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Controlled Propagation of Spiking Dynamics In
Vertical-Cavity Surface-Emitting Lasers:
Towards Neuromorphic Photonic Networks

Tao Deng, Joshua Robertson and Antonio Hurtado

Abstract—We report experimentally and in theory on the
controllable propagation of spiking regimes between two
interlinked Vertical-Cavity Surface-Emitting Lasers (VCSELS).
We show that spiking patterns generated in a first transmitter
VCSEL (T-VCSEL) are communicated to a second receiver
VCSEL (R-VCSEL) which responds by firing the same spiking
response. Importantly, the spiking regimes from both devices had
analogous temporal and amplitude characteristics, including
equal number of spikes fired, same spike and inter-spike temporal
durations and similar spike intensity properties. These responses
are analogous to the spiking communication patterns of biological
neurons yet at sub-nanosecond speeds, this is several (up to 8)
orders of magnitude faster than the timescales of biological
neurons. We have also carried out numerical simulations
reproducing with high degree of agreement the experimental
findings. These results obtained with inexpensive, commercially
available VCSELs operating at important telecom wavelengths
(1300nm) offer great prospects for the scaling of emerging
VCSEL-based photonic neuronal models into network
configurations for use in novel neuromorphic photonic systems.
This offers high potentials for non-traditional computing
paradigms beyond digital systems and able to operate at ultrafast
speeds.

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

I. INTRODUCTION

EUROMORPHIC computing aims at emulating the

powerful computational features of the brain to develop

novel information processing systems beyond traditional
digital models [1]. Exploring the activity mechanism of
biological neurons and emulating their complex computational
capabilities becomes therefore an area of great interest.
Traditionally, electronic implementation of neuronal models
were studied [1-6] yielding nowadays realization of computing
architectures such as the Neurogrid at Stanford University [7],
Truenorth at IBM [8] and the Neuromorphic Chip at the
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University of Manchester [9], among others. These works have
revealed the huge potential of neuromorphic technology and the
revolutionary progress that can trigger in future information
processing modules. Yet, although these aforementioned
approaches are effective to target the millisecond time scales of
biological neurons they have still important limitation to yield
higher frequency operation [10].

Neuromorphic photonics has recently emerged offering great
prospects for novel neuronal models operating at ultrafast
speeds, up to 9 orders of magnitude faster than biological
neurons. This paves radically new paths to break out the
bandwidth limitation of actual neuromorphic processors [10-
24]. In recent years, the number of works exploring different
neuro-inspired photonic approaches have multiplied (for a
review see [12] and references therein). Among these,
approaches based on different semiconductor lasers (SLs) have
clearly dominated [12,16] given the potentials of these devices
for application in information processing [15-22], optical
interconnects [23] and communication networks [24]. Different
techniques considering micro-ring [13] and Quantum Dot SLs
[17,24], devices with saturable absorbing sections [22], and
coupled to photodiodes [10], etc. have been used to produce
neuron-inspired spiking patterns using either optical feedback
and optical injection techniques (see [12]). Moreover, works
investigating interconnected systems based on quantum-well
lasers [25], quantum-dot lasers [26], microdisk lasers [27],
microrings [28] and modulators and nonlinear loop mirrors [11]
for neuromorphic applications have also been recently reported.
As a result, combining neuronal concepts with SLs opens new
routes for neuro-inspired photonic modules in information
processing tasks such as clock recovery, pulse reshaping, and
ultrafast neuromorphic photonic computation.

Amongst SL, Vertical-Cavity Surface-Emitting Lasers
(VCSELs) have some unique advantages, e.g. low costs, easy-
integration into 2D and 3D arrays, and high coupling efficiency
to optical fibers [29-31], etc. Correspondingly, the investigation
of VCSEL-based photonic neuronal models is of particular
interest given their special attributes and high prospects for
scaling into network configurations. Recently, high-amplitude
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self-generated [32] and controllable produced excitable spikes
[33-35] have been reported in optically injected VCSELS.
Furthermore, applications of these spiking dynamics for
information processing tasks has been proposed [36-43]. Also,
in a recent work we have demonstrated the controllable and
reproducible achievement of diverse spiking patterns in long-
wavelength VCSELSs [35,42,43] outlining their potentials for
all-optical binary-to-spiking format conversion applications at
telecom wavelengths. Whilst these early reports have shown the
possibilities of VCSELSs (and SLs in general) for novel photonic
neuronal models, the majority only discussed the spiking
characteristics of single elements. Yet, the experimental
demonstration of network characteristics with laser-based
photonic neurons is strictly necessary if neuromorphic photonic
systems are to be used in novel functional information
processing architectures.

