
HAL Id: hal-04708301
https://cnrs.hal.science/hal-04708301v1

Submitted on 24 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Multiplet cascade in a semiconductor laser with
optoelectronic feedback

Md Shariful Islam, A. Kovalev, G. Danilenko, E. Viktorov, D. Citrin,
Alexandre Locquet

To cite this version:
Md Shariful Islam, A. Kovalev, G. Danilenko, E. Viktorov, D. Citrin, et al.. Multiplet cascade
in a semiconductor laser with optoelectronic feedback. Applied Physics Letters, 2024, 124 (22),
�10.1063/5.0209837�. �hal-04708301�

https://cnrs.hal.science/hal-04708301v1
https://hal.archives-ouvertes.fr


Multiplet Cascade in a Semiconductor Laser with Optoelectronic
Feedback

Md Shariful Islam,1, 2 A. V. Kovalev,3 G. O. Danilenko,3 E. A. Viktorov,3 D. S. Citrin,4, 2 and A. Locquet4, 2

1)Georgia Tech-CNRS IRL 2958, Georgia Tech-Europe, 2 Rue Marconi, 57070 Metz, France
2)School of Electrical and Computer Engineering, Georgia Institute of Technology, Atlanta,Georgia 30332-0250,
USA
3)ITMO University, Birzhevaya Liniya 14, 199034 Saint Petersburg, Russia
4)Georgia Tech-CNRS IRL 2958, Georgia Tech Europe, 2 Rue Marconi, 57070 Metz, France

(*Electronic mail: avkovalev@itmo.ru)

(Dated: 24 September 2024)

We report experimentally and theoretically a dynamical scenario involving the formation of pulse multiplet structures,
i.e., configurations of two, three, and more pulses per roundtrip, in a semiconductor laser with positive optoelectronic
feedback. The delayed feedback loop includes a cascade of two band-limited amplifiers with nonlinear saturation of
sigmoid type. The multiplets appear subcritically in the vicinity of the lasing threshold, resembling gain-switched
operation, and evolve with the injection current.

Bursting dynamics are widespread in chemical and bi-
ological systems, and have attracted significant interest in
neuroscience1. In laser physics, a bursting mode in high
power lasers in the form of time periodic regular nonequidis-
tant pulsations of the laser output has been observed and has
been used to increase the rate of laser ablation2,3, and, in par-
ticular, micro-drilling4,5, high-speed imaging6, and distance
measurements7. Typically, the bursting regime in high power
lasers is achieved by either Q-switching or cavity dumping
and can employ additional amplification for higher pulse en-
ergy. In semiconductor lasers, by contrast, the bursts of pulses
can be obtained by using optical injection in combination
with gain-switched operation8, or in a dual-state quantum-
dot laser9. Passively mode-locked pulses can also be trans-
formed into bursts of pulses also known as lasing localized
structures10. Symmetry-broken states of pulsations have re-
cently been considered in a semiconductor laser with a sat-
urable absorber and incoherent delayed feedback11.

Gain-switching is a well established technique to gen-
erate pulsations from semiconductor lasers12 with appli-
cations in microwave photonics13,14 and integrated soliton
microcombs15. A gain-switching mechanism can be achieved
around the laser injection threshold (Jth) utilising positive op-
toelectronic (OE) feedback where the current from the OE
loop is added back to the injection current (J), resulting in
pulsations16 and rich nonlinear dynamics17. Self-pulsing of
a quantum dot-based, monolithically integrated microlaser-
microdetector assembly with on-chip optoelectronic feedback
was reported in Ref. 18, and was addressed to the thermal
effects in the gain medium. However, gain-switching with
semiconductor lasers is relatively sparsely explored compared
to the region of undamped relaxation oscillations that ap-
pear well above Jth

19. As can be seen from the extensive
work on the latter with both positive and negative OE feed-
back, in which numerous subharmonic and frequency-locked
states have been explored, the wide range of applications of
this technology, particularly in optical communications, is
evident20–24.

