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Electrically-controlled Neuron-like Spiking
Regimes in Vertical-cavity Surface-emitting
Lasers at Ultrafast Rates

Joshua Robertson, Ewan Wade, and Antonio Hurtado

Abstract—We report experimentally on the electrically-
controlled, tunable and repeatable neuron-like spiking regimes
generated in an optically-injected vertical-cavity surface-emitting
laser (VCSEL) operating at the telecom wavelength of 1300 nm.
These fast spiking dynamics (obtained at sub-nanosecond speed
rates) demonstrate different behaviours observed in biological
neurons such as thresholding, phasic and tonic spiking and spike
rate and spike latency coding. The spiking regimes are activated
in response to external stimuli (with controlled strengths and
temporal duration) encoded in the bias current applied to a
VCSEL subject to continuous wave (CW) optical injection (OI).
These results reveal the prospect for fast (>7 orders of magnitude
faster than neurons), novel, electrically-controlled spiking
photonic modules for future neuromorphic computing platforms.

Index  Terms—Vertical-cavity  surface-emitting  lasers
(VCSELSs), neuromorphic photonics, photonic neurons, spiking,
photonic spiking processing.

I. INTRODUCTION

ESEARCH efforts towards novel realisations of neuronal

models and computing paradigms have traditionally been
achieved using electronic techniques such as CMOS chips [1-
4]. Projects such as the Neurogrid project at Standford [1],
HICANN at the University of Heidelberg [2], TrueNorth at
IBM [3] and SpiNNaker at the University of Manchester [4]
have all demonstrated that this technology is capable of
impressive  levels of interconnectivity and  spike
communication in neural-inspired circuits. However, roughly
since the turn of the millennia [5], photonic realisations, that
take advantage of the unique properties of light, have emerged
towards the neuromorphic research effort. Photonic
technologies, that grant potentially large bandwidths, low
cross talk elements and high integration, possess impressive
ultrafast speeds compared to the spiking speed of biological
neurons (>7 orders of magnitude faster). Over the past decade
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the toolkit of neuromorphic photonic devices has expanded to
include technologies such as photonic crystal structures [6,7],
resonant tunneling diode—laser diode (RTD-LD) coupled
systems [8,9], fibre lasers [10,11], semiconductor optical
amplifiers (SOAs) [12,13], optical modulators [14,15] and
semiconductor lasers (SLs) [16-30]. SLs are one of the most
prominent devices in the development of artificial optical
neurons as they exhibit the diverse behaviours observed in
biological neurons, such as excitability [26,31-34] and
complex non-linear dynamics [35-36]. As a result, an
increasing number of approaches for artificial neuronal models
based on diverse types of SLs ranging from micro-disk lasers
[16], micro-pillar lasers [17-19] and micro-ring lasers [20-21]
to quantum dot (QD) lasers [22-24], lasers with saturable
absorber sections [25] and vertical-cavity surface-emitting
lasers (VCSELs) [26-29] have recently appeared (for a review
see [30]).

In particular, VCSELs have attracted great research interest
for use in neuromorphic photonics, given their inherent
advantages, such as ultra-small footprint, low manufacturing
cost, high-speed, potential for large scale integration and
operation at telecommunication wavelengths, to name but a
few [37,38]. The proposed use of VCSELs as artificial
photonic neurons has seen the application of techniques such
as polarization switching (PS) [39,40] and optical injection
(OI) [26-29][41-46] for the all-optical conversion of binary
signals to spiking patterns. Perturbed OI has been used
experimentally to demonstrate the controllable activation [41],
and inhibition [42], of sub-ns excitable spike patterns in
telecom-wavelength VCSELs with promising neuronal
features. These controllable spiking dynamical regimes in
VCSELs, created using all-optical photonic components,
replicated Dbiological neuronal responses by producing
behaviours similar to thresholding (the requirement of super-
threshold stimuli intensity to fire a response) and tonic spiking
(the continuous firing of spiking responses across the duration
of a stimulus). Furthermore, recent numerical simulations,
based on the spin-flip model [47], suggest that artificial
VCSEL neurons subject to dual polarized injection may have
potentially improved signal quality by avoiding undesirable
relaxation oscillations [45]. Dual polarized optical injection
has also demonstrated numerically the successful encoding of
noise-robust spike signals in two polarization separated
channels  simultaneously  [46]. The coupling and
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interconnection of these photonic neuromorphic elements has
also been explored with the successful communication of fast
spiking dynamics in a cascaded transmitter-receiver VCSEL
configuration [43,44], and with detailed theoretical studies of
multiple mutual coupling configurations [48,49]. The
behavioural similarities that can be drawn between the
investigated VCSEL-based neuronal models and biological
neurons are what allow us to pursue these devices as
candidates for artificial photonic neurons.