This work focuses on this key challenge investigating the
propagation of spiking information between two interconnected
VCSEL photonic neurons. Here, we experimentally
demonstrate a spiking propagation system based on two
unidirectionally coupled 1300nm VVCSELSs. A numerical model
is also developed to analyze in theory the spiking propagation
characteristics of such system showing very good agreement
with the experimental findings. We show that controllable and
reproducible spiking patterns induced in the first transmitter
VCSEL (T-VCSEL) in response to incoming perturbations are
successfully propagated to the second receiver VCSEL (R-
VCSEL). Moreover, the transmitted and received spiking
patterns in the interconnected system can be simply controlled
by adjusting the intensity and duration of short-temporal
perturbations encoded in the external injected signals.

Il. EXPERIMENTAL SETUP

Fig.1 (a) shows the schematic diagram of our experimental
setup. Two commercially-available fibre-coupled 1300 nm
VCSELSs were used (T- & R-VCSELSs) in this work. The optical
spectra of the two devices are respectively plotted in figs. 2(a)
and 2(b) showing in both cases emission into two modes. These
corresponded to the two orthogonal polarizations of the
fundamental transverse mode of the devices. Throughout this
work we refer to the polarization of the main lasing mode of the
devices as parallel polarization, whereas the polarization of
attenuated longer wavelength mode is referred as orthogonal
polarization. During the experiments, the temperatures of both
VCSELs were kept constant at all moments at 300K (T-
VCSEL) and 292K (R-VCSEL) respectively. This slight
difference in operating temperatures was set in order to match
the emission wavelengths from both VCSELs. At the
temperatures configured the threshold currents for both
VVCSELSs were measured equal to It =0.60 mA and linr =0.61
mA. Additionally, the applied bias currents were set equal to
1.5 mA (about 2.5 Iyt) for T-VCSEL and 1.5 mA (about 2.5
linr) for R-VCSEL, respectively.

Light from a Tunable Laser (TL) source was injected into T-
VCSEL. The output of the TL was externally modulated using
a Mach-Zehnder (MZ) modulator and a signal generator (SG)
to add temporal perturbations in the form of short power drops

and with durations ranging from 0.8 ns to 6.8 ns. Fig. 2(c) shows
a typically injected signal. This has a constant injection level
Kinj, and added perturbations with controlled strength K,
(defined as the ratio between K and Ky, namely, K,=K/Kin;) and
temporal duration ty. The repetition rate between encoded
perturbations was frep = 15MHz and the time delay between T-
VCSEL and R-VCSEL was approximately equal to 62 ns. The
external signal was set with linear orthogonal polarization and
injected into the subsidiary mode of T-VCSEL via a first optical
circulator (OC1). The reflective output from T-VCSEL was
collected from OC1 and divided into two parts by means of a
fiber directional coupler (FC1). The 90% port from FC1 is
injected into second VCSEL (R-VCSEL) after going through
an optical isolator (ISO), a variable attenuator (VA), another
polarization controller (PC3) and a second optical circulator
(OC2). PC3 was used to set the light from T-VCSEL with linear
orthogonal polarization prior to its injection into the subsidiary
mode of R-VCSEL. The 10% port from FC1 is sent to the
detection system to analyze the dynamics of the signal coming
from T-VCSEL. Similarly, the reflective output from R-
VCSEL was collected from OC2 and sent for analysis. The
detection system was formed by an optical spectrum analyzer
(OSA) and two 12 GHz amplified photodetectors coupled to a
13 GHz real time oscilloscope to capture real-time traces from
T- and R-VCSELs. A power meter (PM) was also used to
monitor the injection power into the two VCSELSs of this work.

