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PACS 42.65.Sf – Dynamics of nonlinear optical systems; optical instabilities, optical chaos and
complexity, and optical spatio-temporal dynamics

PACS 05.45.Xt – Synchronization; coupled oscillators
PACS 42.55.Px – Semiconductor lasers; laser diodes

Abstract – We study experimentally how synchronization emerges in a small network of
delay-coupled lasers, as the coupling strength increases. Specifically, we optically couple three
semiconductor lasers to each other via an external mirror. The system exhibits natural mismatches
between its three elements, and is designed so that the coupling delays and strengths are non-
uniform throughout the network. For weak coupling a cluster arises where two lasers synchronize
their low-frequency dynamics; for stronger coupling all three lasers synchronize. A simple model
gives good agreement with the experimental observations.

Copyright c© EPLA, 2007

Introduction. – Synchronization is a fascinating
example of emerging dynamics in coupled oscillators,
and plays an important functional role in the collective
dynamical behavior of complex systems [1–3]. The effect
of time-delayed interactions, which arise from a realistic
consideration of finite communication times, is a key
issue that has received considerable attention. Some
delay-induced phenomena such as multi-stability [4,5],
oscillation death [6,7], and discretization of frequen-
cies [8,9] are now well known. However, the mechanisms
by which two or more distant oscillators synchronize in
the presence of non-negligible delays in their interactions
remain poorly understood.
Coupled semiconductor lasers are excellent devices

for studying the mechanisms of emergence of synchrony
because they are inexpensive, reliable, and their intrinsic
behavior is well understood [10,11]. Recently, zero-lag
isochronous synchronization was reported, experimen-
tally and theoretically, in linear arrays of three coupled
lasers [12–14]. In these studies the delay times between
the lasers were adjusted to be equal; however, it is also
important to understand how a system of coupled oscil-
lators synchronizes when the delays in the interactions
are different for the different oscillators. Non-uniform,
distributed time delays arise naturally in coupled systems,
and several authors have reported that they can have a
stabilizing effect [15–18].

Here we study the influence of non-uniform coupling
strengths and non-uniform delay times on the onset of
synchronization in an experimental system consisting of
three semiconductor lasers mutually coupled through an
external mirror. Our results show that synchronization
arises via the formation of two-laser clusters. This obser-
vation is in good agreement with a simple theoretical
model. Clustering has been studied theoretically [19–21]
and experimentally [22–24] in large ensembles of coupled
oscillators. Recently, Rogister and Roy [25] studied a
square array of lasers (50× 50) with homogeneous local
coupling without delay, finding that the synchronization
of the lasers of the array resulted in localized excitations,
wandering along well-defined trajectories. The experimen-
tal system presented here could allow for a systematic
analysis of the emergence of those behaviors in a simpler
small array. Our results can also have broad applications to
other systems, such as small networks of coupled neurons.

Experimental setup. – A schematic diagram of the
experimental setup is displayed in fig. 1. Three semicon-
ductor lasers (LD1, LD2, and LD3, AlGaInP index-guided
and multi-quantum well devices, Sharp GHO65010B2A)
are mutually coupled through their lasing fields via
an external mirror (M), which also supplies optical
feedback to each laser. The lasers operate in a single
longitudinal mode with a nominal wavelength of 654 nm
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Fig. 1: Left, scheme of the network studied. Note the different
width of the lines, indicating different strength of the optical
coupling. Right, experimental setup: LD, laser diodes; BS,
beamsplitters; M, mirror; NDF, neutral density filter; PD,
photodetectors.

when operating in isolation. The temperature and pump
current of the lasers are controlled with an accuracy of
±0.01 ◦C and ±0.1mA, respectively. At temperatures
TLD1 = 19.76

◦C, TLD2 = 18.53 ◦C, and TLD3 = 18.32 ◦C,
the threshold currents of the lasers (when isolated) are
IthLD1 = 31.61mA, I

th
LD2 = 28.87mA, and I

th
LD3 = 31.15mA.