In this work we report on the novel, electrically-controlled,
generation of ultrafast spiking regimes in VCSELs operating
at telecommunication wavelengths (1300 nm). We
demonstrate that short temporal perturbations (stimuli)
encoded in the applied bias current of a VCSEL, subject to
continuous wave (CW) optical injection (OI), can trigger the
firing of controllable spiking regimes. The results are
produced by combining the driving current applied to the
VCSEL and either an electrical or optical (wavelength-
independent) amplitude-varying signal using a bias tee. The
system responds by firing a controllable number of ~100 ps
wide spikes at sub-nanosecond inter-spiking-intervals. This
electronically-controlled photonic neuronal model enables the
integration of multiple photonic inputs from diverse sources at
different wavelengths for interconnected, ultrafast, spiking
neuromorphic systems. The features of these systems are
highly desirable in the search for novel neuronal computing
paradigms with prospects of contributing to new future
processing architectures.
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Fig. 1. Diagram of the setup used for the electrical activation of sub-nanosecond spiking
regimes in a VCSEL neuronal model at 1300 nm. The external stimuli are injected into
the VCSEL’s bias current using either an electrical signal generator directly connected to
a bias tee or an amplitude-modulated optical signal converted to the electrical domain via
a photodetector and connected to a bias tee (red dashed box). In both cases the bias tee
combines the externally generated electrical stimuli with the DC bias current applied to
the device. ML = Master Laser, ISO = Optical Isolator, VOA = Variable Optical
Attenuator, PC = Polarization Controller, PM = Power Meter, SG = Signal Generator,
TEMP = Temperature Controls, TEE = Bias Tee, DC = Laser Diode Driver, PHOTO =
Photodetector, CIRC = Circulator, SCOPE = Oscilloscope, OSA = Optical Spectrum
Analyzer, TL = Tunable laser, MZ = Mach Zehnder Amplitude Modulator.

II. EXPERIMENTAL SETUP

The experimental setup used in this work is shown in Fig. 1.
CW orthogonally-polarized light from an external tunable
laser (Master laser, ML) with controlled intensity and fixed
frequency detuning (4f) was injected into the VCSEL used in
the experiments. The latter was a commercially available

fibre-pigtailed device (RayCan™) operating at the
telecommunication wavelength of 1300 nm and with a
measured threshold current (I;) of 0.70 mA at 293K. The
device’s spectrum (see Fig 2(a)) showed two lasing modes
corresponding to the two orthogonal polarizations of the
VCSEL’s fundamental transverse mode. These are labelled as
parallel (A,) and orthogonal (A,) modes in Fig 2(a).
Throughout the experiments the VCSEL was electrically
biased with a current of 6.0 mA and its temperature was kept
constant and equal at 293K. The parallel (orthogonal) mode
was the main lasing (subsidiary attenuated) mode for all
applied bias currents above threshold and no current-induced
polarization switching was observed. The frequency detuning
is defined as the frequency difference between the resonant
frequencies of the ML (fi;) and that of the VCSEL’s
orthogonal mode (fy), 4f = fiy - f..
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Fig. 2. (a) Optical spectra of the 1300nm-VCSEL driven with 2.0 mA bias at 293K. Each
polarization mode is labelled accordingly -parallel (A) and orthogonal (A,) modes. (b)
Example of an electrically-encoded stimulus with programmable temporal duration (tg)
and intensity (K).