m !
1
RVCSEL

Fig. 1. Experimental setup. TL: tunable laser; T-VCSEL.: transmitter-VCSEL;
R-VCSEL: receiver-VCSEL; PC: polarization controller; MZ: Mach-Zehnder
Modulator; SG: signal generator; FC: fiber coupler; OC: optical circulator; 1SO:
isolator; VA: variable attenuator; PM: power meter; OSA: optical spectrum
analyzer; OSC: oscilloscope.
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Fig. 2. Optical spectra of (a) T-VCSEL and (b) R-VCSEL biased at 1.5mA. (c)
Injected signal with a constant input level Ki,; and added perturbations (power
drops) with relative intensity K, and temporal duration t,.

I1l. THEORY

In this work we have used an extension of the well-
established spin-flip model (SFM) to numerically simulate the
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propagation characteristics of spiking dynamics in two
interconnected VCSELSs. Using this model the rate equations
for T- and R-VCSEL can be described by [40,41]:
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where superscripts T and R stand for T-VCSEL and R-VCSEL,
respectively, and subscripts x and y stand for X- (or orthogonal)
and Y- (or parallel) polarization outputs. E is the slowly varying
complex amplitude of the VCSEL’s output field. Einjx (Einjy) iS
the slowly varying complex amplitude of the injected light field
into the X- (Y-) polarization components. N is the total
population inversion between conduction and valence bands, n
is the difference between the population inversions for spin-up
and spin-down radiation channels, respectively. k is the decay
rate of the electric field in the VCSEL cavity. « is the linewidth
enhancement factor, y. is the decay rate of the total population
inversion N and ys is the spin-flip relaxation rate. y, and y, are
respectively the linear dichroism and the cavity birefringence
rate. 7is the optical flight time from T-VCSEL to R-VCSEL
and  is the normalized injection current. Awx (Awy) indicates
the detuning between the angular frequency of the x-polarized
(or y-polarized) externally injected light winjx (winy) and a
reference angular frequency situated at the middle point
between those of the VCSEL’s X- and Y- polarization outputs,
i. &, Awx = winx—(ox+wy")2 (Awy = winy—(ox+woy")/2). AoTr
refers to the frequency detuning between the frequencies of the
two VCSELs: T-VCSEL (") and R-VCSEL ("), i. e. Awtr =
o' — R 1 and #; are the injected coupling coefficient for T-
VCSEL and R-VCSEL, respectively. F corresponds to the
spontaneous emission noise and the expressions is given by:
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where Ss; is the strength of the spontaneous emission, & and &

are independent complex Gaussian white noise sources of zero
mean and a unit variance. The rate equations (1)-(6) can be
numerically solved using the fourth-order Runge-Kutta
method. For simplicity, during calculations, the normalized
injection current and all the internal parameters for T-VCSEL
and R-VCSEL are assumed to be identical, given that both
devices are equal in structure, are from the same manufacturer
and have almost exactly equal performance and emission
properties. The parameter values have been extracted from the
literature [44,45] and are as follows: a =2, k=185 ns?, y. = 0.5
ns?, ys =110 ns?, ya =2 ns?, By = 108, 9, = 128 nst, 7=62 ns
and the central frequency of VCSEL is 1.45 x 10% rad/s
(corresponding to the central wavelength of the VCSEL at 1300
nm). The injection coefficient were set equal to #; = 125 ns*
and #2= 100 ns* respectively.

