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Dynamics-dependent synchronization in on-chip coupled semiconductor lasers
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Synchronization properties of chaotic dynamics in two mutually coupled semiconductor lasers with optical
feedback embedded in a photonic integrated circuit are investigated from the point of view of their dynamical
content. A phenomenon in which the two lasers can show qualitatively different synchronization properties
according to the frequency range of investigation and their nonlinear dynamics is identified and termed
dynamics-dependent synchronization. In-phase synchronization is observed for original signals and antiphase
synchronization is observed for low-pass filtered signals in the case where one of the lasers shows chaotic
oscillations while the other laser exhibits low-frequency fluctuations dynamics. The experimental conditions
causing the synchronization states to vary according to the considered frequency interval are studied and the key
roles of asymmetric coupling strength and injection currents are clarified.
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I. INTRODUCTION

Coupled nonlinear systems show a variety of dynamical
behavior. Recently, chaos synchronization in coupled semi-
conductor lasers has been widely reported for understanding
fundamental physics, as well as for information security appli-
cations in chaos-based optical-communication schemes [1-3]
and secure key distribution [4-6]. For example, isochronal
(zero-lag) synchronization and cluster synchronization have
been proposed when chaotic lasers are coupled, and globally
coupled laser networks have been studied for neuromorphic
information processing [9—-15].

Low-frequency fluctuations (LFF) has been reported as
one of the dominant nonlinear dynamical phenomena in
semiconductor lasers with optical self-feedback [7,8]. LFF
dynamics consists of high-frequency chaotic oscillations and
low-frequency sudden power dropouts [16-20]. Synchroniza-
tion of LFF dynamics has been observed in the chaotic
output of two mutually coupled lasers with the peak frequency
corresponding to the inverse of twice the coupling time delay
[21]. The two chaotic temporal waveforms are synchronized
with the time lag of the coupling delay time. This is known
as the leader-laggard relationship, in which spontaneous
symmetry-breaking occurs, even though lasers are coupled
symmetrically [21,22]. In addition, antiphase synchronization
of LFF dynamics has been observed in mutually coupled
semiconductor lasers [23]. Episodic synchronization has also
been reported when the optical frequency detuning between
the coupled lasers fluctuates in time [24,25].

Parameter mismatch in coupled laser systems has a strong
impact on both their nonlinear dynamics and synchronization
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state. In Ref. [26], it has been reported that the mismatch
of self- and cross-coupling strengths affects the stability of
the zero-lag synchronization state but keeps the dynamics
unchanged. However, the mismatch of self- and cross-coupling
delay does not affect the quality of synchronization but
alters the dynamics significantly. In Ref. [27], antiphase
synchronization and generalized synchronization have been
observed by changing one of the parameter values in coupled
electro-optic oscillators.

Dynamics and chaos synchronization in mutually cou-
pled semiconductor lasers have been investigated mostly for
long external cavity configurations and long coupling delays
(>100 mm) in free-space and fiber-based optical systems
[7,8,28,29]. The external cavity length is an essential parame-
ter when considering a semiconductor laser with time-delayed
optical feedback. Long and short external cavity lengths are
defined as 7, < Tex and T, > Tex, respectively [28], where 7,
is the relaxation oscillation period and tey is the round-trip
propagation time of light in the external cavity.

Recently, photonic integrated circuits (PICs) have been
proposed as monolithically integrated optical systems with
short external cavities (~10 mm) [30]. A variety of nonlinear
dynamics has been reported using this kind of PICs, such as
fast self-pulsations [31], chaotic oscillations [30], regular pulse
packages [32], and intermittency [33]. PICs are also suitable
entropy sources for physical random number generation at
rates over the GHz order [34-36]. Synchronization has been
observed in the particular case of periodic oscillations in
a PIC with two semiconductor lasers coupled very closely
(0.3 mm) [37]. However, chaos synchronization in a PIC
with two mutually coupled semiconductor lasers has not been
reported yet. PICs has brought new technological advantages
for robust and in-depth investigation of dynamics and chaos
synchronization in coupled lasers to avoid phase fluctuation
against air turbulence and temperature fluctuations. This
major advance motivates in-depth investigations of complex
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FIG. 1. Schematics of the photonic integrated circuit with two
mutually coupled semiconductor lasers. PD, photodiode; Lasers 1 and
2, distributed feedback lasers; SOA, semiconductor optical amplifier.

