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We study experimentally the collective dynamics of two delay-coupled semiconductor lasers. The
lasers are coupled by mutual injection of their emitted light beams, at a distance for which coupling
delay times are non-negligible. This system is known to exhibit lag synchronization, with one laser
leading and the other one lagging the dynamics. Our setup is designed such that light travels along
different paths in the two coupling directions, which allows independent control of the two coupling
strengths. A comparison of unidirectional and bidirectional coupling reveals that the leader-laggard
roles can be switched by acting upon the coupling architecture of the system. Additionally, numeri-
cal simulations show that a more extensive control of the network architecture can also lead to
changes in the dynamics of the system. Finally, we discuss the relevance of these results for
bidirectional chaotic communications. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2780131�

The collective dynamics of networks is usually studied
under the assumption that coupling between the network
elements is instantaneous. However, coupling signals take
a finite time to propagate, and this delay time becomes
non-negligible when the local dynamics is faster than the
coupling mechanism. In that situation, even if the net-
work elements synchronize their dynamics, they do so
with a certain (in general nonzero) time lag between each
other. This means that, in a given pair of elements, one of
them leads the dynamics and the other one lags behind.
Here we study experimentally how to control this leader-
laggard dynamics by acting upon the coupling profile of
two mutually injected semiconductor lasers. Our results
show that when the coupling directionality is varied in a
controlled way (from unidirectional to bidirectional), the
two lasers exchange their leader and laggard roles at a
given coupling configuration (partially bidirectional), but
the absolute value of the time lag remains unchanged.
Additionally, since the leading element in a system of two
coupled chaotic oscillators can act as transmitter in a
chaotic communication system, we examine whether the
controlled role switching reported here can be used as a
strategy for bidirectional single-channel information
transmission.

I. INTRODUCTION

In networks of dynamical elements,1 coupling signals
take a finite time to travel from one node to another. When
this coupling time is comparable to, or longer than, the char-
acteristic time of the network elements, simultaneous syn-
chronization of the dynamics2 is usually not possible �except
in particular network architectures; see, e.g., Refs. 3–5�, and
lag synchronization6,7 arises. This effect has led, for instance,
to the concept of polychronization in networks of cortical
neurons, which has been suggested to have several functional
roles.8

Under these conditions, it is important to determine
which elements are leading the dynamics and which ones are
lagging behind. An important factor is whether the links be-
tween the elements are directed or not. In the case of two
oscillators coupled via a directed link, the element “emitting”
the coupling signal is usually the leader �with the exception,
again, of certain coupling setups including delayed feedback
loops; see, e.g., Refs. 9–11�. If the link is undirected, any of
the two elements can lead the dynamics depending on the
asymmetries between them; if the elements are similar
enough, the roles of leader and laggard switch randomly in
time.12

In this paper, we investigate the dependence of the
leader-laggard dynamics on the coupling configuration in
two mutually injected semiconductor lasers. We choose
semiconductor lasers for our study because they are very
sensitive to external perturbations. Optical injection and op-
tical feedback, for instance, produce a rich variety of dy-
namical phenomena, including chaos.13,14 In the presence of
optical feedback from an external mirror, and for pump cur-
rents close to threshold and feedback levels from low to
moderate, the laser output exhibits sudden drops in the emit-
ted light at irregular times �with periods on the order of tens
of nanoseconds�, followed by a gradual recovery. These
power dropouts are, in fact, the envelope of much faster op-
tical pulses �on the order of tens of picoseconds�,15 and are
thus called low-frequency fluctuations �LFF�.

When the output of a semiconductor laser with feedback,
operating in the LFF regime, is introduced into a second
laser, power dropouts are also induced in the latter, provided
the two lasers are similar enough in their physical properties.
The dropouts are synchronized between the two lasers and,
in general, the emitter laser leads the dynamics �i.e., the
dropouts occur earlier�16,17 with a time lag equal to the cou-
pling time.18 Interestingly, a similar dynamics is observed in
the case of two bidirectionally coupled lasers, even in the
absence of an external mirror: coupling destabilizes the la-
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sers and produces a low-frequency dynamics consisting of
synchronized dropouts.12 In that case, however, the leader is
determined by the frequency detuning: the laser with higher
frequency leads the dynamics, again with a time lag equal to
the coupling time. When the two lasers have the same fre-
quencies, the leader and laggard roles alternate randomly be-
tween the two lasers. In the bidirectional case, a well defined
leader also exists when one of the lasers is subject to
feedback;19 this behavior can again be attributed to the exis-
tence of a frequency detuning between the lasers, which in
this case is induced by the feedback itself.20