In this Letter, we experimentally and theoretically con-
sider a semiconductor laser with a filtered positive OE feed-

back containing nonlinear saturation in the electronic part of
the loop. We observe a regime of delay-periodic multiplets
around the lasing threshold which is intrinsically interesting
for studying their rich nonlinear dynamics as well as to ob-
tain a new type of optical pulse train. We identify the phys-
ical mechanism underlying the initial formation of multiplets
based on a model previously used to describe optical square-
wave generation and accounting for filtering and nonlinear
saturation in the delayed OE feedback loop25. The pulse mul-
tiplets with tailored pulsed dynamics explored here are of in-
terest for use, e.g., in a regenerative memory26 and spiking
encoding27 for neuromorphic data processing, as a bursting
illumination laser in high-accuracy lidars28, and as master
oscillator sources in burst-seeded MOPA (Master Oscillator
Power Amplifier) configuration29.

A telecom laser diode (LD) operating at 1550 nm with
anti-reflection coated front facet and low beam divergence
is used for the experiment. The edge-emitting single-mode
DFB structure is based on InGaAsP/InP strained-layer mul-
tiple quantum wells. This unpackaged LD is convenient for
measuring and modulating the injection terminal voltage at
a high frequency by an external signal source or optoelec-
tonic feedback. The LD is thermally stabilized (Thorlabs
TED200C) and driven by a regulated current source (Thor-
labs LDC201CU). The external slope efficiency, defined as the
change in light output per unit of J above Jth, is 0.22 mW/mA,
where Jth is ∼ 20 mA for the free-running LD at room temper-
ature. The time-delayed OE feedback modifies the threshold
based on the level and sign of the feedback signal. We observe
the formation of multiplets in the vicinity of the free-running
threshold value.

To construct the OE feedback loop, the LD output passes
through a 50/50 beam splitter (BS). One output from the BS
goes to a photodetector (PD), with an optical isolator to block
back reflections into the LD. The other BS output, leads to an
optical spectrum analyzer. The feedback strength is controlled
by attenuating the beam before the PD. The feedback strength
is measured as the ratio between the root-mean-squared value
of the current fed back and the laser injection current (see
Ref. 17 for details). In this work, the attenuation was fixed,
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and the resulting feedback strength was about 20% for the op-
eration regime where multiplets are detected, analyzed in this
paper.

The output of the PD is amplified with a cascade of two
30-dB amplifiers (Microsemi UA0L30VM, 100 kHz–30 GHz)
followed by a 12-dB attenuator (Minicircuts BW-S6W2+,
DC-18 GHz) before heading to the LD injection terminals
through the bias tee (BT, 10 MHz–26.5 GHz bandwidth). Of
note, the amplifiers function within a range in which saturable
nonlinearity is experienced, i.e., they clip the amplitude of
the feedback signal once the input signal surpasses the sat-
uration point. The attenuator placed after the amplifier cas-
cade serves to limit the intensity of the feedback signal to a
level that prevents damaging the LD. The DC-arm of the BT
is fed by J, and the feedback signal feeds the AC-arm. The
electrical signal is measured with an oscilloscope (12-GHz
bandwidth, 40 GSa/s) after the PD. The low-noise amplifier
in the PD is inverting as well as the two 30-dB amplifiers in
the electronic portion of the OE feedback loop, constituting
a net negative feedback signal. The LD architecture is anode
grounded which leads to an overall positive sign of the feed-
back since injection-terminal voltage as well as the feedback
signal have the same polarity. The overall delay τ in the OE
loop is 33.64 ns. The delay is measured by directly injecting
a square pulse from an external source through the AC-arm
of BT and monitoring the output at the end of the electronic
branch under open-loop conditions. The upper cut-off fre-
quency of the OE loop is limited to 12 GHz by the PD and
the lower cut-off frequency is set by the BT to 10 MHz. The
Microsemi amplifiers have a saturated output power rating of
23 dBm. Please refer to Ref. 30 for the experimental setup
details and device model numbers.