integrated optical systems such as coupled lasers with reliable
reproducibility and stability conditions. In addition, it is
important to investigate how the dynamical change affects
the state of synchronization in the coupled lasers. However, no
comprehensive study on the relationship between the dynamics
and synchronization has been reported so far.

In this paper, we demonstrate that two different dynamics
of chaos and LFFs can simultaneously induce in-phase and
antiphase synchronization on distant frequency ranges, and
we term dynamics-dependent synchronization. We fabricate
a PIC with two mutually coupled semiconductor lasers
with asymmetric optical coupling and feedback to observe
the dynamics-dependent synchronization. We experimentally
investigate chaos synchronization in the PIC and focus on
the dependence of the synchronization quality on different
frequency components by using a low-pass filter. We study
the influence of the nature of the different dynamics exhibited
in each laser on the synchronization state to understand the
overall synchronization scenario of the PIC.

II. EXPERIMENTAL SETUP

Our PIC is depicted in Fig. 1. The PIC consists of two
distributed feedback (DFB) semiconductor lasers (called laser
1 and laser 2) that are coupled mutually, two photodetectors
(PD), a semiconductor optical amplifier (SOA), a passive
Y-shaped waveguide, and a common external mirror. The
optical outputs from both lasers are reflected back by the
external mirror as optical feedback signals. In addition, each
laser’s output is reflected and injected into the other for mutual
coupling. The external mirror provides both feedback and
coupling beams to realize a delayed-shared feedback coupling
scheme [27]. Chaotic oscillations can be generated due to the
nonlinear interaction between the external cavity frequencies
defined by the presence of a delayed feedback, the propagation
frequency between the coupled lasers, and the relaxation
oscillation frequencies of the two lasers.

We fabricated the laser chip with a Y-branch configuration
(see Fig. 1), which results in the asymmetric external cavity
lengths (one-way) of 11.0 and 10.3 mm for laser 1 and 2,
respectively. The corresponding round-trip feedback delay
times Tex ; for thelaseri (i =1 or2) are 0.29 and 0.27 ns, which
are calculated from Tex; = 2nLexti/c, Where Lex; is the
external cavity length (one-way) corresponding to the distance
from the laser to the external mirror, n = 3.9 is the refractive
index of the PIC material, and c is the speed of light in vac-
uum. The corresponding external cavity frequencies fex; =
1/7ext; are 3.4 and 3.7 GHz for laser 1 and 2, respectively. In
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FIG. 2. Scheme of the experimental setup using photonic inte-
grated circuit (PIC).

addition, the one-way coupling delay time between the two
lasers is 0.28 ns, obtained from 7, = n(Lex,1 + Lext.2)/c. The
corresponding coupling frequency f. =1/ 7. is 3.6 GHz.

We cannot measure the relaxation oscillation frequency
precisely, since the laser output are too week to measure
without optical feedback or coupling. We consider that the
relaxation oscillation frequency increases and becomes higher
than the external cavity frequencies (3.4 and 3.7 GHz) as the
injection currents of the DFB lasers are increased. Therefore,
the lasers operate either in the long or the short cavity regime
according to their injection currents.

The variable parameters are the injection currents for laser
1, laser 2, and the SOA. The lasing threshold currents in both
lasers are 12 mA. The feedback strength for laser 2 and the
coupling strength between the two lasers are simultaneously
varied by changing the SOA injection current, while the
feedback strength for laser 1 is fixed. Therefore, the feedback
strengths in laser 1 and 2 are asymmetric. We investigate the
nonlinear dynamics and the corresponding synchronization
state by changing these parameters.