An optical isolator (ISO) was included in the setup to avoid
undesired reflections to the ML. The power and polarization
of the ML’s light was controlled using a variable optical
attenuator (VOA) and a polarization controller (PC)
respectively. A 50/50 fibre coupler was used to divide the
optical path into two branches. The first one is connected to a
power meter (PM) to monitor the injection strength whilst the
second branch is injected into the VCSEL using an optical
circulator (CIRC). When polarization matched the external
CW injection locked the VCSEL’s orthogonal mode to the ML
subsequently switching the dominant lasing mode of the
VCSEL from parallel to orthogonal polarization. This
polarization switching effect, achieved under orthogonally-
polarized optical injection, simplified the process of inspecting
the injection locking regime and determining the frequency
detuning between the VCSEL’s injected mode and the
external signal. For this reason and the successful achievement
of spiking dynamical regimes under the sole injection of
optical signals using similar devices [42-43], orthogonal
injection with negative frequency detuning was selected for
the investigation. Investigation into the injection of parallel
polarized light in the vicinity of the main lasing parallel
polarization mode of the VCSEL is not discussed in this work.
This however may be also considered a feasible avenue of
research to obtain similar spiking dynamical responses as
those reported in this work. Specially, given the previous
demonstration of neuron-like spiking dynamical signals in
VCSELs under both parallel and orthogonally polarized
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optical injection [41]. Similarly the effects of electrical
injection-induced bistability are not reported in this work. A
discussion of bistable regimes induced by orthogonally-
polarized injection can be found in a previous work using
similar VCSELs at wavelengths of 1550 nm [50]. In the work
presented currently, external injection was typically made with
up to 0.5 mW of injection power and a negative frequency
detuning ranging up to -9 GHz. Within this power and
detuning range injection locking and the spiking dynamical
responses reported in this work could be successfully
achieved.

Under these circumstances, external stimuli are encoded in
the bias current applied to the device using a bias tee. The bias
tee allowed the constant current driving the VCSEL (6 mA,
~8.57 Iy) to be combined with the electrically-encoded
stimuli. The stimuli were generated in two different ways as
depicted graphically in Fig. 1: (1) using directly an electrical
signal generator (SG) whose output is connected to the Bias
Tee or (2) converting an incoming amplitude-modulated
optical signal to the electrical domain using a fast 9.5 GHz
amplified photodetector (PHOTO) and adding this resulting
electrical signal to the bias current of the device using the bias
tee. Here, the amplitude modulated signals were generated
using a second tunable laser and a 10 GHz Mach-Zehnder
modulator driven by the SG. Additionally, another ISO, VOA
and PC were also included to avoid reflections and to control
the strength and polarization of the optical signals generating
the external stimuli before their conversion to the electrical
domain with the PHOTO for their electrical injection into the
VCSEL via the bias tee. In both demonstrations the electrical
signals imposed on the VCSEL are considered external stimuli
as they are representative of stimuli from a neuron influencing
another neighbouring synapsed neuron. The second case (2)
was specifically investigated to effectively demonstrate the
potential implementation of this technique in a future neuro-
inspired processing network of cascadable, wavelength-
independent, photonic devices such as artificial VCSEL
neurons._Hence, for this second case multiple wavelengths
were used to demonstrate the wavelength independent nature
of the spike activating stimulation.

