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Abstract—We present the bifurcation cascade leadindpy is shorter than the relaxation oscillation period [7].
to self-pulsing dynamics in a semiconductor laser embed- We focus here on one kind of nonlinear dynamics spe-
ded in a photonic integrated circuit. The mechanism datific to short cavity regimes, namely self-pulsation: state
the origin of the self-pulsations is explained by a phein which the emitted intensity shows harmonic oscillations
nomenon of beating between external cavity modes anérsus time. Self-pulsation has been first reported theo-
anti-modes. This dynamics is specific to lasers subjectedtically [8], and has later been analyzed experimentally
to time-delayed optical feedback from a short external cawa lasers with ultra-short external cavity [9, 10]. In such
ity, in which the feedback delay is shorter than the laseshort-cavity configurations, self-pulsation can be generated
relaxation oscillation period. On the basis of experimentdtom a beating between external cavity modes and anti-
observations and numerical studies, we show that increasodes. This beating results in a self-pulsing dynamics at a
ing the feedback strength causes the laser to exhibit a sdrequency determined by the frequency distribution of the
cession of self-pulsing dynamics at frequencies increasimgodes and the anti-modes.We present an experimental ob-
up to 17 GHz. Moreover, we demonstrate that the mechaervation of the bifurcation scenario showing self-pulsation
nism underlying this dynamics is a migration of limit cyclesoriginated by a beating between successive pairs of modes
through successive modes in the phase space, which feexd anti-modes and discuss the evolution of the pulsing fre-
guencies are determined by the distribution of the modegiency as the feedback strength increases.
and anti-modes. Simulations using the Lang-Kobayashi
model show good qualitative accordance with the exper'b—
mental observations and allow to understand the frequency
interval in which self-pulsations can be observed.

Experimental observation of self-pulsation in PIC

Our PIC consists of a distributed feedback semiconduc-
tor laser bounded by a photodiode and a 2.3-mm long active
1. Introduction external cavity composed of two independent semiconduc-

tor optical amplifiers and a passive waveguide ended by

The interesting properties of the rich nonlinear dynamica reflector. The external cavity frequengy, is close to
of semiconductor lasers with optical feedback are nowd7 GHz. The relaxation oscillation frequenéyo ranges
days commonly used for optical communication and signdtom 2.3 to 7.4 GHz, according to the laser injection cur-
processing [1]. Recently, studies of nonlinear dynamiceent. This fulfills the short external cavity condition, since
in Photonic Integrated Circuits (PICs) have been thrivindcay > fro [7].

[3, 4]. Due to their compactness and their high phase sta- Experimental results are presented in Fig. 1, where a
bility, the suitability of PICs for chaos generation or lasetransition from steady state to self-pulsation is seen as the
coupling in applications in the fields of fast random bit genfeedback strength is increased, by adjusting the injection
eration or telecommunications has been evidenced [5, &urrent in one of the optical amplifierddox). The laser
Another fundamental interest of PICs is the fact that theinjection current is indicated by its normalized value with
are suitable to study lasers subjected to feedback in shoesspect to threshold/ Jy,, whereJy, = 13 mA. In Fig. 1,
external cavity configurations, i.e. when the feedback dehe value ofl/ Jy, is equal to 1.0. The scenario starts when
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Figure 3: Simulated RF spectra. Spectra (c.2) and (c.3)

. . . . illustrate the frequency contents of traces in Figs. 4.(a.2
Figure 1. Experimental observation of self-pulsing dynam;, q y 9 (@2)

. ) X 4.(a. ively.

ics whenJ/Jyx=1.0 for increasing values dksox: (a-b.1) and 4.(a.3) respectively.