In this paper, we examine the transition between the two
coupling schemes described above. Specifically, we consider
two coupled semiconductor lasers, one of them subject to
optical feedback from an external mirror, and vary in a con-
trolled way the directionality of the coupling, ranging from
symmetrical bidirectional coupling by common light injec-
tion to pure unidirectional injection of the light emitted by
the laser with feedback into the other one. As we will see
below, this allows us to control which laser leads the dynam-
ics. Numerical simulations also indicate that the dynamical
behavior can be qualitatively different between these two
coupling setups.

II. EXPERIMENTAL SETUP

Our experimental setup, shown in Fig. 1, consists of two
parameter-matched AlGaInP index guided and multiple-
quantum-well semiconductor lasers �Sharp GHO6510B2A�,
coupled by mutual optical injection through two independent
unidirectional paths. One of the lasers �LD1� is subject to
optical feedback from an external mirror �M�. Both lasers
operate in a single longitudinal mode with a nominal wave-
length of �n=654 nm. The temperature and pump current of
the lasers are controlled with an accuracy of ±0.01 °C and
±0.1 mA, respectively, and are adjusted such that the optical
frequencies of LD1 �with its feedback� and LD2 �in isola-
tion� are as similar as possible to each other. For tempera-
tures TLD1=21.03 °C and TLD2=20.34 °C, the threshold
currents of the solitary lasers are, respectively, ILD1

th

=31.80 mA and ILD2
th =32.55 mA. Optical isolators �Electro-

Optics Technology, Inc.�, labeled OI in Fig. 1, are placed in
the two injection paths in order to have unidirectional cou-
pling in each path. The amount of light injected into each
laser is controlled by two neutral density filters �F1 and F2�.

The two coupling paths are adjusted such that the cou-
pling times are equal, �c1=�c2=3.4 ns. The external mirror
M that provides feedback to LD1 is also positioned in such
way that the feedback time � f is equal to the coupling time.
The reduction of the threshold current of LD1 due to its
feedback is 3.5%. When both lasers are turned on, their
threshold currents are also decreased due to the injection. In
the absence of the filters F1 and F2 �maximum injection�, the
threshold reduction of LD1 is 2.6% with respect to its thresh-
old with feedback, and the reduction of LD2 is 2.1% with
respect to its free running threshold. The laser outputs are
monitored by fast photodetectors of 1 GHz bandwidth �Thor-
labs DET210�. The received signal is sent simultaneously to
a 1 GHz oscilloscope �Agilent DS06104A�, and to a spec-
trum analyzer �Anritsu MS2651B� via two amplifiers �2 GHz
bandwidth, Femto high-speed amplifiers�. We note that the 1
GHz bandwidth of the detectors smooths out most of the fast
pulsing dynamics, resulting in the measurement of only the
slower dropout envelopes, which are enough for this study,
where the power dropouts are used as low-frequency markers
of the dynamics.

III. ALTERNATING THE LEADER AND LAGGARD
ROLES IN THE LOW-FREQUENCY FLUCTUATION
REGIME

A. Experimental results

In the absence of injection in any of the two coupling
paths, laser LD2 is stable while laser LD1 �the one with
optical feedback� operates in the LFF regime, and thus un-
dergoes power dropouts at irregular times, as described
above. When a sufficient amount of light from LD1 is in-
jected into LD2, this laser exhibits power dropouts as well,
following those of LD1 with a natural time lag equal to the
coupling time �c. This behavior is shown in Fig. 2�a�. The
time lag can be determined by comparing the times at which
synchronized power dropouts occur in the two lasers. A his-
togram of the time differences between synchronized power
dropouts corresponding to this regime is shown in Fig. 2�b�.
The lag is calculated as the difference between the dropout
time in LD1 and the one in LD2, therefore a negative value
corresponds to an advance of LD1 over LD2, as expected
and evident from the vertical dashed lines in Fig. 2�a�. Intu-
itively, this lag is produced by the time needed by the light of
one laser to affect the dynamics of the other one. The histo-
gram of time differences has been computed for �1000 syn-
chronized dropouts. We note that another synchronized state
is possible in this setup, in which the lasers are synchronized
at zero-lag �provided the feedback and coupling times are
equal�,21 but this requires a very careful tuning to make the
coupling and feedback strengths equal, and extremely similar
lasers;16 we have not considered that regime here.