The operating currents are set to ILD1 = 32.77mA,
ILD2 = 30.00mA, and ILD3 = 32.10mA.
Three beam splitters with 50% transmittance (BS1,

BS2 and BS3) couple the lasers with each other through
the common reflected light of the external mirror. In
this geometrical arrangement the feedback delay times
are τ11 = 5.43 ns, τ22 = 4.8 ns, and τ33 = 7.3 ns; and the
flight times between the lasers (coupling times) are: τ12 =
5.06 ns, τ13 = 6.4 ns, and τ23 = 6.03 ns. The amount of light
injected into the lasers is controlled by a neutral density
filter (NDF) located in front of the mirror. We note that
the coupling strengths between the lasers and the optical
feedback strengths are not controlled separately, but are
all related and controlled with the filter.
The detection of the laser outputs is achieved by fast

photodetectors of 1GHz bandwidth (Thorlabs DET210)1.
The received signal is sent simultaneously to a 1GHz oscil-
loscope (DS06104A Agilent), and to a spectrum analyzer
(Anritsu MS2651B) via two amplifiers (2GHz, Femto
high-speed amplifier). We note that the two input chan-
nels of the oscilloscope allow the detection of only two
laser outputs simultaneously.
Each laser operates, in the absence of coupling with

the other two, in the low-frequency fluctuation (LFF)
regime, induced by its own optical feedback from the
external mirror. The laser intensities and the RF spectra
are displayed in fig. 2. The LFF regime consists of sudden
power dropouts followed by gradual, stepwise recoveries.
These dropouts are the envelope of a much faster pulsing
dynamics that cannot be observed with 1GHz bandwidth

1Photodetectors PD1 and PD2 receive light from more than one
laser, but the signals from the lasers facing them (LD1 and LD2,
respectively) dominate.

detectors [26]. The mean time interval between dropouts
is approximately 200 ns, 100 ns and 150 ns for LD1, LD2
and LD3, respectively. The frequency of the dropouts
is different for each laser, because their operating and
feedback conditions vary among the three lasers. The
operating conditions are slightly different because the
temperature and the injection currents of the lasers are
adjusted to match their optical frequencies as closely as
possible, in order to have the strongest mutual optical
coupling. The feedback conditions are also different, due
to the heterogeneous geometry of the setup: it can been
noticed that the light fed back into laser LD1 passes only
one beam-splitter (BS1), while the light fed back into
laser LD2 (LD3) passes two (three) beam splitters. The
feedback delay times are different for each laser as well,
and we note that the laser with the strongest feedback is
LD1 while the laser with larger feedback time is LD3.

Route to synchronization. – We now examine
how synchronization arises in this system as the optical
coupling between the lasers strengthens. Synchronous
behavior will be defined in terms of the mutual occurrence
of power dropouts, which act as low-frequency markers of
the lasers’ dynamics. The coupling strength is controlled
by the NDF filter located in front of the mirror. When the
filter absorbs 40% of the incident light, coupling is weak
and a clustering state arises in which only two lasers, LD1
and LD3, synchronize their dropouts (fig. 3, left), while
laser LD2 drops independently of the other two. Without
the NDF filter, the mutual coupling is stronger and all
three lasers adjust their dynamics to drop out together
(fig. 4, left).
Even if the dropouts are synchronized, they are not

necessarily simultaneous: there are delay times associated
with both the couplings and feedbacks, as mentioned
above. In order to determine the lag times between the
synchronized lasers, we compared the times when dropouts
occur in the intensities of laser pairs. In the cluster regime,
LD1 and LD3 drop almost simultaneously (fig. 3(d)).
Thus, the lasers that form the cluster synchronize in this
case with almost zero lag. In the synchronized regime
arising at larger coupling, LD1 and LD3 dropouts occur
also with almost zero lag time (fig. 4(b)), while LD2
dropouts occur about 10 ns earlier (fig. 4(d)).
Figure 5 provides insight into how synchronization

develops in the frequency domain, by depicting the
RF-spectra of the clustered and synchronization states.
Clearly, the clustered lasers lock almost all frequency
peaks in their spectra, specially the lowest frequency
peak corresponding to the low-frequency fluctuations
(figure inset). This contrasts with what happens with
LD2, where the overlapping is very poor, particularly at
the LFF peak (inset). In the synchronized state, on the
other hand, all lasers show a substantial overlap in the
whole RF-frequency spectrum.
Experimentally we observe that the choice of lasers

integrating the cluster depends on the coupling strengths
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Fig. 2: LFF dynamics in the absence of coupling: LD1 (top row), LD2 (middle row) and LD3 (bottom row). Left column:
experimentally observed intensities; center column: numerically calculated intensities; right column: experimental (top traces)
and numerical (bottom traces) RF-spectra. The insets display the low-frequency peak (the horizontal axis span 0.1GHz). The
scale of the vertical axis is such that the size of the dropouts of laser LD1 is 1. The numerically calculated spectra are shifted
vertically for clarity. The coupling parameters used in the simulations are η11 = 31.6 ns