Our experimental setup is presented in Fig. 2. The output
of each laser is converted into an electrical signal by the
photodetectors embedded in the PIC. Each electrical signal is
separated into direct current (DC) and alternating current (AC)
components by a bias tee. The AC component is amplified
using an electrical amplifier (1422-LFCNew Focus, 20 GHz
bandwidth). The electrical signal is detected by a digital
oscilloscope (Tektronix DPO71604B, 16 GHz bandwidth,
50 GigaSample/s) and a RF spectrum analyzer (Agilent
NO9010A, 26.5 GHz bandwidth) to measure the temporal
waveforms and RF spectra of the laser intensities, respectively.
No optical output port is implemented in the PIC.

We calculate the cross-correlation value between the tem-
poral waveforms of laser 1 and laser 2 to quantitatively evaluate
the synchronization quality. The cross-correlation function is
defined as follows:

¢ = (=0 = 10 ~ 1) "
o102

where, 1,(¢) and I,(¢) are the output intensities of laser 1 and
laser 2, respectively. T, and T, are the mean values of I,(¢) and
I>(1). 01 and o, are the standard deviations of /;(z) and I»(z),
respectively. The bracket () represents time averaging. We
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FIG. 3. Experimental observation of chaos synchronization.
(a, c¢) temporal waveforms and (b, d) correlation plots of the two
lasers. (a, b) Asymmetric injection currents: [y /I = 1.0, I,/ I =
4.0. (¢, d) Symmetric injection currents: I, /Iy = 4.0, I/ I, » = 4.0.
The SOA injection current is fixed at Ison = 15.00 mA. The cross
correlation value is calculated using temporal waveforms recorded
on 4 us. The lag times for which the absolute value of the cross
correlation is maximal are (b) —0.42 ns and (d) 0.08 ns.

calculate the maximum absolute value of the cross correlation
C by changing the delay time 7 continuously.

III. CHAOS SYNCHRONIZATION FOR DIFFERENT
INJECTION CURRENTS

Figure 3 shows experimental results of chaos synchroniza-
tion observed in the PIC. The temporal waveforms of lasers
1 and 2 are shown in Figs. 3(a) and 3(c). The correlation
plots between lasers 1 and 2 are shown in Figs. 3(b) and
3(d). I;/I,; denotes the injection currents normalized by the
lasing threshold, where the index i denotes laser 1 or 2. We
set asymmetric and symmetric injection currents in the case
of Figs. 3(a) and 3(b) and in the case of Figs. 3(c) and 3(d),
respectively. In Figs. 3(a) and 3(b), the values of the injection
currents in the lasers are asymmetric and chaos synchroniza-
tion is observed with the high cross-correlation value of 0.933.
By contrast, the two lasers are not synchronized and show
the low cross-correlation value of 0.108 when the injection
currents are symmetric, as presented in Figs. 3(c) and 3(d).
Thus, the cross-correlation value is significantly altered when
changing the symmetry in the injection currents between the
two lasers. We will discuss the relationship between the change
in the dynamics and the degree of synchronization in Sec. IV.

To investigate the conditions of chaos synchronization, we
show a two-dimensional cross-correlation diagram in Fig. 4,
obtained by making the injection currents in the two lasers
vary. When one of the lasers is biased near the lasing threshold,
both lasers are well synchronized and high cross-correlation
values are obtained. In addition, higher correlation is observed
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FIG. 4. Two-dimensional diagram of cross-correlation C be-
tween the two laser outputs in the PIC. The delay time t for the
calculation of C is adjusted in each case to maximize the absolute
value of C. The color scale corresponds to the values of the cross
correlation. The normalized injection current for laser 1 (/; /1) is
changed from 0.5 to 3.5 with 0.5 interval, and that for laser 2 (1, /Iy 2)
is changed from 1.5 to 4.0 with 0.5 interval. The SOA injection current
is fixed at Ison = 15.00 mA. Chaos and LFF dynamics are observed
in this parameter region.

for asymmetric injection currents than for symmetric injection
currents. We interpret that a large discrepancy between the
injection currents of the lasers results in a large gap in their
respective output powers and in the relative coupling beams.
In consequence, synchronization phenomena like what can be
seen under unidirectional coupling conditions can be easily
performed when driving the lasers with asymmetric currents.