We now allow for the light emitted from LD2 to reach
LD1 and, varying the transmittivity of filter F2, control the

FIG. 1. Experimental arrangement of two semiconductor lasers coupled via
two independent unidirectional paths. Laser LD1 receives optical feedback
from mirror M. BS, beam splitters; F1 �fixed at 44% transmittivity� and F2
�variable�, neutral density filters; M1 and M2, mirrors; OI, optical isolators;
PD1 and PD2, photodiodes.
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strength of that coupling while keeping the amount of light
injected from LD1 into LD2 constant. Figure 2 shows that
for transmittivities up to 40% �Figs. 2�c� and 2�d�� the situ-
ation does not change much with respect to the purely uni-
directional case �LD1 leads the dynamics a time ��c�, even
though a substantial amount of light from LD2 is already
entering LD1. At a transmittivity of around 60%, however
�Figs. 2�e� and 2�f��, laser LD2 begins to have a certain in-
fluence and takes over the leader role sporadically. The situ-
ation resembles that of two mutually coupled lasers without
mirrors,12 even though that case is perfectly symmetrical and
the present one is not, since one of the lasers �LD1� is subject
to feedback and the other one is not. Finally, if we keep
increasing the amount of light being coupled back from LD2
into LD1 until the coupling is purely bidirectional �Figs. 2�g�
and 2�h��, laser LD2 takes over the leader role permanently,
since its dropout precedes almost always those of LD1, again
a time ��c. Throughout this process, the mean period be-
tween dropouts increases with coupling strength. The fre-
quency of LD1 decreases with increasing coupling �results
not shown�, similarly to what happens when feedback levels
are increased in the bidirectional configuration.20 The oper-
ating frequency of LD2 matches that of LD1 in the synchro-
nized states �a,b�.

B. Numerical simulations

As mentioned above, the dynamical behavior shown in
Fig. 2 is the envelope of a much faster underlying
dynamics,15 which cannot be detected by our bandwidth-
limited monitoring equipment. In order to determine whether
the leader-laggard dynamics described above also holds at
these higher frequencies, we resort to numerical simulations

of the system. Highly accurate models exist for the dynamics
of semiconductor lasers with optical feedback and injection.
Our model is based on the Lang-Kobayashi description of a
single semiconductor laser with optical feedback,22 general-
ized to account for bidirectional coupling,23

dEj

dt
=

�1 + i��
2

�Gj − � j�Ej + �cj
ei���t−�j�cj

�E3−j�t − �cj
�

+ � j1� fe
−i�1�fE1�t − � f� + �2	Nj
 j�t� , �1�

dNj

dt
=

Ij

e
− �ejNj − GjPj�t� . �2�

The subindex j=1,2 denotes lasers LD1 and LD2, respec-
tively, E1,2 represents the corresponding optical field, and
N1,2 is the carrier number. �1,2 are the free-running optical
frequencies of the two lasers, which for simplicity are con-
sidered to be the same, so that ��=�2−�1=0. The optical
intensity �or number of photons inside the cavity� is given by
P1,2�t�= �E1,2�t��2. The first term in the right-hand side of Eq.
�1� accounts for stimulated emission. The linewidth enhance-
ment factor, �, is assumed to be the same for both lasers, �1,2

is the inverse photon lifetime, and G1,2�t�=g1,2�N1,2−N1,2
0 � is

the gain �assumed linear�, where N1,2
0 denotes the carrier

number at transparency and g1,2 the differential gain �gain
saturation is neglected because the lasers operate close to
threshold�.

The second term on the right-hand side of Eq. �1� de-
scribes the coupling between the lasers, with �cj

representing
the strength of the injection received by laser j and �cj

being
the corresponding coupling time. The coupling strength �cj

is
directly related with the threshold reduction due to injection
for each laser. The third term of this equation, which is only
present for LD1 �as indicated by the Kronecker delta�, is the
feedback term, which is described by two parameters: the
feedback strength � f and the external round-trip time � f. The
last term of Eq. �1� is the spontaneous emission noise, rep-
resented by a Gaussian white noise of zero mean, with spon-
taneous emission rate 	.