−1, η22 = 22.3 ns−1, and η33 = 20ns−1.
Other parameters are indicated in the text.
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Fig. 3: Dynamics in the clustering state: LD1 and LD2 (a,e),
LD1 and LD3 (b,f) and LD2 and LD3 (c,g). The laser pairs
are not monitored simultaneously. Panels (d,h) are zoomed-
in versions of (b,f). Left column: experimentally observed
intensities; right column: numerically calculated intensities.
The feedback and coupling parameters are η11 = 26.4 ns

−1,
η22 = 18.7 ns

−1, η33 = 16.7 ns−1, η12 = 7.2 ns−1, η13 = 5.9 ns−1,
and η23 = 5.6 ns

−1. The frequency shifts are ω1 = 0, ω2 = 5, and
ω3 =−5 rad/ns−1. Other parameters are indicated in the text.
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Fig. 4: Dynamics in the synchronization state: LD1 and LD2
(a,e), LD1 and LD3 (b,f) and LD2 and LD3 (c,g). The

laser pairs are not monitored simultaneously. Panels (d,h)
are zoomed-in versions of (b,f). Left column: experimen-
tally observed intensities; right column: numerically calculated
intensities. The feedback parameters are as in fig. 2 and the

coupling parameters are η12 = 22.9 ns
−1, η13 = 18.7 ns−1, and

η23 = 17.7 ns
−1. The detunings are as in fig. 3. Other param-

eters are indicated in the text.
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C. M. González et al.

0 1 2
10

10

10
–5

10
0

10
5

0 1 2
10

–10

10
–5

10
0

10
5

0 1 2
10

–10

10
–5

10
0

10
5

0 1 2
10

–10

10
–5

10
0

10
5

P
ow

er
 s

pe
ct

ru
m

 (
ar

b.
 u

ni
ts

)

0 1 2
10

–10

10
–5

10
0

10
5

Frequency (GHz)
0 1 2

10
–10

10
–5

10
0

10
5

(a) (b) (c) 

(d) (e) (f) 

Fig. 5: Experimental (top lines) and numerical (bottom lines) RF-spectra in the clustering state (top row) and in the synchronized
state (bottom row). (a,d) LD1 and LD2; (b,e) LD1 and LD3; (c,f) LD2 and LD3. The insets display the low-frequency peak
(the horizontal scale is 0.1GHz).

in the network. When an additional NDF filter is located
between LD1 and BS1, diminishing the injection and
feedback strengths of LD1, a cluster is formed by LD1
and LD2 (results not shown), with a lag time of around
5 ns, which is again maintained in the fully synchronized
regime.

Numerical simulations. – We have performed simu-
lations based on a model that takes into account the effects
of optical feedback and mutual optical injection [27,28].
Extensive simulations unveil a rich variety of dynami-
cal regimes and demonstrate that the clustered and the
synchronized behaviors also occur when there are para-
meter mismatches between the lasers. For the sake of
simplicity, in this letter we describe the dynamics of the
array assuming that the laser parameters are identical.
The equations for the slowly-varying complex amplitude,
Ei, and the carrier density, Ni, in the i-th laser read

Ėi = iωiEi+ k(1+ iα)(Ni− 1)Ei+
√
Dξi(t)

+

3∑

j=1

ηijEj(t− τij) exp (−iω0τij), (1)

Ṅi = γn(I −Ni−Ni|Ei|2), (2)

where ωi is the solitary frequency of laser i-th (that
is, in the absence of feedback or coupling), relative to
a common reference frequency, ω0. α is the linewidth
enhancement factor, k is the cavity loss coefficient, γn

is the carrier decay rate, ηij is the coupling coefficient
between lasers LDi and LDj (ηii being the self-feedback
coefficient), I is the pump parameter (the threshold being
Ith = 1 in the absence of feedback and coupling), D is
the spontaneous emission strength and ξi are uncorrelated
Gaussian white noises with zero mean. The pump para-
meter and the delay times are comparable to those used
in the experiments: I = 1.037, τ11 = 5.3 ns, τ22 = 4.3 ns,
and τ33 = 7.1 ns, τ12 = 4.8 ns, τ13 = 6.2 ns, and τ23 = 5.7 ns.