9.60 mA, (a-b.2) 10.25 mA, (a-b.3) 10.53 mA and (a-b.4)

11.40 mA. The temporal waveforms (left) and the RF spe@®. Numerical analysis of bifurcation to self-pulsation

tra (right) have been vertically shifted for clarity. . ] )
We carry out simulations making use of the Lang-

[[] steady state [ Self-pulsation [_]Quasi-periodicity [ ]intermittency Kobayashi rate equations [2] in order to give a theoretical
cyclel  cycle2 cycle3 explanation of the bifurcation cascade and mechanism un-
S i ' derlying self-pulsation:
dE) _ I1[Gn(N(-No) 1
0 5 10 15 20 25 a2 [ L B0 Tp] W
Feedback strength: Jsoa1 [mA] +  kE(t - )cos(O(t))
Figure 2: Experimental bifurcation diagram showing three do) _ o« [GN (N(®) = No) i] @)
dynamical cycles of self-pulsations seen when increasing dt 2] 1+eE2(Y) Tp
Json for J/ i fixed to 1.0. The colors correspond tdfdi- C e E(t-1) sin(O(1)
ent dynamics: grey is steady state, green is self-pulsation, E(t)
blue is quasi-periodicity. Yellow is a peculiar intermittent
regime which is not discussed here. The region labejed dN(t) I N()  Gn (N(t) — No) E2() 3)
cle 1corresponds to the scenario presented in Fig. 1. da Ts 1+ eE2(t)
Ot) = wr+o(t)-d(t-1) (4)

the laser operates in steady state (Fig. 1.(a.1)). As the
feedback strengthl§ o) is gradually increased, a bifurca- In these equationll, E and® are respectively the carrier
tion occurs and this steady state gives way to self-pulsatiaensity, the electric field amplitude and the electric field
(Fig. 1.(a.2)) at the frequency of 14.1 GHz. If the feedphasexr ps anck represent the feedback delay and strength.
back strength is further increased, a new frequency rises=3 is the linewidth enhancement factdris the laser in-
upon the harmonic background, inducing a transition t@ection currentGy is the gain cofficient, Ny is the carrier
quasi-periodicity (Fig. 1.(a.3)). In the corresponding RFlensity at transparency, andrs are the photon and carrier
spectrum, (Fig. 1.(b.3)) the peak at 14.3 GHz is the renlifetimes. € is the gain saturation cfficient. The delay
iniscence of the frequency of the self-pulsation and corrés equal to 59 ps and corresponds to our experimental value
sponds to the fast dynamics in the time trace. A secorf f.,,=17 GHz. The parametdR is used to quantify the
peak stands in the region of low frequencies (1.36 GHZEedback strength and can be seen as a reflectivitfficoe
and corresponds to the newly-emerged slowly-varying emient. It is defined by = (1 — R%)R/(Tin R2), whererj, and
velope shaping the time trace in Fig. 1.(a.3). A furtheR, are respectively the photon round-trip time in the laser
increase ofJspx causes this quasi-periodic dynamics tdnternal cavity and the reflectivity céiecient of the laser
collapse and the laser to recover steady state (Fig. 1.(a.4Qutput facet. The dynamics of the photons and the carriers
As the feedback strength increases, these three siethe active external cavity is not taken into account in the
cessive dynamics [steady state, self-pulsation and quakang-Kobayashi model. Our aim is to understand the gen-
periodicity] shape a dynamical cycle, reproducing itseléral mechanism at the origin of self-pulsation, which can
several times. This observation is illustrated in Fig. e well rendered with this simple model. Yet it is worth to
where an experimental bifurcation diagram obtained whemention that analysis using the more sophisticated model
varying Jsoa from O to 25 mA is represented. In this of the so-called Traveling Wave Equations have been car-
diagram, the scenario [steady state (grey), self-pulsatigied out, showing good quantitative compliance with exper-
(green), quasi-periodicity (blue)] is reproduced three timesmental observations [10].
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5 1s i-(ag) ] frequencies (Fig. 3.(c.3)). The fast dynamics is represented
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g nomenon of beating between the mode and the anti-mode.
I A E Itis represented in the temporal waveform in Fig. 4.(a.3) by
0 T : = . oy : the fast oscillations. The slow dynamics (slowly-varying
Time [ns] envelope) is represented by the peak at 1.34 GHz in Fig.
Phase trajectories 3.(c.3). It corresponds to the speed at which the phase tra-
105f(b.1) o Fb2) o 7 jectory switches between the two attractors located at the
o | antimode2 vicinities of mode 1 and anti-mode 2 (Fig. 4.(b.3)). Even-
7 100} anti-mode 1 ¥ iemode1 © tually, if the feedback strength is further increased, those
E . \ . two attractors end up by collapsing and the laser gets stabi-
E osf ™ mode 1 bl =7 modet ] lized to a new steady state (mode 2 in Fig. 4.(b.4)). Now,
> S J330Hz if the feedback strength further increased, the same three-
g o A 70 step-scenario will be reproduced, starting from the current
e animode 2 ° ' ° mode and revealing successive self-pulsation and quasi-
F antrmode1 e ¥ antmodel o periodicity with attractors migrating towards the maximum
© 10 \ gain mode as new pairs of modes and anti-modes are cre-
_ antimode2 ated. This is illustrated in Fig. 5 with a numerical bifur-
%) L% model T % e mode1 ] cation diagram showing regions of self-pulsing states and
¢ mode2 m mode 2 quasi-periodicity of increasing amplitude. The scenario il-
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Figure 4: Simulated scenario of self-pulsing dynamics. Since we understand that the frequency spacing between
J/Jn=1.5. Temporal waveforms (vertically shifted for clar-€xternal cavity modes increases with the feedback strength,