The carrier density Eq. �2� is the same for the two lasers.
The first term accounts for the pump current I1,2, and the
second and third terms represent the spontaneous and stimu-
lated recombinations, respectively. We have chosen typical
values of the parameters to reproduce the experimental con-
ditions. In particular, the threshold currents are ILD1

th

=31.80 mA and ILD2
th =32.55 mA, and the coupling times

�c1
=�c2

=� f =3.4 ns. The pump currents are then chosen to
be ILD1=1.05� ILD1

th and ILD2=1.03� ILD2
th . Other parameters

are given in Table I. For this parameter set, the laser with
feedback operates in the LFF regime, and we begin with this
case in order to compare with the experimental results given
above.

Following the experimental process described above, we
now introduce different values of �c1

for constant values of
�c2

and � f. Figure 3 shows the output intensities of each laser
and the corresponding histograms of the time difference be-
tween dropouts for increasing values of the backward cou-
pling rate �c1

. The numerically computed time series have
been filtered with a low-pass fourth-order Butterworth filter

FIG. 2. �Color online� Experimental output intensities �left column� and the
corresponding histogram of time differences between synchronized dropouts
in the two lasers �right column� for increasing transmittance of the filter F2:
�a, b� 0%, �c, d� 40%, �e, f� 63%, �g, h� 100%. The time traces in the left
plots have been shifted vertically for clarity, with LD1 corresponding to the
top trace and LD2 to the bottom trace in each plot. Vertical dashed lines in
those plots signal the occurrence of a dropout in laser LD1.
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with a cutoff frequency of 100 MHz, in order to mimic the
limited bandwidth of our experimental equipment. In the
case of purely unidirectional coupling, i.e., when no light
from LD2 is injected back into LD1 �Figs. 3�a� and 3�b��,
LD1 clearly leads the dynamics with a time lag equal to the
coupling time �c. For increasing coupling from LD2 to LD1
a transition occurs, and at a critical value of that coupling a
symmetric situation arises, where the leader and laggard
roles alternate randomly in time �Figs. 3�e� and 3�f��. Note
that at the transition point, the total amount of light injected
into LD1 �given by �c1

+� f =100 ns−1� is larger than that
injected into LD2 ��c2

=80 ns−1�. Beyond that critical point,
LD2 dominates the dynamics. In particular, when the amount
of light injected from LD2 to LD1 is higher than in the
opposite direction �Figs. 3�g� and 3�h��, LD2 clearly leads
the dynamics, again with a time lag equal to the coupling
time �c. These results are in agreement with the experimental
observations shown in Fig. 2.

In order to quantify the synchronization level and time
lag between the intensity signals for fast time scales �i.e.,
without filtering�, we calculate the cross-correlation function
between the two time series,24

C��t� =
��P1�t� − �P1	��P2�t + �t� − �P2	�	
���P1�t� − �P1	�2	��P2�t� − �P2	�2	

, �3�

where the angular brackets denote temporal averages. Ac-
cording to this definition, a maximum correlation at a posi-
tive time lag �t indicates that LD2 is leading the synchro-
nized dynamics with that time lag, and vice versa. Figure 4
represents the unfiltered time series of the lasers, with its
corresponding cross-correlation function for two limiting
cases. In the unidirectional case �Figs. 4�a� and 4�b��, the fast
dynamics is synchronized, and the cross-correlation function
shows that laser LD1 leads the dynamics, as expected from
the results given above. In the presence of sufficiently large
injection from LD2 back into LD1, the leader and laggard
roles switch and now LD2 is the leader. This behavior coin-
cides with the dynamics of the signal envelopes �Fig. 2�.

Numerical simulations allow us to study with more de-
tail the transition described so far. To that end, we calculated
the histograms of intervals between dropouts and the corre-
sponding cross-correlation functions of the unfiltered time
series, around the critical value �c1

=70 ns−1. The results are
plotted in Fig. 5. As shown in that figure, the system passes
through a compound state where the dropouts occur both at
zero lag and with an alternating leader �Figs. 5�c� and 5�e��.
The corresponding cross-correlation functions of the unfil-
tered signals �right plots� exhibit a maximum peak at a dis-
tance ±�c for the extreme cases �Figs. 5�b� and 5�h��, while
for intermediate values of �c1

close to the transition �Figs.
5�d� and 5�f��, a maximum peak at zero lag appears. The zero

TABLE I. Laser parameters of the numerical model in the LFF regime.