IV. FREQUENCY DEPENDENCE OF CHAOS
SYNCHRONIZATION

In this section, we address the question of chaos synchro-
nization when the frequency content of the signals changes. We
investigate the frequency dependence of chaos synchronization
between the original (unfiltered) signals of the two lasers and
their low-pass filtered signals when the cut-off frequency of
the low-pass filter is set to f, = 1 GHz by using a digital
filter. Mainly, we focus on two different dynamics: coherence
collapse chaos and LFF. We base the distinction between
LFF and chaos on spectral considerations. We consider that
the dynamics is LFF when the power of the low-frequency
components (<1 GHz) is higher than the power of the chaotic
components (~few GHz) in the RF spectra. Note that the
average frequency of the LFF dropouts ranges from tens to
hundreds of MHz. We operate in an asymmetric configuration,
in which the injection currents are I, /Iy, = 1.5 and I /I »
=3.5.

Figure 5 shows the temporal waveforms and RF spectra
of the two lasers when the SOA injection current (Ispp) is
changed. We start from a low value of Ispn at 6.00 mA
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FIG. 5. Dynamics for different SOA injection currents Igpa.
(a, ¢, e) Temporal waveforms and (b, d, f) RF spectra. (a, b) Ispa
= 6.00 mA, (c, d) Isps = 25.00 mA, and (e, f) Isoa = 39.00 mA.
The injection currents are I, /1y, = 1.5 and I /Iy, » = 3.5.

[Figs. 5(a) and 5(b)], for which both lasers exhibit chaos
without low-frequency predominance. When Iso4 is increased
to 25.00 mA [Figs. 5(c) and 5(d)], laser 1 still exhibits chaos,
while laser 2 enters a LFF regime, as seen from the gradual
increase of low-frequency components in the RF spectrum
shown in Fig. 5(d). We interpret that the LFF dynamics in
laser 2 is induced by an increase of feedback strength, because
the SOA injection current changes both the mutual coupling
strength and the feedback strength in laser 2. When Isopa is
further increased to 39.00 mA [Figs. 5(e) and 5(f)], both
lasers exhibit LFF dynamics, as can be seen in the increase
of low-frequency components in the RF spectrum of Fig. 5(f).

We investigate the influence of the dynamics on the syn-
chronization state of the high- and low-frequency components
in each signal when the SOA injection current is changed.
Figure 6 shows the temporal waveforms and the correlation
plots between laser 1 and 2 at Isopo = 6.00 mA for the
original signals and the low-pass filtered signals at 1 GHz.
The parameter values of Fig. 6 are the same as those of
Figs. 5(a) and 5(b). We select the delay time t of the cross
correlation function C to maximize the absolute value of
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FIG. 6. Synchronization state at small SOA injection current Isoa
=6.00mA. (a, c) Temporal waveforms and (b, d) correlation plots. (a,
b) Original signals and (c, d) low-pass filtered signals at f, = 1 GHz.
The parameter values correspond to those in Figs. 5(a) and 5(b).

C for each case, and sketch the corresponding correlation
plots. First, when both lasers exhibit fast chaotic oscillations,
in-phase synchronization is observed and high positive cross-
correlation values are obtained between the original signals
and between the filtered signals, as shown in Fig. 6.

Then, we increase the SOA injection current up to 25.00 mA
and observe the temporal waveforms and correlation plots
of the original and filtered signals, as shown in Fig. 7. The
synchronization states show interesting changes. In-phase
synchronization is observed for the original signals, while an-
tiphase synchronization is observed for the filtered signals. The
cross-correlation values are 0.739 and —0.523 for the original
and filtered signals, respectively. In this case, laser 1 exhibits
chaotic oscillations and laser 2 enters the LFF regime [see
Figs. 5(c) and 5(d)]. We found that in-phase synchronization
is observed between unfiltered high-frequency components
and antiphase synchronization is observed between low-pass-
filtered frequency components when one of the lasers shows
chaotic oscillation and the other laser is in the LFF regime.