Figure 1 shows intensity time-series of the PD voltage sig-
nal, that is proportional to the LD intensity, for increasing
values of J near Jth. Starting at J = 19.40 mA, slightly be-
low Jth = 20 mA, the system pulses with the repetition time
τ = 33.64 ns. The process of pulsing below the Jth is due to
gain switching induced by the optoelectronic feedback16,31–33.

At the lower end of the J range shown, pulsing begins with
isolated single pulses spaced by time τ , corresponding to a
repetition rate of fτ = 1/τ . These pulsations are a conse-
quence of self-modulation induced by feedback on the injec-
tion current J, and are referred to as gain-switched pulses30.
As J gradually increases, a doublet pattern develops, as illus-
trated in Fig. 1(b), transitioning from a single-pulse train, at
the same repetition rate fτ , with a 3.67 ns interval in-between
the doublet pulses. With a continuous increase in J, the pulse
count rises in integer steps, as evidenced by the appearance
of three pulses (triplet) in Fig. 1(c) and four (quadruplet) in
Fig. 1(d). A close examination of consecutive time traces re-
veals that within a multiplet structure, each newly emerged
pulse tends to drift further from its predecessor as J increases,
and remains within a range of 6.7 ns. Additional increase in J
results in the generation of new pulses within the multiplet. As
J decreases, a hysteresis effect is observed, and the J values
of the corresponding multiplet sequence change. We illustrate
the multistable character of the multiplets in Fig. 1(a) where
the singlet at J = 19.60 mA coexists with the doublet which is
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FIG. 1. Time traces of the PD voltage signal Idet(t) proportional
to the LD intensity as injection current J increases (top to bottom
panel). At the lower values of J shown, pulsing at a repetition rate
fτ is observed. As J increases, multiplets (doublets, triplets, . . .)
form with increasing numbers of pulses per multiplet. The repetition
rate between multiplets remains at fτ . (a) singlet, J = 19.60 mA,
(b) doublet, J = 20.40 mA, (c) triplet, J = 22.00 mA, (d) quadruplet,
J = 22.20 mA. In (a) the singlet (black line) coexists with the doublet
(violet line) where the latter is obtained with the decrease in J.

obtained with the decrease in J. We have observed up to seven
pulses in a single multiplet before the time series intermit-
tently loses its periodic nature. The multiplets eventually turn
into a regular pulsing dominated by the relaxation-oscillation
frequency (as in Ref. 17) after a range of aperiodicity. Note
that, at J ≳ 2.2Jth, optical square waves appear, with their pe-
riod being guided by the feedback delay τ25.

To theoretically reproduce the experimental results, we use
a model of a semiconductor laser subject to filtered nonlinear
feedback that was introduced in Ref. 25,

İC(t) =2N(t)IC(t)+β (t), (1)

İFH,i(t) =− τH
−1IFH,i(t)+ İFH,i−1(t), (2)

İFL, j(t) =− τL
−1(IFL, j(t)− IFL, j−1(t)), (3)

ε
−1Ṅ(t) =P+ s tanh(kηIFL,M(t − τ))−N(t)−

− (1+2N(t))IC(t). (4)

The dot means differentiation with respect to time t, that is
in units of the cavity photon lifetime τph. IC(t) is the nor-
malized intracavity intensity of the laser field; N(t) is the
normalized carrier density; ε is the ratio of the photon and
carrier lifetimes; β (t) is a white Gaussian noise source ac-
counting for spontaneous emission with a variance of 10−10;
P = (J/Jth − 1)/2 is the pump parameter relating the injec-
tion current J to its threshold value Jth. Equations (2)-(3)
describe multiple high- and low-pass filters in the feedback
loop. IFH,i(t) (IFL, j(t)) is the filtered electric signal after the
high- (low-) pass filter, i = 1...K ( j = 1...M) account for the
K-th (M-th) stage high- (low-) pass filtering (IFH,0(t) = IC(t),
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FIG. 2. Theoretical intensity time traces: (a) singlet at P = −0.01;
(b) doublet at P =−0.009; (c) triplet at P =−0.009, coexisting with
the doublet in (b); (d) quadruplet at P =−0.0085. η = 0.00129, and
the other parameters are given in the text.