Symbol Parameter Value

�c Coupling time 3.4 ns
� f Feedback time 3.4 ns
�e Inverse carrier lifetime 6.89�10−4 ns−1

� Inverse photon lifetime 0.480 ps−1

N0 Carrier number at transparency 1.25�108

g Gain parameter 1.5�10−8 ps−1

� Linewidth enhancement factor 4.0
	 Spontaneous emission rate 0.5�10−9 ps−1

�1� f Phase difference 0.0 rad

FIG. 3. �Color online� Numerical output intensities �left column� and the
corresponding histogram of time differences �right column� for increasing
strengths of the injection received by LD1 from LD2, �c1

. The coupling
strength, from LD1 to LD2, is fixed to �c2

=80 ns−1, and the feedback
strength to � f =30 ns−1. The values of �c1

are �a, b� 0 ns−1, �c, d� 50 ns−1,
�e, f� 70 ns−1, and �g, h� 90 ns−1. Other parameters are given in Table I.

FIG. 4. �Color online� Numerical time series �unfiltered� of the output in-
tensities of the two lasers in the LFF regime �left column� and the corre-
sponding cross-correlation functions �right column�. The intensity of one of
the lasers has been shifted in time by �c to facilitate comparison. The pump
currents of the lasers are 1.04 times their threshold values. The coupling
parameters are �c2

=80 ns−1, � f =30 ns−1, and �c1
=0 ns−1 �a, b�; �c1

=90 ns−1 �c, d�. Other parameters are listed in Table I.
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lag peak at the intermediate state arises because the feedback
and coupling times are equal. When these two times are cho-
sen to be different, the transition occurs via an alternating
state where peaks at ±�c coexist, in the absence of a peak at
zero or any other lag time �results not shown�. Thus, the
phenomenon does not rely on a careful matching of the feed-
back and coupling times, but is rather most likely due to a
shift in the frequency of LD1 when the amount of light in-
jected into it varies �through variation of �c1

�.20

IV. OTHER DYNAMICAL REGIMES

We have seen so far that our model reproduces satisfac-
torily the experimental observations, and shows that the
leader-laggard dynamics holds at smaller time scales. We
now turn our attention to other dynamical regimes exhibited
by this system. When the pump current is higher than the
ones considered previously, it is know that the lasers exhibit
a fully chaotic dynamics, a regime known as coherence
collapse.25 We have examined whether the leader-laggard dy-
namics is maintained in that regime, and if the roles can be
made to switch by controlling the directionality of the cou-
pling, as in the LFF case. Figure 6 compares the time traces
and the corresponding cross-correlation functions in the two
limiting cases of unidirectional and bidirectional coupling.
The data show that the leader and laggard role are opposite,
as in the previous case.

With the aim of determining the boundaries of the dy-
namical behavior described above, we have also examined
numerically, in a systematic way, whether a change in the
coupling strength produces a variation in the type of dynam-
ics exhibited by the coupled system. Our results indicate that,
without varying other parameters, even under large varia-

tions in the coupling from LD2 into LD1, �c1
, the system

does not change its dynamical behavior. Only when the feed-
back strength � f varies the dynamics of the lasers are modi-
fied. Figure 7 shows the consequences of varying the feed-
back strength, when the coupling strengths in the two
directions are nonzero. Starting from a synchronized dropout
regime, for fixed values of �c1

=15 ns−1 and �c2
=25 ns−1,

and for increasing values of the amount of feedback acting
upon LD1, the figure shows a substantial change in the dy-
namics of LD2, while LD1 remains in the LFF regime, with-
out loss of synchronization. Specifically, for large feedback
strengths, laser LD2 undergoes power jump-ups synchro-
nized with the dropouts of LD1, which have been recently
associated with a mechanism of episodic synchronization.26

FIG. 5. Histograms of time intervals between power dropouts �left column�,
and the corresponding cross-correlation functions of unfiltered signals �right
column� for increasing strength of the injection received by LD1 from LD2,
�c1

. The coupling strength from LD1 to LD2 is fixed to �c2
=80 ns−1, and

the feedback strength to � f =30 ns−1. The values of �c1
are �a, b� 60 ns−1,

�c, d� 65 ns−1, �e, f� 70 ns−1, and �g, h� 80 ns−1. Other parameters are given
in Table I.

