe
one clear maximum of the probability density function
(PDF) close to a correlation coefficient of +1. This means
that the two PMs are strongly correlated and the PP occur
simultaneously in the two PMs, i.e., the PP dynamics of type
II dominates at this level of the injection current. For an
increase of the injection current to (/=3.8 mA), we even find
a higher probability of type II PP dynamics, which is illus-
trated in Fig. 11(b). We note that in Fig. 6 this increase of the
number of correlated events has led to an increase of the
cross-correlation coefficient at the PP envelope time scale.
However, this increase has not been captured by the spectral
analysis in Fig. 10. This discrepancy might be due to insuf-
ficient sensitivity of the sampling oscilloscope in our experi-
ment.

When increasing the injection current, we find a continu-
ous transition from correlation to anticorrelation of the dy-
namics of the PMs. The transition takes place for intermedi-
ate values of J=4.5 mA, where we find a situation, in which
the statistics exhibit equal probability density for correlation
and anticorrelation of the dynamics, which is presented in
Fig. 11(c). This is the point with intermediate value of the
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polarization mode suppression ratio, presented in Fig. 2(b).
Well above the polarization switching point, in Fig. 11(d),
the dynamics are predominantly anticorrelated but there are
still reminiscence of the correlated dynamics not revealed
either by the average cross-correlated analysis, in Sec. IV B,
or by the spectral analysis, in Sec. IV C.

We summarize our observations about the correlation
properties on the slow time scales of the PP dynamics in Fig.
12, in which we plot the maxima of the PDF, like the ones
presented in Fig. 11, representing the correlation and the an-
ticorrelation of the dynamics, as a function of J. We find that
for low levels of J, up to the approximate value of the soli-
tary laser polarization switch, the PP dynamics of type II
dominates. The probability for correlated dynamics continu-
ously increases, reaching the maximum in the vicinity of the
solitary laser threshold J,, ;,;,. We mention that this maximum
can shift slightly depending on the cut-off frequency of the
low-pass filter and the length of the sliding correlation win-
dow. Further increase of J leads to a continuous decrease of
the probability density for correlated dynamics, while the
probability density for anticorrelated dynamics continuously

increases, equalizing the probability density for correlation
close to the polarization switching point. This means that the
dynamics of the VCSEL exhibits a transition from type II PP
dynamics to type I PP dynamics. Intuitively, these results
motivate an analogous analysis of the dynamics of the
VCSEL feedback system on the time scale of the delay time,
the second characteristic time scale.

E. High-frequency components of the PP dynamics

In this section, we adapt the time resolved cross-
correlation analysis in order to get insight into the correlation
properties of the high-frequency components of the PP dy-
namics, i.e., the dynamics on the time scale of the delay. The
cross-correlation coefficients are calculated directly from the
(unfiltered) measured data for a window length of twice the
delay time, sliding the window consecutively along the time
series. Then, we calculate the PDFs of the cross-correlation
coefficients of the two polarizations at zero time lag and for
different values of the injection current.

The results are presented in Fig. 13. The figure shows
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broad distributions of the cross-correlation coefficients with
well-defined maxima at coefficients substantially deviating
from —1 or +1, contrasting these histograms to that obtained
for the low-pass filtered data presented in Fig. 11. Here, in
Fig. 13, we see that the maxima of the PDFs shift with the
change of J. At J=3.2 mA, in Fig. 13(a), we observe a clear
maximum for positive cross-correlation coefficients which
indicates that the dynamics is dominantly correlated on the
time scale of the round-trip time. The maximum of the PDF
for J=3.8 mA, depicted in Fig. 13(b), reveals an even higher
correlation for pump currents close to the solitary laser
threshold current. This increase of the correlation again
might be connected with insufficient sensitivity of the oscil-
loscope at such a low value of J. Increasing further the in-
jection current, we find that the maximum of the PDFs con-
tinuously shifts towards negative correlation coefficients.
Eventually, at very high currents, the fast pulses emitted in
the two PMs are dominantly anticorrelated, which becomes
clear from Fig. 13(d) illustrating the behavior for J
=6.0 mA.