IFL,0(t) = IFH,K(t)), and τH (τL) is the inverse of the cut-off
frequency of the corresponding high- (low-) pass filter.

Nonlinearity of the feedback caused by the amplifiers satu-
ration is accounted by the term s tanh[kηIFL,n(t−τ)] in Eq. (4)
where η represents the feedback level, i.e., the coefficient of
the intensity conversion to an electrical signal. k is a small-
signal amplification coefficient, and s defines the maximum
amplitude of the feedback signal. The feedback is close-to-
linear for small feedback level η , and when the signal ampli-
tude is large, the term saturates with its value limited by s.
Semiconductor laser time scales are fast and the delayed feed-
back is slow, and the overall arrangement is, therefore, rem-
iniscent of a typical slow-fast neuromorphic system with a
sigmoid-like activation function.

The following parameters are used for the modelling that
were chosen to match experimental results: τph = 1.26 ps,
ε = 0.00126, τ = 33.64 ns, s = 0.7, k = 1000/0.7, K = 4,
M = 1, 1/τH = 240 MHz, and 1/τL = 10 GHz. These param-
eters define very different time scales, resulting in a stiff sys-
tem, that was integrated numerically. The numerical time se-
ries of the multiplets cascade are shown in Fig. 2 and demon-
strate correspondence with the experimental measurements in
Fig. 1.

The multiplets form subcritically in the vicinity of the
threshold due to the nonlinarity of the gain, and correspond
to self-sustained gain-switched pulsations. The electrical sig-
nal of the detected laser pulse propagating through the feed-
back loop is filtered and becomes broader due to the filtra-
tion and nonlinear amplification. The amplified regenerative
feedback leads to the stable pulsations at a frequency close to
the feedback repetition rate fτ . Figure 3 shows the detailed
time traces of the laser intensity IC(t) and the driving term
D(t) = P+ s tanh(kηIFL,1(t − τ)) (note the broader pulses of
D(t) compared to IC(t) which resemble the filter impulse re-
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FIG. 3. Detailed theoretical time traces of a triplet (a, b) at P =
−0.009 and quadruplet (c) at P = −0.0085, that correspond to the
enlarged traces in Fig. 2(c) and (d), accordingly. The black lines
with the scale on the left axis show the intracavity intensity IC(t).
The red and green lines with the scale on the right axis show the
driving term, that is sum of the pump and the feedback, D(t) =
P+ s tanh(kηIFL,1(t − τ)), and the carrier density N(t), respectively.
Dashed green line shows the threshold condition for the carrier den-
sity, N(t) = 0, and inset in the panel (a) shows the area where the
threshold becomes exceeded. The panel (b) displays the version of
panel (a) with both vertical axes zoomed-in. η = 0.00129, and the
other parameters are given in the text. The arrow between panels (b)
and (c) indicates the added pulse position in the quadruplet in the
vicinity of the condition D(t)> 0 in the triplet.

sponse, since the excitation IC(t) is short) for the triplet at
P =−0.009 (Fig. 3(a, b)) and the quadruplet at P =−0.0085
(Fig. 3(c)). We note here that the theoretical pulses are shorter
and relate the difference to the complexities of the multiple
bandwidth-limited filters in the experimental loop, and the
coupling between the phase and the carriers in a semicon-
ductor laser, which are not accounted for in the modelling.
The phase-amplitude coupling, conventionally modelled by
the linewidth enhancement factor, may lead to the asymme-
try in the pulse profile, and, therefore, to pulse broadening.