FIG. 6. �Color online� Numerical time series of the output intensities of the
lasers in the coherence collapse regime �left column� and the corresponding
cross-correlation function �right column�. The intensities have been shifted
by �c to facilitate comparison. The pump currents of the lasers are 1.9 times
their threshold values. The coupling parameters are �c2

=80 ns−1, � f

=30 ns−1, and �c1
=0 ns−1 �a, b�; �c1

=90 ns−1 �c, d�. Other parameters are
listed in Table I, except �=5, 	1=1.5�10−9 ps−1, and 	2=2�10−9 ps−1.

FIG. 7. �Color online� Numerically determined laser output intensities for
fixed values of coupling, �c1

=15 ns−1 and �c2
=25 ns−1, and different

amounts of feedback on LD1. The time traces of LD1 have been shifted
vertically upwards for clarity. �a� � f =15 ns−1, �b� � f =20 ns−1, �c� � f

=30 ns−1, �d� � f =35 ns−1, �e� � f =40 ns−1, and �f� � f =45 ns−1.
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This behavior could in principle be explained by a reduction
in the mean frequency of laser LD1 when its feedback level
is increased,20 together with the dynamical behavior of that
frequency characteristic of the LFF regime.26

V. CONSEQUENCES FOR BIDIRECTIONAL CHAOTIC
COMMUNICATIONS

Many studies have examined the viability of message
transmission between two coupled chaotic lasers. Most of
them have been devoted to unidirectional transmission
schemes,21,27 but the possibility of transmitting information
bidirectionally through the same channel is beginning to at-
tract attention. This type of communication obviously re-
quires bidirectional coupling between the lasers, and there-
fore it is natural to ask whether the relatively simple setup
considered in this paper, namely two semiconductor lasers
coupled face to face, is useful for bidirectional communica-
tions.

Chaotic communications rely on what is known as
chaos-pass filtering.28 Through this mechanism, a message
inserted into a chaotic carrier can be decoded by a laser
�parameter-matched to the emitter� that filters out the mes-
sage from the carrier. When synchronization between the la-
sers occurs with a time lag, as in the case presented in this
paper, it is known that only the laggard can act as a chaos-
pass filter.12 This seems to prevent the use of the setup dis-
cussed here as a bidirectional communication system. How-
ever, we have shown above that we can control which laser
leads the dynamics by acting upon the coupling architecture
of the system. One could thus envision a protocol that would
allow one to switch the leader and laggard roles so that the
laser required to act as emitter at any given time leads the
dynamics during that time.

First we checked experimentally that switching the
leader and laggard roles of the lasers produces also a switch-
ing of the chaos-pass filtering characteristics of the lasers.
Indeed, as shown in Fig. 8, when a 46-MHz modulation is

applied to the pump current of the emitter laser, either LD1
in the case of unidirectional coupling or LD2 in the case of
bidirectional coupling �which according to the previous re-
sults correspond to LD1 or LD2 leading the dynamics, re-
spectively�, the receiver laser filters out the modulation, and
no corresponding peak in the radio-frequency spectrum of
that laser �the laggard� can be observed. Applying the modu-
lation in the opposite direction, i.e., on the laggard, the
modulation peak is maintained in the leader �results not
shown�.

This is further experimental confirmation of the leader-
laggard switch, and hints at the possibility that this system
can be used for bidirectional communication by controlling
the backward coupling strength �c1

. We have explored nu-
merically this possibility by introducing a bit message into
the pump current of the lasers. Following the situation of
Fig. 8, we first transmitted the message from LD1 to LD2,
under conditions in which LD1 is the leader, and then trans-
mission was realized from LD2 to LD1, varying the amount
of coupling �c1

in order to make LD2 the leader. The mes-
sage is decoded by subtracting the light emitted by the two
lasers, taking into account the delay between the signals. The
bit message is introduced with an amplitude equal to 3% of
the pumping current, and the subtracted signal is filtered with
a fourth-order Butterworth low-pass filter. Figure 9 compares
the two situations of the experiment, and shows that message
recovery is better in the unidirectional than in the bidirec-
tional case. The differences in the effectiveness of message
recovery indicate that the synchronization quality is not the
same in the two regimes considered. Since the cross-
correlation function is only an averaged quantity, it does not
provide information on potential dynamical deviations from
perfect synchronization. In order to quantify such deviations,
we computed the sliding correlation coefficient, defined as
the maximum of the cross-correlation function, computed