The internal laser parameters are k= 250 ns−1, α= 4,
γn = 0.6 ns

−1, D= 10−5 ns−1, and ω0 = 2πc/λ0, where c
is the speed of light in vacuum and λ0 = 654 nm.

In the simulations we observe that a cluster usually
develops before the three lasers synchronize, with the
feedback strengths, the coupling strengths, and the
relative detunings among the lasers determining which
lasers integrate the cluster. Figures 2, 3 and 4 compare
the experimental data discussed above with results from
numerical simulations, in which the intensities were
filtered to simulate the bandwidth of the detectors, and
normalized such that the amplitude of the dropouts of
laser LD1 is 1. The feedback coefficients ηii used in the
simulations take into account the fact that the laser LD1
(LD3) has the strongest (weakest) feedback. The coupling
parameters (which are considered symmetric, ηij = ηji)
take into account that lasers LD1-LD2 (LD2-LD3) have
the strongest (weakest) coupling. It is worth noticing that
in the experiment, different alignment quality can make
the coupling strengths not only quite arbitrary but also
asymmetric.
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For the choice of lasers integrating the cluster, two
mechanisms seem to be relevant and compete. On the one
hand, the lasers that have more similar optical injection
(feedback and coupling) tend to cluster. In the absence of
detunings, it is observed that as the coupling increases,
LD2 and LD3, or LD1 and LD2, cluster before all three
lasers synchronize (results not shown). On the other hand,
if one of the lasers is weakly coupled to the other two, or
if two lasers are more strongly coupled, often the strongly
coupled lasers are the ones forming the cluster.
In the simulations, coupling among the lasers was

adjusted by variations of the frequency detunings and the
coupling coefficients, the latter depending on the optical
alignment. As an example, fig. 3 displays a cluster formed
by LD1 and LD3, that is observed when LD3 has negative
detuning with respect to LD1. A simple interpretation of
the observed cluster is the following: the external optical
injection (feedback+ coupling) modifies the lasers optical
frequencies, and roughly speaking, the frequencies shift
towards negative values, with the shifts being proportional
to the total injection strengths. Since LD3 is the laser
that has less injection, its frequency shift is less than that
of LD1 (which has the strongest injection), and an extra
negative detuning is needed to move the LD2 frequency
closer to that of LD1.
In the intensity power spectra we can observe the

synchronization mechanism in the frequency domain.
Without mutual coupling (fig. 2, right column), the
spectrum of each laser consists of a dominant peak at a
low frequency (the inverse of this frequency is the average
dropout period), and harmonics separated by the external
cavity frequency, 1/τii. Since the average dropout period
is different for the different lasers, the main peaks are
at different frequencies. Moreover, since the delay times
τii are also different, the harmonic peaks are located at
different frequencies. When the lasers are coupled but the
coupling is weak (fig. 5, top row), the numerical spectra
show that the frequencies begin to adjust both in the
low and high frequency ranges: some harmonics begin to
disappear, while others “move” such that they overlap.
For larger feedback and coupling (fig. 5, bottom row),
the spectra of the lasers synchronize at both low and
high frequencies. The same process of frequency selection,
where some peaks vanish and others “move” (in a sort
of frequency pulling phenomenon occurring in the RF
spectrum), is observed experimentally.

Discussion. – We have experimentally studied the
emergence of synchronization in a small network of three
semiconductor lasers coupled with distributed delay times.
Our results show that clusters emerge generically as
the system tends towards complete synchronization for
increasing coupling strength. The clustering is associated
with an overlap of some of the peaks in the RF spectrum.
The experimental observations are satisfactorily repro-

duced by a rate equation model of the Lang-Kobayashi
type. The model, presented in eqs. (1), (2), is valid for

a laser emitting in a single longitudinal mode. The lasers
in the experiments emit multiple longitudinal modes, and
yet the agreement between the experiment and the model
predictions is surprisingly good. This can be explained
as due to the out-of-phase dynamics of the longitudinal
modes. Because of the competition for the common carrier
reservoir, the longitudinal modes oscillate in antiphase,
such that the total output (that is, the sum of the modal
intensities) is similar to that of a single-mode laser.
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