In both cases analysed in this work, the electrical stimuli
encoded in the applied bias current were fully controllable by
programming the temporal duration (ty) and intensity (K) of
the signal generator (see Fig 2(b)). Using these techniques we
were capable of generating electrical stimuli with controlled
temporal duration ranging from ty < 1 ns to 10 ns and with
desired intensity levels. These electrical stimuli triggered short
temporal modulations of the device’s bias current, causing it
to suddenly increase by an amount (current modulation
intensity, I,) determined by perturbation intensity K, for the
entirety of the perturbation’s duration (t4). This in turn altered
the lasing wavelength of the VCSEL resulting in the
momentary breakdown of the injection locking condition and
the triggering of a spike firing dynamical response at the
VCSEL’s output. The latter was collected at the exit port of
the optical circulator and analyzed spectrally using an optical
spectrum analyzer (OSA, Anritsu MS9710B) and temporally

using a second amplified high bandwidth (>9.5 GHz)
photodetector and a fast real-time 13 GHz oscilloscope
(SCOPE, Keysight DSO81304B). For all the results shown
throughout this work voltage time series, taken directly from
the oscilloscope, were used to clearly demonstrate the
dynamics being produced by VCSEL. The established
technique of temporal mapping was also used to demonstrate
simply the consistency of the reproducible non-linear neuronal
dynamics.

III. EXPERIMENTAL RESULTS

Figs. 3(a)-(d) show the results obtained at the VCSEL’s
output for the case of direct injection of electrical stimuli with
increasing temporal duration ty, (from 1.07 ns, to 1.34 ns, 1.90
ns and 2.35 ns) into the device’s applied bias current. The
electrical stimuli directly injected into the device from the
signal generator via a bias tee had a constant intensity (K =
186 mV) corresponding to a constant current modulation
intensity of I, = 3.72 mA with a set repetition rate of 15 MHz.
Additionally, the VCSEL was also subject to CW OI with
fixed injection strength of 0.252 mW and a set frequency
detuning equal to -5.65 GHz respectively.

As expected, the VCSEL, under these conditions, is initially
injection-locked to the ML’s signal yielding a stable temporal
output, until the arrival of an electrically-injected stimulus
forces the system out of equilibrium, producing as a result a
spiking dynamical response. The time window of the
incoming stimuli, indicated by black solid lines in Figs. 3(a)-
(d), can be also clearly identified in the time series of Fig. 3
through the jump in intensity level, associated with the
increased power output at higher bias current. During the
stimuli time window, consistent ~100 ps long spikes with sub-
nanosecond inter-spike-intervals are generated. As shown in
Figs. 3(a)-(d) the increasing perturbation tq (from 1.07 ns to
2.35 ns) has an effect on the number of generated spikes with
the number of spiking events increasing from 1 to 4 as the
stimuli duration is extended. Fig. 4 plots in turn merged
temporal maps of the VCSEL’s responses shown in Figs. 3(a)-
(d). These maps plot the intensity profile of the system’s
response to 40 consecutive stimuli (at 15 MHz modulation rate
or 66.66 ns temporal gap between consecutive incoming
stimuli) for the four cases of t; investigated. These maps
depict low intensity outputs in blue and high intensity spiking
outputs in red. Fig. 4 demonstrates the consistency of the
achieved spiking dynamics in all cases, producing analogous
responses for all incoming perturbations. The temporal plots
in Fig. 4 again reveal that the number of spiking events
consistently increases with stimuli temporal duration.
Increasing the stimulation duration forces the system out of
equilibrium and into the spiking regime for a longer period of
time making the system trigger the firing of more spiking
responses. This behaviour is comparable to the so-called tonic
spiking response of biological neurons. For that neuronal
regime, spiking events are continuously fired for the whole
duration of the stimulation with a total spike count depending
on both the t4 of the stimulation as well as the specific inter-
spike-interval (or spike rate). The inter-spike-interval is
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defined here as the intrinsic time between individual
consecutive spikes in a train of continuously fired spikes.
Hence using this method of electrically-activated photonic
spiking regimes in VCSELs it is possible to produce
controllable trains of spiking dynamics characterized by both
sub-nanosecond durations and inter-spike-intervals.
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Fig. 3. Time series at the VCSEL’s output when an electrically-encoded stimulus with

increasing temporal duration t, is injected into its applied bias current: ty is set equal to: (a)

1.07 ns, (b) 1.34 ns, (c) 1.90 ns and (d) 2.35 ns.
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Fig. 4. Merged temporal maps of the VCSEL’s output across 40 consecutive electrically-
injected stimuli with increasing tq: (a) 1.07 ns, (b) 1.34 ns, (c) 1.90 ns and (d) 2.35 ns.