An interesting consequence of this transition between the
two states, in which the pulses emitted in the two PMs at the
delay are either dominantly correlated or dominantly anticor-
related, is the intermediate state in which the maximum of
PDF is located around zero. At first sight, one might interpret
this situation as an indication for uncorrelated dynamics.
However, the cross-correlation analysis presented in Fig. 7
and detailed analysis of the corresponding time traces reveals
that the broad distribution of the cross-correlation coeffi-
cients originates from strong PM competition on this time
scale, permanently changing the phase relation between the
pulses of the PM as indicated in Fig. 9. This is due to the fact
that the phase relation depends on the momentary difference
of the modal intensities, as presented in Fig. 9. On average,
this strong PM competition leads to a successive phase shift
between the two PMs. As we have suggested, in Sec. IV A,
the appearance of a pulse in one PM triggers the appearance
of a similar pulse in the orthogonal PM. As the correlation
properties of the pulses frequently change, it leads to the
broad probability distribution functions, as presented in
Fig. 13.

We summarize our observations about the high-frequency
components of the PP dynamics in VCSELs, in Fig. 14, by
plotting the maximum of the PDF depicted in Fig. 13, as a
function of injection current. Our results show that in low
ranges of J, the maximum of the cross-correlation coefficient
increases with J. This indicates that the pulses emitted in the
two PMs become more and more correlated. Interestingly,
the cross-correlation function takes a maximum close to the
solitary laser threshold, Jy, . After passing the maximum, at
higher injection currents the cross-correlation coefficient
continuously decreases. This shows that the fast pulses in the
two PMs become more and more anticorrelated. The system
switches its correlation properties from positive to negative
correlation in the vicinity of the solitary VCSEL polarization
switching point, J;,; gien, Which coincides with the switching
point of VCSEL subject to feedback.

V. DISCUSSION

The continuous shift of the maximum of the PDFs with
the injection current indicates that two mechanisms are
mainly involved in the emergence of the PP dynamics of
VCSELs in the short EC regime. These are the delay-induced
instabilities, on the one hand, and the PM competition, on the
other hand. A comparison of Fig. 14 with Fig. 2(b) shows
that the cross-correlation coefficient is mainly positive at the
ratios of the PM intensities around 1, and for small current
values, below the polarization switching point. Furthermore,
in Fig. 14 we find maximal cross-correlation coefficients for
currents close to the solitary laser threshold. We note that this
result might be connected with low sensitivity of our sam-
pling oscilloscope as this maximum is not found in the spec-
tral analysis, in Fig. 10. In this low current regime, type II PP
dynamics dominates, i.e., the dynamics simultaneously ap-
pears in the two PMs, see Fig. 12. This situation changes,
however, for higher injection currents, where one PM domi-
nates during the PP dynamics. In this high current regime
the pulses at the delay are mostly fired in an anticorrelated
manner.
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As we have illustrated in Fig. 7, the progressive change of
the dynamics is connected also with a phase shift between
the emission of pulses in the two PMs, from 0 at low currents
to 7 at high currents. Near the polarization switching point,
the role of the dominant mode changes frequently, as shown
in Fig. 9, but there is an average phase shift of 7/2 between
the emission of pulses in the two PMs, illustrated in Fig. 7.
Therefore, the maximum of the PDF, in Fig. 13, exhibits a
broad distribution of the cross-correlation distribution around
Zero0.

Moreover, the nonsymmetric distribution of the cross-
correlation functions around zero time lag, in Fig. 7, shows
that the appearance of the dynamics in one PM can trigger
the emission of pulses in the other PM. Considering the fact
that neither of the two PMs is the dominant mode in the
regime of low current, the feedback can induce the PP dy-
namics in the two PMs simultaneously. Indeed, mostly type
IT PP is observed, as illustrated in Fig. 12. Our observations
indicate, therefore, that the dynamics of the short EC VCSEL
feedback system is an outcome of the interplay between
delay-induced instabilities and PM competition. This be-
comes clear from the various complementary methods ap-
plied: the analysis of the time traces, the comparison of the
power spectral densities, and the characteristics of the PDFs
obtained from the time resolved cross-correlation analysis.