ity) and the corresponding phase trajectories in the carrift® Self-pulsing frequency is expected to evolve alike.
density versus optical frequency shift space are presented

as the feedback strengRis increased: (a-b.1R=0.35, . %0 ' ' ' '
(a-b.2)R=0.42, (a-b.3R=0.43 and (a-b.4R=0.46. In the £ 25 pQuasi-periodicity 3
phase trajectories, the external cavity modes (anti-modes) 5 _gizz”'zfatt'gn \ é A ]
are represented by dots (circles). o Y \ ‘ /s /]
S, 15 ¢ , ]
Ay
The simulated dynamical scenario is shown in Fig. 4. & 10 /L L
Modes (black dots) and anti-modes (circles) correspondre- & 5F— ]
spectively to stable and unstable solutions of steady inten- = 0 ) ) ) .
sity in the Lang-Kobayashi equations and are the the ba- 0 0.2 0.4 0.6 0.8 1
sis of the phenomenon of magdati-mode beating. The Feedback strength R

RF spectra corresponding to the self-pulsation and quasi-

periodicity are given in Fig. 3. The sequence of qualiFigure 5: Simulated bifurcation diagram showing suc-
tatively different dynamics starts with a first steady stateessive cycles of [steady state, self-pulsation, quasi-
(Fig. 4.(a-b.1)). When increasing the feedback strengtipgeriodicity] for J/J»=1.5.

the system undergoes a bifurcation leading to a self-pulsing

dynamics (Fig. 4.(a-b.2)). Self-pulsation is explained by &igure 6 presents the experimental and numerical evolu-
beating between a given mode (mode 1) and the anti-motien of the self-pulsing frequencieds) as the feedback
belonging to the next pair of mo@mti-mode (anti-mode strength increases. The curves show a general increase of
2). The frequency dierence between the beating modedhe frequency which is first rapid but gradually slows down.
and anti-mode determines the self-pulsing frequerigy)( We understand from Fig. 6 that this increasing evolution
In the example of Fig. 4.(b-2), the frequency separatiois limited by the value off.,, which acts as an asymp-
between mode 1 and anti-mode 2 equals 13.3 GHz. Aste to the curves. As a consequence, for a given exter-
a consequence, the peak corresponding to the self-pulsingl cavity length, the self-pulsing states can be seen puls-
dynamics is located at 13.3 GHz in Fig. 3.(c.2). Then ifng at frequencies up to the value &f, without reaching

the feedback strengtR is increased again, this limit cy- it, though. We noticed both in the experiment and with
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