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Abstract—We investigate the frequency dependence of
chaos synchronization in a photonic integrated circuit with
mutually-coupled semiconductor lasers. We calculate the
cross-correlation between the two temporal waveforms of
the two laser outputs with a low-pass filter. In-phase syn-
chronization is observed between chaotic temporal wave-
forms of the two lasers. On the contrary, anti-phase
synchronization is observed when the lasers exhibit low-
frequency fluctuations (LFF).

1. Introduction

Coupled nonlinear systems show a large variety of dy-
namics. Recently, chaos synchronization in semiconduc-
tor lasers with delayed optical feedback has been studied
for applications in secure key distribution [1, 2]. When
two semiconductor lasers are mutually coupled, the output
of these lasers show chaotic temporal oscillations whose
dominant frequency corresponds to the inverse of twice the
coupling time delay [3]. The chaotic temporal waveforms
can be synchronized to each other with the time lag of the
coupling delay time. In addition, anti-synchronization of
low-frequency fluctuations (LFF) has been observed [4].
Episodic synchronization also has been reported when op-
tical frequency detuning is changed [5].

The dynamics and synchronization in mutually-coupled
semiconductor lasers have been investigated intensively for
long coupling lengths (> 100 mm). On the contrary, pho-
tonic integrated circuits (PICs) have been proposed re-
cently as monolithically integrated optical systems suit-
able for physical random number generation [6, 7]. How-
ever, the study of chaos synchronization for short coupling
lengths in mutually coupled lasers has few reports. Syn-
chronization has been performed in a particular case of two
lasers exhibiting periodic oscillations in a photonic inte-
grated circuit [8]. Nevertheless, nonlinear dynamics and
chaos synchronization in a PIC with two mutually-coupled

semiconductor lasers with short coupling length (∼ 10 mm)
have not been reported yet. It is important to investigate
chaos synchronization and nonlinear dynamics in a pho-
tonic integrated circuit with mutually-coupled semiconduc-
tor lasers.

In this study, we investigate chaos synchronization in a
PIC with two mutually-coupled semiconductor lasers. We
focus on the dependence of the synchronization quality on
different frequency components by using a low-pass filter
in the LFF regime.

2. Experimental setup

We present the configuration of our photonic integrated
circuit with mutually-coupled semiconductor lasers in Fig.
1. In this PIC, two semiconductor lasers, two photodetec-
tors, a semiconductor optical amplifier (SOA), and an ex-
ternal mirror are monolithically integrated. The lasers are
mutually coupled via the external mirror. In addition, each
laser is subjected to its own optical feedback, and the cor-
responding external cavity lengths are 11.0 mm for laser 1
and 10.3 mm for laser 2, respectively. The parameters of
the PIC are the injection currents for the laser 1, and laser
2, whose lasing threshold currents are 12.0 mA. In addi-
tion, we can change the feedback strength of laser 2 and
the coupling strength between the two lasers through the
SOA injection current.

Laser 1
Mirror

PD

PD Laser 2 SOA

Figure 1: Schematics of photonic integrated circuit.
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3. Frequency dependence of synchronization in LFF
regime

The LFF dynamics consists of high-frequency chaotic
oscillations and low-frequency intensity dropouts [9, 10].
We apply a low-pass filter to the laser output signals to
separate these two dynamics. We calculate the cross cor-
relation between the temporal waveforms of the laser 1
and 2 after filtering of the two laser outputs to evaluate the
synchronization quality for different cut-off frequencies (1
GHz and 16 GHz) of the low-pass filter.

Figure 2 shows the temporal waveforms and the correla-
tion plots of the output of the two lasers when the cut-off
frequencies of the low-pass filter are set to 16 GHz (top)
and 1 GHz (bottom), respectively. When the signals are
filtered at 16 GHz, the lasers show in-phase synchroniza-
tion. However, the lasers show anti-phase synchroniza-
tion when the 1 GHz filter is applied. We found that the
cross-correlation between the two lasers indicates a nega-
tive value for the filtered signals, while this value is positive
for the unfiltered signals.
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Figure 2: (a),(c) Temporal waveforms and (b),(d) correla-
tion plots. The cut-off frequency of the low-pass filter is
(a),(b) fc = 16 GHz and (c),(d)fc = 1 GHz. In-phase syn-
chronization is observed at high frequency components and
anti-phase synchronization is observed at low-frequency
components.