Additionally, in Fig. 14, we have included the cross-
correlation coefficient at zero time lag also in the case of
longer EC, namely 10 and 16 cm. Interestingly, at each EC
length, the cross-correlation function behaves in a very simi-
lar way as in the case of shorter EC length, i.e., first increases
at low current values and then gradually decreases, when
passing the solitary laser threshold current. We mention that
we have also investigated the low-frequency components of
the PP dynamics at these longer EC lengths and we have
checked that in the case of longer cavities the system also
possesses correlation features similar to the ones depicted in
Figs. 11 and 12. At these longer ECs, we observe a clear
transition from the PP type II dynamics at low currents to the
PP dynamics of type I at high current. All these low- and
high-frequency features seem to be characteristic properties
of the PM competition of VCSEL subject to delayed OF.
This indicates the generality of the observed interplay be-
tween delay-induced dynamics and PM competition for the
intensity dynamics of VCSELs with delayed OF. Further-
more, the strong interplay between both mechanisms can ex-
plain the identified differences between the dynamics of
VCSELs and EELs with delayed OF. Consequently, our re-
sults also raise the question about the relevance of mode
competition for PP dynamics for other types of lasers, e.g.,
for EELs with either a strong PM competition or longitudinal
mode competition [39]. In particular, the question should be
addressed, whether such lasers can exhibit similar dynamics
originating from an interplay of delay-induced instabilities
and either PM or longitudinal mode competition.

VI. CONCLUSIONS

In this paper, we have experimentally analyzed the inten-
sity dynamics of a VCSEL with optical feedback in the short
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EC regime. We have demonstrated the existence of pulse
package dynamics in the total intensity of the VCSEL feed-
back system. A detailed study of the spectral and autocorre-
lation properties of the PP dynamics in dependence on the
injection current has revealed some similarities, but also dis-
tinct differences to the conventional dynamics reported in the
case of short EC edge emitting lasers [18,23]. The major
differences comprise the lack of qualitative changes of the
dynamics for variations of the feedback phase, the significant
variations of the amplitude of the fast intensity pulsations,
and finally the distinct differences in the shape of the PP
envelope. In order to gain insight into the origin of these
differences, we have investigated the temporal behavior of
the two polarization modes. We have identified two types of
PP dynamics. On the PP envelope time scale, the dynamics
can take place either in one of the two PM while the other
mode is suppressed, defining type I PP dynamics, or the PP
dynamics can occur in both PMs simultaneously, referred to
as type II PP dynamics.

The spectral analysis has uncovered an anticorrelated be-
havior of the two PMs at frequencies lower than the PP en-
velope frequency, which reveals the continuous, much
slower polarization mode hopping dynamics. Exactly at the
PP envelope frequency and harmonics thereof, the dynamics
is correlated or anticorrelated depending on the level of the
injection current. Furthermore, we have analyzed the high-
frequency dynamics of the fast intensity pulsations on the
time scale of the EC round-trip frequency and we have pro-
vided evidence that correlation properties of the pulses can
change from package to package or even within a single
package, depending on the momentary difference between
the PM intensities. We have found that the high-frequency
pulses emitted at the delay in the two PM are correlated
when the low-frequency PP dynamics is of type II. On the
contrary, the pulses at the delay are anticorrelated if the slow
dynamics is of type I. The progressive change of the dynam-
ics with the injection current is connected also with an aver-
age phase shift between the emission of pulses in the two
PMs, from 0, at low currents, to 7, at high currents. More-
over, our cross-correlation analysis has shown that the ap-
pearance of the dynamics in one PM triggers the emission of
pulses in the other PM. We have also compared the power
spectral densities of the dynamics of the PMs with increasing
the injection current and we have uncovered a gradual
change from correlated to anticorrelated behavior for the
high as well as for the low-frequency components of the PP
dynamics. We have been able to quantify these changes of
the correlation properties utilizing a time resolved correlation
analysis. The application of a number of complementary
techniques has identified the strong interplay of the delay-
induced instabilities and the PM competition, as being the
origin of the distinct differences between the total intensity
short EC dynamics of VCSELs and EELs. This strong inter-
play of the two mechanisms, which we have revealed for PP
dynamics of short EC VCSELs with weak intrinsic polariza-
tion anisotropy, seems to be of general nature. Therefore,
similar mode competition effects might also be of relevance
for the dynamics of other short EC systems, such as EELs
systems with strongly coupled longitudinal modes.
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