In Fig. 8, we further increase the SOA injection current up
to 39.00 mA. In this case, the two lasers show LFF dynamics
[Figs. 5(e) and 5(f)]. Antiphase synchronization is more clearly
pronounced both between the original signals and between the
filtered signals when both lasers show LFF dynamics.

In Fig. 9, we present the cross-correlation functions of the
original and filtered signals. The peaks with the maximum
absolute values in Figs. 9(a)-9(c) correspond to the correlation
plots in Figs. 6-8, respectively. For the low SOA injection
current (Isoa = 6.00 mA) in Fig. 9(a), the peak interval of the
cross-correlation function for the original signals corresponds
to the inverse of the peak frequency of the chaotic oscillations
(0.16 ns). The peaks of both the original and filtered signals
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show positive correlation values and in-phase synchronization
is observed.

When the SOA injection current is increased to the
intermediate value [Ison = 25.00 mA in Fig. 9(b)], the
delay time corresponding to the peak of the cross-correlation
function of the original signals does not change and in-phase
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Isoa = 39.00 mA. (a, c) Temporal waveforms and (b, d) correlation
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1 GHz. The parameter values corresponds to Figs. 5(e) and 5(f).
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FIG. 9. Cross-correlation functions for the original signals (red
solid line) and the low-pass filtered signals at 1 GHz (blue dashed
line) of the two laser outputs for different SOA injection currents.
(@) Isoa = 6.00 mA, (b) Isoa = 25.00 mA, and (c) Ison = 39.00 mA.
(a, b, ¢) correspond to Figs. 6, 7, and 8, respectively. The correlation
functions decay to zero when the lag time is over 5 ns (not shown).

synchronization is observed, similarly to Fig. 9(a). However,
the correlation function for the filtered signal is completely
re-shaped and a large negative peak appears at a different delay
time. The maximum absolute value of the correlation function
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for the filtered signals is —0.523. The correlation functions
for the high and low frequency components in Fig. 9(b)
look similar to those reported in systems showing episodic
synchronization [25]. We will discuss the relationship between
our observation and episodic synchronization in Sec. VI.

For the high SOA injection current [Isoa = 39.00 mA
in Fig. 9(c)], the peaks of the correlation function for both
the original and filtered signals have negative values. The
delay time at the peak of the correlation functions is shifted
compared to its position in Fig. 9(a). We speculate that this
shift is due to the occurrence of the LFF dynamics, as seen
in Fig. 8. Therefore, the change in the synchronization state
strongly depends on the change in the laser dynamics. We
give the interpretation that the transition from chaos to LFF
involves dynamical changes, introducing a new timescale
corresponding to the irregular power dropouts visible in the
time traces and characteristic of the LFF dynamics. This
timescale is represented by the emergence of low-frequency
components of relatively high amplitude in the spectra. The
existence of this additional slow dynamics to the previous
background of fast chaotic oscillations causes drastic changes
in the synchronization properties between the lasers.

We discuss how the lag time of the correlation function
changes with the change in the SOA injection current in
Fig. 9. The chaotic waveform is re-shaped into LFF dynamics
as the SOA injection current is increased. The lag time of
the correlation is related to the fundamental time involved
in the dynamics. For the original signal, a sharp peak
appears in the correlation function at —0.4 ns in Fig. 9(a),
indicating that laser 2 is leading laser 1. Besides, small peaks
surrounding the high sharp peak are also observed. The time
interval of the peaks corresponds to the average period of the
chaotic oscillations. As the SOA injection current is increased,
although the position of the peaks does not change, the position
of the maximum peak is shifted to the next neighboring peak
in the correlation function. These peaks in the correlation
function disappear as the dynamics is shifted from chaos
to LFF. For the high SOA current of Fig. 9(c), the LFF
dynamics becomes dominant and the sharp peaks vanish. For
the filtered signal, the lag time for the maximum correlation is
continuously changed with the increase of the SOA injection
current, and the peak interval of the correlation function
roughly corresponds to the average period of the LFF power
dropouts. This result indicates that the continuous change of
the LFF dynamics can be interpreted in terms of evolution of
the correlation function for the filtered signal.