IV. RESULTS AND DISCUSSION

Fig. 3 (a) shows measured real-time series at the output of T-
VCSEL when subject to the injection of the signal in the inset
above fig. 3(a). The latter (depicted in black) was characterized
by a constant power level of Kiy = 60 xW with added
perturbations of temporal duration t;= 0.8 ns and strength of K,
= 0.46. This externally injected signal was set at a frequency
detuning of Af = fiyj - fry = -3.55GHz, where fi;; and fry
correspond to the frequencies of the injection signal and that of
the orthogonal polarization mode of T-VCSEL. The output
signal from T-VCSEL, included in fig. 3(a) (blue plot), and
which also becomes the input signal to R-VCSEL, was
measured to have a constant power level of Ki,j = 52uW. This
was injected into the orthogonal polarization mode of R-
VCSEL at a frequency detuning equal to Afrgr = fry - fry = -
2.84GHz, being fry the frequency of free-running R-VCSEL’s
orthogonal polarization mode. Fig. 3(b) plots (in red) the
measured time-series generated by R-VCSEL in response to the
incoming signal from T-VCSEL. It should be pointed out the
polarization of the signals entering both T-VCSEL and R-
VCSEL were set with orthogonal polarization and injected into
the devices’ subsidiary attenuated orthogonally-polarized
modes. The externally injected signals into T-VCSEL and R-
VCSEL were also set with a suitable negative frequency
detuning during our experiments [46,47].

Fig. 3(a) shows that when no perturbation is present the
constant injected power (Kin) is enough to cause the orthogonal
polarization mode of T-VCSEL to injection-lock to the
externally injected signal producing also polarization switching
[41,42] at the device’s output. As a result of this process, a
stable constant output is obtained from T-VCSEL. This
response is kept until the arrival of the encoded perturbation,
following which T-VCSEL fires a single sub-nanosecond spike.
Once the perturbation is removed, T-VCSEL’s output returns
to its previous constant power level [35]. This behavior is
caused by the perturbation briefly bringing T-VCSEL out of the
injection locking state [20] and as a result of this
locking/unlocking transition T-VCSEL reacts by firing an
excitable spike [34]. This is indeed an analogous behavior to
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Fig.3. (a-b) Time series and (c-d) temporal maps measured at the output of T-VCSEL (a, ¢) and R-VCSEL (b, d).The inset at the top shows the externally injected
signal into T-VCSEL characterized by a constant level of Ki,; = 604W and an added perturbations with t; = 0.8 ns and K, = 0.46. (e-g) Time series measured at the
output of T-VCSEL (top) and R-VCSEL (bottom) for different values of t; for the perturbations arriving into T-VCSEL, namely, (e) 1.3ns, (f) 4.3ns, (g) 6.1ns. (h-
i) Temporal maps measured at the outputs of T-VCSEL (h) and R-VCSEL (i) merging results obtained for different values of tq, from 0.8 ns to 6.8 ns as indicated
and plotting the response of both VCSELSs to the arrival of 20 consecutive external perturbations into T-VCSEL.
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that observed in biological neurons but at much faster operation
speeds [11]. Hence, as it happens in neurons in the brain our
VCSEL-neuron also converts an external incoming signal into
a spiking signal output, where the generated spikes precisely
compute the arrival of external stimuli (perturbations).

The spiking signals generated in biological neurons are
transmitted through their axons and dendrites to neighboring
neurons and communicated across neuronal circuits/networks
in the brain. Here, we investigate the same phenomenon by
propagating the signals from T-VCSEL to a second photonic
neuron in our system, R-VCSEL. Fig. 3(b) plots time series
generated by R-VCSEL in response to incoming signals from
T-VCSEL. As fig. 3(b) shows the output signals from R-
VCSEL have remarkably the same features to those from T-
VCSEL, thus providing a first demonstration of the successful
propagation of spiking activity at sub-nanosecond speeds
between two interconnected VCSEL-neurons.

The observed behavior can be explained as follows: the
constant injection level coming from T-VCSEL’s signal
(52uW) is strong enough to cause the orthogonal polarization
mode of R-VCSEL to injection lock to T-VCSEL. Hence, it
reacts generating also a constant power output. The arrival of
the spike generated by T-VCSEL in response to the external
perturbation produces also an unlocking/locking transition in R-
VCSEL which makes R-VCSEL to respond firing a similar sub-
nanosecond spike. It should be noted that for simplicity the time
series of R-VCSEL have been shifted to be plotted in the same
time-scales as those from T-VCSEL. However, the spike
generated by R-VCSEL is obtained ~62 ns later than that from
T-VCSEL, where this time corresponds to the optical flight
time between the two devices. This value can be easily
controlled by experimentally increasing (or reducing) the length
of the optical link separating both elements. This is important
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as it opens new possibilities for the use of the time difference
between spiking events in interconnected elements as an extra
computational feature, much as biological neurons do in the
brain.