Figure 3 shows the dynamics and synchronization state
between both lasers when the SOA injection current (IS OA)
is changed. We start from a low value ofIS OA of 6.00 mA
(Fig. 3(a)(d)), for which both laser 1 and laser 2 exhibit
chaos without low-frequency predominance. WhenIS OA is
increased to 25.00 mA (Fig. 3(b)(e)), Laser 1 still exhibits
chaos, while Laser 2 enters a LFF regime, as seen from the
increase of low-frequency components in the RF spectrum.
When IS OA is further increased to 39.00 mA, both lasers
exhibit LFF dynamics. Thus, changing the SOA injection

current induces a change in their dynamics.
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Figure 3: (a)(b)(c) Temporal waveforms and (d)(e)(f) RF
spectra when the SOA injection current is changed. (a)(d)
IS OA= 6.00 mA, (b)(e) 25.00 mA, and (c)(f) 39.00 mA

Figure 4 shows the evolution of the peak of the
cross-correlation value when the SOA injection current is
changed, filtered at 1 and 16 GHz. This figure corresponds
to the results of Fig. 3. We also calculate the maximum of
the absolute value of the cross-correlation value for each
signal because the delay time indicating the peak value
changes when the cut-off frequency is changed. We discuss
the dependence of the synchronization of LFF dynamics
between the two lasers on the cut-off frequency of the low-
pass filter. The change in the coupling strength between the
two lasers results in the change in their temporal dynamics.
When chaos content is dominant in both lasers (0 mA≦
IS OA≦ 10 mA), in-phase oscillations are observed for both
cases of 16 GHz and 1 GHz filters. When low-frequency
content is dominant in both lasers (31 mA< IS OA ≦ 50
mA), anti-phase synchronization are obtained. When low-
frequency content is dominant in one of the two lasers (21
mA ≦ IS OA≦ 31 mA), in-phase synchronization is observed
when filtered at 16 GHz while anti-phase synchronization
is obtained when filtered at 1 GHz. The synchronization
state is dependent on the dynamics of each laser. There-
fore, we understand that the low-frequency components of
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LFF influence anti-phase synchronization.
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Figure 4: Cross-correlation value when the SOA injection
current is changed.

4. Numerical simulations

We investigate numerical simulations with the rate equa-
tions known as the Lang-Kobayashi equations [11] in order
to reproduce the experimental results as well as to give the-
oretical explanation. The Lang-Kobayashi equations are
written as follows:

dE1,2(t)
dt

=
1+ iα

2

[
GN(N1,2(t) − N0)

1+ ϵ|E1,2(t)|2 − 1
τp

]
E1,2(t)

+κ1,2E1,2(t − τ1,2) exp(−iω1,2τ1,2)

+κin j [E2,1(t − τin j) exp[i(∆ωt − ωτin j)](1)

dN1,2(t)
dt

= J1,2 −
N1,2(t)
τs

− GN(N1,2(t) − N0)

1+ ϵ |E1,2(t)|2 |E1,2(t)|2 (2)

WhereE andN are the complex electric field and the car-
rier density, respectively.τ1,2 andκ represent the feedback
delay time and strength.τin j andκin j represent the coupling
delay time and strength.α is the linewidth enhancement
factor,J is the laser injection current,GN is the gain coef-
ficient, N0 is the carrier density at transparency,τp andτs

are the photon and carrier lifetimes.ϵ is the gain saturation
coefficient. ∆ω is the detuning of the optical angular fre-
quencies between the two lasers. The parameter values are
set as follows:J1 = 1.02 J1,th, J2 = 1.10 J2,th, κ1 = 0.349,
κ2 = 0.099,κin j = 0.067,τ1 = 0.29 ns,τ2 = 0.27 ns, andτin j

= 0.28 ns.
We investigate the synchronization state on different fre-

quency components by using the low-pass filter. Figure 5

shows the temporal waveforms, correlation plots, and RF
spectrum for the outputs of both lasers. The cut-off fre-
quencies are set to 16 GHz and 1 GHz in Fig. 5(a)(b) and
Fig. 5(c)(d), respectively. In-phase synchronization is ob-
served at high-frequency components, however, anti-phase
synchronization is observed at low-frequency components.
We focus on the RF spectrum in Fig. 5(e). The high-
frequency components are dominant for laser 1, while the
low frequency components are dominant for laser 2, simi-
lar to Fig. 3(b)(e). Therefore, the numerical result agrees
well with the experimental result of Fig. 2 and 3.
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Figure 5: Numerical results of (a),(c) temporal waveforms,
(b),(d) correlation plots, and (e) fast Fourier transform
(FFT). The cut-off frequencies of the low-pass filter are
(a)(b) 16 GHz and (c)(d) 1 GHz. In-phase synchronization
is observed at high frequency components and anti-phase
synchronization is observed at low-frequency components,
similar to the experimental results in Fig. 2.

5. Conclusions

We investigated chaos synchronization in a photonic in-
tegrated circuit with two mutually-coupled semiconductor
lasers. We applied a low pass filter with the cut-off fre-
quency of 16 GHz or 1 GHz to the laser output signals to
separate these two dynamics. We observed in-phase syn-

- 564 -



chronization at high-frequency components and anti-phase
synchronization at low-frequency components. This result
reveals the frequency dependence of chaos synchroniza-
tion in the photonic integrated circuit with two mutually-
coupled lasers. This phenomenon can be observed for in-
termediate level of the coupling strength and asymmetric
optical-feedback for the two semiconductor lasers. The nu-
merical results agree well with the experimental results.
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