The recovery time scale of D(t) is strongly dependent on
the high-pass filter cut-off frequency defined by 1/τH . The
multiple-stage high-pass filtering produces ringing as an im-
pulse response of the whole feedback loop, and brings about
a pronounced undershoot in the D(t) signal that pulls the car-
rier density below the threshold, and then an overshoot with
a maximum having a positive sign. Its overall impact on the
laser dynamics is, therefore, different from that of the filtered
optical feedback in Ref. 34, which imposes some limitations
on the coupling between the various external cavity modes,
since there is only one lasing steady state in the system with
optoelectronic feedback. The threshold condition N(t)> 0 is
fulfilled when D(t) > 0, which results in a small laser pulse
having intensity IC(t) of four order magnitude less than the
multiplet pulses. The small pulse is visible in the zoomed-in
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intensity time trace of the triplet, Fig. 3(b). The pulse lags be-
hind the triplet because of the small D(t) value, which deter-
mines a relatively large turn-on delay of the small pulse. With
the pump parameter increased, the large amplitude triplet be-
comes unstable, and the large amplitude quadruplet becomes
stable when the small pulse rapidly grows into a new full-
amplitude pulse (Fig. 3(c)), as discussed below. The location
of the added large-amplitude pulse in the multiplet structure
is predetermined by the time slot of D(t)> 0, as shown by an
arrow in Fig. 3.

Let us analyze the pulse-adding evolution of the multiplets
using a 2D diagram35 in Fig. 4. The diagram is built from
the time series, and shows the evolution of the dynamics from
roundtrip to roundtrip when the pump parameter is increased
in a step-wise manner per ∆P= 0.0005 every period of 1000τ .
In Fig. 4, the triplet (corresponding to Fig. 3(a,b)) loses its
stability at P = −0.0085 and the small last pulse grows re-
sulting in the quadruplet (corresponding to Fig. 3(c)), with
the fourth large pulse position becoming closer to the main
group. With the further pump increase, the quadruplet trans-
forms into quintuplet, that, after another pump rise, changes
into the equally-spaced pulse train at the sixth harmonic of fτ

pulses. We emphasize that some stable multiplets in Fig. 4
may coexist and the stable singlet coexists with all of them up
until P =−0.0075.

We summarize that there are two key stages in the forma-
tion of multiplets: i) localized overshoot in the D(t) signal
caused by ringing due to the high-pass filtering of the elec-
trical feedback signal which results in the small amplitude
laser intensity pulse; ii) rapid growth of the small amplitude
pulse into a high amplitude pulse of the multiplet. Experi-
mental and theoretical multiplets show the interpulse time to
decrease and then to increase through the burst which is typi-
cal for parabolic bursters36. An open question is then whether
the spike-adding process in the present system is similar to
the spike-adding explosive process occurring in certain slow-
fast dynamical systems with parabolic bursting which have
been previously heuristicaly described in the neuromorphic
context37.

To conclude, in this work, we have reported on a cascade
of multiplets in a semiconductor laser subject to nonlinear op-
toelectronic feedback. Multiplets are observed in the vicin-
ity of the lasing threshold, and therefore demonstrate gain-
switching character. Multiplet structures can be formed by ei-
ther equidistant or non-equidistant intensity pulses with iden-
tical profiles and are strongly dependent on the cut-off fre-
quency filtering properties of the feedback loop. Higher num-
bers of pulses per multiplet are observed experimentally when
the pump current is increased. This scenario is confirmed by
the modeling in good agreement with the experiment. Our
work demonstrates a relatively simple feedback laser configu-
ration designed to generate and control bursting multiplet in-
tensities which are of interest for various applications from
lidar to neuromorphic studies.
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FIG. 4. Two-dimensional diagram of the multiplet regime evolution
computed theoretically when the pump parameter increases, show-
ing the following scenario: triplet → quadruplet → quintuplet → the
sixth harmonic of 1/τ pulses. The horizontal axis represents a sin-
gle roundtrip, and the vertical is the number of the roundtrips. Color
shows the intensity that is given in a logarithmic scale, for clarity.
The feedback strength η = 0.00129, the pump parameter P was in-
creased by steps of ∆P = 0.0005 every 1000τ , and its values are
denoted in green. The other parameters are given in the text.
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