Fig. 3(c) and Fig. 3(d) show respectively the corresponding
experimental  (colour-coded) temporal maps plotting
superimposed time series captured at the outputs of T-VCSEL
and R-VCSEL. In both cases, the time interval between two
consecutive events (Trep = 1/frep) is used as the folding parameter
[35]. These maps allows us to depict in a single plot the
response of the system to a high number of consecutive arriving
events (external perturbations) which for the case of figs. 3(c)
and 3(d) is 100. The color coding in the maps indicate
increasing intensity from blue to red. Light blue color
corresponds to a constant output level whilst darker blue
indicates power drops below the steady state and red/yellow
colors correspond to spikes fired in the system. The map in fig.
3(c) clearly shows that the same spiking response is obtained
for every single one of the 100 incoming perturbations into T-
VCSEL. This is graphically shown from the single straight line
propagating undisturbed in the map of fig. 3(c). In turn, fig. 3(d)
shows a similar behavior where the same pattern is also
observed at the output of R-VCSEL in response to the 100
consecutive incoming spikes from T-VCSEL. Hence,
controllable and reproducible spiking responses can be obtained
first from a VCSEL-neuron upon the arrival of external stimuli
(T-VCSEL) and this spiking information can be successfully
propagated to a second VCSEL-neuron in a circuit (R-VCSEL).
This result opens indeed exciting new routes for the future
development of novel and ultrafast networks of VCSEL-based
photonic spiking neurons with brain-inspired connectivity for
non-traditional information processing tasks going beyond
classical digital systems.
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To further explore the spiking propagation properties
between two connected VCSEL-neurons we have investigated
the effects of the temporal duration (ts) of the external
perturbations (stimuli) entering T-VCSEL. Figs. 3(e-g) plot
measured time series at the outputs of T-VCSEL (top, in blue)
and R-VCSEL (bottom, in red) when the length of the incoming
perturbation tq is increased from 1.3 ns to 6.1 ns. For clarity, the
traces from T-VCSEL have been shifted upwards by 0.15 mV
to plot them together with those from R-VCSEL. The injected
signals in each case are showed in the top insets (black) in figs.
3(e-g). The other system parameters are exactly the same as
those used in figs. 3(a-d). The top (blue) time traces in figs. 3(e-
g) show that in all cases the arrival of the external perturbation
brings T-VCSEL out of the injection locking range making the
device transit into a spiking firing dynamical regime where the
number of spikes fired by T-VCSEL grows with increasing tq,
from 1 (fig. 3(e), ta = 1.3ns) to 4 (fig. 3(f), ts = 4.3ns) and 6 (fig.
3(9), t¢ = 6.1ns) [35]. Thus, simply by controlling
experimentally the duration of the encoded perturbations, single
or multiple spiking patterns can be generated from the first
VCSEL-neuron in the system (T-VCSEL). The bottom plots (in
red) in figs. 3(e-g) show in turn the time series measured from
the second VCSEL-neuron in the system (R-VCSEL) following
the arrival of single and multiple spiking signals from T-
VCSEL. All cases depicted in figs. 3(e-g) show that R-VCSEL
responds by producing an analogous spike firing pattern to the
one arriving from T-VCSEL. As a result, 1, 4 and 6 spikes are
respectively obtained at the output of R-VCSEL following the
arrival of signals with 1, 4 and 6 spikes from T-VCSEL.
Moreover, these spikes have similar features, including shape,
temporal (sub-ns) duration, intensity and inter-spike intervals.
Hence, the arrival of a controlled perturbation encoded in the
externally injected signal triggers a transition between injection
locking and unlocking states in the interconnected VCSELS and
as a result a spike firing pattern is generated and propagated in
our proposed system. Additionally, since the two VCSELS used
here have similar intrinsic parameters and analogous
performance they exhibit similar dynamical responses under the
arrival of external stimuli; the slight variations in spike
amplitudes observed in fig. 3 are attributed to noise and inherent
instabilities in the experimental setup and not to intrinsic
response of the system. Fig. 3(e-g) therefore shows the
successful communication of both single and multiple spiking
information between two interconnected VCSELSs. Once again,
this is indeed the same behavior as observed in biological
neuronal systems but 8 orders of magnitude faster [49-50]. We
must note here that the time interval between consecutive
events arriving into T-VCSEL will have to be larger than the
refractory period [48] of the device for it to be able to yield a
desired response. The same applies for the time interval
between consecutive spikes arriving from T-VCSEL into R-
VCSEL. In our case, the spikes generated by T-VCSEL are
separated by approx. 1ns which is larger than the expected
refractory period [48] and therefore R-VCSEL has time to
recover between arriving events yielding a similar spiking
pattern as that arriving from T-VCSEL.