The effect of the stimuli intensity K (translated into the
applied modulation intensity I,,, applied to the VCSEL) on the
spiking dynamics was also studied to investigate response
consistency and spike latency. Fig. 5(a)-(d) shows the time
series measured at the VCSEL’s output for increasing stimuli
strength (modulation intensities I, from 1.18 mA to 4.13 mA).
The electrical stimuli, t; = 0.65 ns was selected such that a
single spiking response from the system was produced. The
stimulus time window is indicated by a black solid line in Fig.
5. The VCSEL was subject to constant orthogonally-polarized
optical injection with 0.210 mW of input strength at a
detuning of Af = -5.65 GHz with respect to the device’s
orthogonal mode. Fig. 5(a) shows initially the response from
the VCSEL when an electrical stimulus of I, = 1.18 mA is
injected into the device. In this first case, the device responds
by simply increasing its output power as a result of the
increased bias current during the stimulus window, but no

spiking dynamics are produced by the system. This result is in
contrast to the response when an electrical stimulation
produces a higher modulation intensity in excess of I, = 1.82
mA as shown in Figs. 5(b)-(e). Now, the VCSEL reacts by
firing a spike event following the incoming stimuli. This is
further confirmed in the merged temporal maps plotted in Fig.
6, showing the response of the VCSEL to 40 consecutive
stimuli for each of the five cases depicted in Figs. 5(a)-(e).
The maps in Fig. 6 confirm that at low stimulus strength (low
modulation intensity) no spiking events are consistently
produced, but at high modulation intensities (e), spikes are
produced with high consistency. Hence, like in biological
neurons, the spiking dynamics in this optoelectronic system
require super-threshold stimulus intensity before spike firing is
achieved.
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Fig. 5. Time series measured at the VCSEL’s output when an electrically-encoded
stimulus with increasing strength is injected into its applied bias current. The modulation
intensity, I, grows from, (a) 1.18 mA to (b) 1.82 mA, (c) 246 mA, (d) 3.33 mA and (e)
413 mA.

(a) (b) (c) (d) (e)

15.625

Time within the cycle (ns)

20 40 60 80 100 120 140 160 180
Cycle number (Integer)

Fig. 6. Merged temporal maps of the VCSEL’s output across 40 consecutive electrically-
injected stimuli with increasing strength. The modulation intensity, I, grows from, (a)
1.18 mA to (b) 1.82 mA, (c) 246 mA, (d) 3.33 mA and (e) 4.13 mA.

Varying the stimulus strength also has the effect of altering
the spike latency. As seen in Figs. 5(b)-(e) and in the maps in
Fig. 6 the spike is fired earlier with less delay in time when
increasing the stimulus strength. The behaviour of storing
information in the temporal latency (delay) of spike trains has
been demonstrated in biological neurons. Neurons in the
visual cortex store contrast information in spike latency with
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higher contrast ratios resulting in shorter latency times [51]
and auditory signals in neurons were found to contain
directionality information in latency times [52]. Similarly this
VCSEL neuronal-model encodes information about the
strength of the stimulation in the latency of the spikes with a
higher strength reducing the latency time experienced by the
initial spiking event. With increasing stimulation strength the
inter-spike-interval of the responses are also decreased
however in this result, because of the short t; selected, this
effect is not observed. The short time required to build up
carrier dynamics in the device’s active region is believed to be
responsible for the spike latency and inter-spiking-interval.
The stronger a perturbation the faster the evolution of the
carrier dynamics and the shorter the spike latency and inter-
spike-interval of the achieved dynamics in the system. This
method of electrically-activating fast spiking dynamics in
VCSELs therefore also allows VCSELs to produce neuronal
threshold dependent, and stimulation-information storing
spiking dynamics.