V. RELATIONSHIP BETWEEN SYNCHRONIZATION
AND DYNAMICS

We change the SOA injection current continuously to
investigate the synchronization property for high and low
frequency components. Figure 10 shows the evolution of the
peak of the cross-correlation value for both the original and
filtered signals when the SOA injection current Igoa is changed
and for the injection currents equal to I;/ly; = 1.5 and
/I » = 3.5. Figure 10 includes the results of Figs. 6, 7,
and 8. We plotted the maximum of the absolute value of the
cross-correlation function by changing the delay time t for
the calculation of C because the delay time corresponding to
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FIG. 10. Evolution of the cross-correlation value and dynamical
states of the two lasers when the SOA injection current I is changed
continuously for the original signals (red solid line with circles) and
the low-pass filtered signals (blue dotted line with triangles). The gray
region corresponds to loss of synchronization.

the peak value changes for different frequency components
and different parameter values (see Fig. 9). The dynamics of
each laser are also shown in the upper part of Fig. 10, and
the change in Ispa results in the change in the dynamics. We
define in-phase and antiphase synchronization regions when
C 2 0.5and C £ —0.5, respectively. In addition, we define the
region of loss of synchronization where the cross correlation
value C ranges in —0.5 < C < 0.5 (the gray region in Fig. 10).

First, we discuss the influence of the laser dynamics on
the synchronization state by changing Isoa. Figure 10 shows
that the synchronization state switches between in-phase and
antiphase synchronization, as a result of the change in the
laser dynamics. When chaotic dynamics are dominant in both
lasers (0 mA < Isoa < 10 mA, see the upper part), in-phase
synchronization is observed for both the original and the
filtered signals. When LFF dynamics are dominant in both
lasers (31 mA < Isoa < 50 mA), antiphase synchronization is
obtained for the filtered signals, while loss of synchronization
with low negative correlation values is observed for the original
signals. When LFF dynamics is dominant in laser 2 and
coherence collapse chaos is exhibited in laser 1 (21 mA <
Isoa < 31 mA), in-phase synchronization is observed for the
original signals, while anti-phase synchronization is observed
for the filtered signals. Therefore, we understand that the
low-frequency components of LFF dynamics influence the
synchronization properties. This fact reveals the dependence
of the synchronization properties on the respective dynamics
of the lasers.
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FIG. 11. Evolution of the cross-correlation value and dynamical
states of the two lasers when the SOA injection current is changed con-
tinuously for the original signals (red solid line with circles) and the
low-pass filtered signals (blue dotted line with triangles). We set dif-
ferent injection currents for laser 2: (a) I,/ In» =5.0and (b) I/ I » =
2.0. The injection current for laser 1 is fixed at 1,/Iy,; = 1.5. The
gray region corresponds to loss of synchronization.

Next, we investigate the evolution of the cross correlation
for different injection currents in order to discuss the univer-
sality of the phenomenon shown Fig. 10. We only change
the injection current in laser 2 (/»/In2), and we keep the
injection current in laser 1 fixed (I;/I,; = 1.5). In Fig. 11(a),
when the injection current in laser 2 is large (I»/I > = 5.0),
chaos synchronization is achieved and high cross correlation
values are shown for all values of Isoa for both the original
and filtered signals. We found that high correlation can be
achieved for very asymmetric injection currents. On the other
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hand, in Fig. 11(b), when I/l > is small (I2/In, = 2.0),
synchronization is hardly observed and the cross correlation
values are within the region of loss of synchronization for most
parameter values.