FIG. 8. �Color online� Experimental analysis of the chaos-pass filtering
capabilities of the system for unidirectional �a, b� and bidirectional �c, d�
coupling. �a, c� RF power spectra, �b, d� corresponding time series. The time
traces of LD1 have been shifted vertically for clarity in all plots. The vertical
arrows in �a, c� indicate the input modulation in each case. The transmittiv-
ity of filter F2 in �c, d� is 63%. Other parameters are those of Sec. II.

FIG. 9. �Color online� Time traces of emitter and receiver �left� and message
extraction �right� in the cases in which �a� the message is introduced in LD1
and recovered by LD2 �LD1 is the leader�, and �b� the message in encoded
by LD2 and recovered by LD1 �LD2 is the leader�. In �a, b� �c1

=0 ns−1, in
�c, d� �c1

=90 ns−1. In the left plots, the upper time trace �shifted vertically
for convenience� represents LD1 and the lower time trace corresponds to
LD2. In the right plots, the upper trace is the input message and the lower
trace is the recovered message. The feedback strength is � f =30 ns−1, other
parameters as in Sec. III.
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with temporal averages over a moving time window of width
3.4 ns.26 Figure 10 compares this sliding correlation coeffi-
cient with the standard cross-correlation function for the two
conditions considered in Fig. 9. The figure shows that mes-
sage recovery is possible in the unidirectional case, even
though synchronization is instantaneously lost during the
dropouts.29 In the bidirectional situation, synchronization
loss is widespread, which leads to a poor message recovery
when the direction of information transmission is from LD2
to LD1. This is the reason why, even though the maximum
correlation is similar in both cases �Figs. 10�a� and 10�c��,
we cannot recover the message efficiently when transmitting
from LD2, even though this laser leads the dynamics.

VI. CONCLUSIONS

We have examined how a system of two coupled chaotic
oscillators behaves under conditions of lag synchronization.
Our experimental setup consists of two semiconductor lasers
coupled via mutual injection of their emitted fields, and al-
lows for the control of the coupling directionality. Our results
show that the laser leading the dynamics changes depending
on the coupling scenario. When one of the lasers has autono-
mous chaotic dynamics, in the form of irregularly spaced
sudden power dropouts �low-frequency fluctuations�, and
this dynamics is injected into a solitary laser �which is stable
in the absence of injection�, the injecting laser obviously
leads the dynamics. Such a role, however, can be transferred
to the other laser by converting the coupling from unidirec-
tional to bidirectional. The transition occurs via a regime in
which the two lasers alternate randomly the leader and lag-
gard roles. This type of behavior is not only restricted to the
low-frequency dynamics that we have studied experimen-
tally, but also to fully developed chaotic dynamics �coher-
ence collapse� that occurs for higher pump currents, as
shown by numerical simulations. Our model also shows that

the type of dynamics can be changed in a continuous way by
acting upon the optical feedback strength acting upon the
laser with independent dynamics.

The feedback and coupling mechanisms considered in
this paper arise from coherent optical injection. It would be
of interest to study whether incoherent coupling leads to
similar phenomena, since many dynamical systems in nature
are coupled incoherently. We can expect that the results
would be unchanged in the limiting cases of purely unidirec-
tional and bidirectional coupling, i.e., one or the other dy-
namical element would lead the dynamics for a time equal to
the coupling time. It remains to be seen how the transition
between the two regimes would occur in the incoherent case.

Finally, we have discussed the potential of this system
for bidirectional chaotic communications. Our experimental
results show that whenever one of the lasers leads the dy-
namics, the other laser �the laggard� is able to operate as a
chaos-pass filter. However, we have not been able to send
information bidirectionally in an effective way. Numerical
simulations show that, even though the maximum cross cor-
relation is similar in both the unidirectional and bidirectional
cases, sudden synchronization losses in the latter situation
prevent the system from being used as a reliable setup for
bidirectional chaotic communications. An alternative scheme
has been recently designed that allows for bidirectional
transmission of information by sustaining zero-lag synchro-
nization via a dynamical relay.4,30 Together, these results
show the importance of coupling times in delay-coupled dy-
namical systems.
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