Additionally, we have also tested the wavelength-
independent nature of this scheme (using the red dashed boxed
part of the experimental setup in Fig. 1). The main goal was to
demonstrate the ultrafast activation of spiking regimes in
VCSEL neuronal models with wavelength independent
protocols towards future VCSEL-based interconnected
neuromorphic processing networks. To carry out this
investigation, wavelength-variable and amplitude modulated
optical signals were converted to the electrical domain before
being electrically encoded (as external stimuli) in the
VCSEL’s bias current. For our tests on the wavelength-
independent activation of sub-nanosecond spiking dynamics
two disparate wavelengths located at different positions in the
so-called O-Band were used, namely 1307 nm and 1290 nm
respectively. In the case of 1307 nm light, stimuli with
increasing temporal durations and constant strength were
generated optically and converted to the electrical domain
before their injection into the device. Conversely in the case of
1290 nm light, stimuli of increasing injection strength and
constant temporal duration are converted to electrical signals
and injected into the device. Fig. 7 shows the response of the
VCSEL for the case of 1307 nm electrically-converted optical
stimulation. The device was subject to constant optical
injection with a power of 0.155 mW and an initial detuning of
Af = -7.42 GHz (with respect to the VCSEL’s orthogonal
mode). For the results in Fig. 7(a)-(d) the temporal window of
the incoming stimuli was increased from 1.24 ns, to 1.69 ns,
1.87 ns and 2.41 ns. The time window of the arriving stimuli is
indicated in Fig. 7 with a black solid line. As expected, the
electrically-converted optical stimulations produced a similar
behaviour to that of the electrical signals shown previously in
Fig. 4. Continuous and consistent spiking dynamics were
achieved for the duration of the modulation again with the
number of spike events generated increasing from 1 in Fig.
7(a) to 4 in Fig. 7(d). This shows that the same controllable
neural dynamics can successfully be reproduced using optical-
to-electrical converted stimulation; hence opening the door to

the interconnection of multiple VCSEL-neuronal models for
future network functionalities.
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Fig. 7. VCSEL output achieved when 1307 nm optical-to-electrical converted stimuli of
increasing tg, (a) 1.24ns, (b) 1.69, (c) 1.87ns and (d) 2.41ns, are used to electrically trigger
the spiking dynamics.

Fig. 8 shows in turn the response obtained from the VCSEL
when light of 1290 nm is encoded with controllable stimuli,
converted to the electrical domain and used to electrically
activate spiking dynamics in the device. For the results in
Figs. 8(a)-(c) the incoming stimuli were set with different
injection strength values (the modulation intensities were
raised from 2.52 mA to 3.5 mA as indicated in the figure
caption) whereas their temporal duration, indicated with a
black solid line, was kept equal to 2 ns in all cases. The device
was again subject to constant optical injection at Af = -4.6
GHz (with respect to the orthogonal mode of the device) with
0.15 mW of injection power. Again, and as expected, using
now 1290 nm electrically-converted optical stimulation,
spiking dynamics were successfully triggered at the output of
the VCSEL. Further, Fig. 8 shows that the number of spikes
obtained at the device’s output grows from 1 to 3 as the
injection strength of the incoming stimulus is grown. This
feature is a demonstration of the diminishing inter-spike-
interval as a result of increasing stimulation strength. The
increasing stimulation strength shrinks the interval-spike-
interval and in parallel reduces the latency of the spiking. The
combined effect of these neuronal behaviours is an increase in
the number of spiking responses from the VCSEL. Both of
these neuronal behaviours are used by biological neurons to
encode information in trains of spiking dynamics. Hence, the
VCSEL-based technique reported here is capable of encoding
stimulation strength information in spike latency and spike
rate similar to biological neurons in the brain. Further, in both
cases investigated in Figs. 7 and 8, consistent neural tonic
spiking was achieved with spiking dynamics obtained for as
long as the stimuli are present; hence demonstrating
wavelength-independent activation of neuronal spiking
dynamics at ultrafast rates in VCSEL-based photonic neuronal
models. This controllable method of activating neural spiking
dynamics using wavelength-independent optical signals could
help integrate spike producing VCSELs into larger optical
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networks and allow for easier protocols for the future
cascadability of spiking photonic neuromorphic systems.