We interpret that the balance of the injection currents of
the two lasers is important to observe dynamics-dependent
synchronization, as seen in Figs. 10 and 11. Synchronization
is achieved when one of the lasers’ injection current (and
the optical injection power) is much larger than the other’s
[Fig. 11(a)]. However, loss of synchronization is found when
the two lasers are driven with similar values of injection
currents [Fig. 11(b)]. In the middle, dynamics-dependent
synchronization can be observed in the transition from loss
of synchronization to synchronization under intermediate
coupling strength conditions (Fig. 10). We understand that
in this system with mutually coupled lasers, the important
parameters ruling the phenomenon of dynamics-dependent
synchronization are the intermediate coupling strength, the
asymmetric feedback strengths and the asymmetric injection
currents.

VI. DISCUSSION

We discuss the fact that asymmetric system configurations
and parameter settings are important to observe dynamics-
dependent synchronization. In our PIC, both the coupling
strength and the feedback strength in laser 2 are changed
simultaneously when the SOA injection current is changed,
while the feedback strength in laser 1 is always constant
(see Fig. 1). The dynamics of laser 2 switches from chaos
to LFF with the increase of the feedback strength, while
laser 1 is kept in a chaotic state due to its fixed feedback
strength. The coupling between these asymmetric dynamical
behaviors induces a coexistence of in-phase and antiphase
synchronization for high- (chaos) and low-frequency (LFF)
components, respectively. This feature illustrates the fact
that under intermediate coupling conditions, two dynamics
of different nature can simultaneously induce in-phase and
antiphase synchronization on distant frequency ranges. The
experimental analysis reported here reveals the dynamical
conditions under which these two types of synchronization
coexist.

Another important feature is that we speculate that
dynamics-dependent synchronization appears due to the tem-
poral change in the optical frequency detuning between the
two lasers. The analysis of temporal change in the optical
frequency detuning has been carried out in coupled laser
systems, as reported in Refs. [24,25] and known as episodic
synchronization. Episodic synchronization is induced by the
existence of LFF dynamics in which the locking of the optical
frequencies are perturbed and short-term cross-correlation
fluctuates in time [24]. The dynamical features presented
here may suggest a phenomenon of episodic synchronization,
since we found that the cross-correlation function of Fig. 9(b)
resembles the results presented in Ref. [25].

The information provided in the optical spectra are also
very valuable to understand the origin of dynamics-dependent
synchronization. However, we cannot experimentally access
the optical spectra of the lasers in our PIC, since it has
no optical output port (see Fig. 1). Therefore, we will
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numerically investigate the effects of the optical frequency
detuning, asymmetric external cavity lengths and feedback
strengths to analyze the mechanism of dynamics-dependent
synchronization in our future work. In particular, we will
numerically focus on the situation in which the optical
coupling strength and the feedback strength in laser 2 are
dependent, through a common and simultaneous amplification
by the SOA, as it is the case in our experiment. We will also
investigate the importance of short cavity configurations to
observe dynamics-dependent synchronization.

VII. CONCLUSION

We investigated chaos synchronization in a photonic
integrated circuit with two mutually-coupled semiconductor
lasers. We applied a low-pass filter with the cut-off frequency
of 1 GHz to the laser output signals in order to separate
between low and high frequency components. We investi-
gated the frequency dependence of chaos synchronization
between the original and the low-pass-filtered signals. We
observed in-phase synchronization between high-frequency
components and anti-phase synchronization between low-
frequency components, when one of the lasers shows chaotic
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oscillations while the other laser exhibits the LFF dynamics.
This result reveals dynamics-dependent synchronization in
mutually coupled lasers exhibiting different dynamical prop-
erties. Dynamics-dependent synchronization can be observed
at intermediate coupling strengths with asymmetric feedback
strengths and injection currents conditions, inducing different
dynamical behaviors in the lasers. We consider that this
phenomenon is universal and can be observed in a variety
of asymmetrically coupled nonlinear dynamical systems.

PICs are promising technological devices for robust inves-
tigation of dynamics and chaos synchronization in coupled
laser systems. The recent extension of the number of lasers on
PICs is a promising technological tendency to observe more
complex dynamics and different synchronization states in laser
network systems [10-15], especially when short coupling
timescales are involved.
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