Furthermore, the results in Figs. 3-8 reveal in all cases the
generation of sub-ns long spikes (approx. 100 ps long) with
inter-spiking intervals also below 1 ns, even if the stimuli are
encoded in the electrical current driving the VCSEL. These
speed rates are analogous to those obtained in VCSEL
neuronal models using wavelength controlled optical stimuli
to trigger the spiking responses [26-29][41-43]. Also, the
achieved speed rates in this work are faster than those
obtained with alternative approaches for spiking optical
neuronal models using VCSELs [25][49], or other types of
SLs (see [30] and references therein) also relying on
electronically injected stimuli. This is due to the fact that in
the present approach the electronically-encoded stimuli trigger
a transition between an injection-locked and an unlocked
regime of operation in the VCSEL (subject to external CW
optical injection), which results in the firing of a spiking
response. The associated carrier dynamics of this injection
locked-unlocked transition, that ultimately determine the
achievable inter-spike intervals or recovery time, are faster
than the carrier dynamics associated to the transitions between
lasing and non-lasing regimes used in other SL-based
approaches for optical neuronal models. Using the electrically-
controlled VCSEL neuronal model in this work we should be
able to replicate the spike communication networks previously
created using the all-optical stimulation approach [43,44]. This
works new approach, with the additional benefit of being
wavelength-independent, could hopefully be expanded into
diverse networks of artificial VCSELs neurons capable of
processing all-optical spikes similar to the brain.
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Fig. 8. VCSEL output achieved when 1290 nm optical-to-electrical converted stimuli of
increasing strength are used to electrically trigger the spiking dynamics. The modulation
intensity, I, is set equal to (a) 2.52 mA, (b) 3.02 mA and (c) 3.5 mA.

IV. CONCLUSIONS

In summary, in this work we demonstrate experimentally
the controllable generation of spiking regimes at sub-ns speed
rates in a VCSEL-based artificial optical neuronal model.
These generated spiking signals are over 7 orders of
magnitude faster than those produced by biological neurons
(millisecond timescales). Moreover, we show that using this
technique the VCSEL-based neuronal model studied here can
controllably display multiple neuronal behaviours such as
tonic spiking, thresholding and the encoding of the stimulus
information in the spike latency or firing rate. These spiking

dynamics are controllably generated in the device by encoding
external perturbations (stimuli) in the VCSEL’s applied bias
current while subject to constant external optical injection.
Under this technique, the constant injection sets the VCSEL in
an injection locked state, which is disturbed by the arrival of
the electrically-encoded stimuli resulting in the achievement
of a spike firing output. Using this technique ultrafast optical
spike firing regimes with both sub-nanosecond spike duration
and inter-spike time intervals can be generated, given the
faster dynamics of the injection locking-unlocking transitions
responsible for this behaviour. We show that both directly
generated electrical stimuli and electrically-converted,
wavelength-independent, optical stimuli can be used to
controllably activate the spiking responses in the VCSEL. This
technique provides an alternative way of using electrical
stimulation to activate spiking dynamics in VCSEL-based
photonic neuronal models at very fast speeds (sub-nanosecond
rates) compared to previous realizations solely based on
optical stimulation, while also offering great prospects for
future cascadibility of systems operating at diverse
wavelengths. This highlights the versatility of VCSELs as
artificial neuronal models for use in neuromorphic platforms
and demonstrates the potential these devices have towards
creating novel brain-inspired processing architectures for
future paradigms in brain-inspired computing and artificial
intelligence.
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