It should be pointed out again that there is a time delay
between the spiking responses of two VCSEL-neurons in our
system. This corresponds to the optical flight time between the
two VCSELSs in our setup which is of ~62ns. For simplicity here
we have shifted the time series of R-VCSEL in our plots to
show all results in a similar temporal scale. Figs. 3(h-i) show
the corresponding temporal maps for the results included in
Figs. 3(e-g) for T-VCSEL (fig. 3(h)) and R-VCSEL (fig. 3(i)),
respectively. Both maps are composed of 9 segments each one
of them plotting 20 superimposed time traces for a different
value of tg from 0.8 to 6.8 ns as indicated. Figs. 3(h-i) show that
controllable and repeatable spiking patterns with specific
number of spikes from 1 to 7 can be obtained from T-VCSEL
just by varying the value of ty from 0.8 to 6.8 ns and are
successfully communicated to R-VCSEL.
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Fig. 4. Time series measured from T-VCSEL (blue) and R-VCSEL (red) for
different values of K;: (a) 0.12, (b) 0.16, (c) 0.40 and (d) 0.54. The time duration
of the perturbation was set constant at all moments and equal to tq = 4.5 ns. The
black insets at the top plot the externally injected optical signal into T-VCSEL

Additionally, we have also investigated the influence of the
external perturbations’ strength (Kp) on the characteristics of
the communication of the spiking information. Fig. 4 plots
results for the case where a relative long external perturbation
(ta = 4.5 ns) arrives into T-VCSEL generating multiple spiking
events and which are in turn transmitted to R-VCSEL. For
clarity in fig. 4 the measured time series from T-VCSEL (in
blue, top) have been shifted upwards by 0.15 mV with respect
to those measured for R-VCSEL (in red, bottom). Here, the
perturbation’s strength K is increased from 0.12 to 0.54 whilst
the perturbation’s duration is fixed at ty = 4.5 ns. For the results
shown in fig. 4, the frequency detunings between the external
signal and T-VCSEL (Af) and between T-VCSEL and R-
VCSEL (Afrr) were set equal to -3.54 GHz and -2.84 GHz,
respectively. Also, the constant injection power level arriving
from the external signal into T-VCSEL was equal to Kiy = 68
#W whilst the constant power level of the signal arriving from
T-VCSEL into R-VCSEL was measured equal to 49 uW. Figs.
4(a) and 4(b) shows that for K,= 0.12 and 0.16, the strength of
the perturbation is not high enough to yield a spike firing
response from T-VCSEL. As a result, T-VCSEL remains in its
stable injection locking state and a constant temporal output is
obtained at the output of the first VCSEL, as it can be seen from
the top diagrams in figs. 4(a) and 4(b). Analogously, since there
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are no spiking events from T-VCSEL entering R-VCSEL, the
latter also remains in a stable injection locking state (see bottom
diagrams in figs. 4(a) and 4(b)) yielding as well constant output
time traces. However, the situation changes when the
perturbation’s strength is increased. For the case of K, = 0.40,
as seen in the top diagram of fig. 4(c) three spikes are obtained
at the output of T-VCSEL given that the perturbation is strong
enough to bring the device out of the injection locking state.
Now, these spikes fired in T-VCSEL are transmitted along the
circuit to R-VCSEL which also reacts by firing three spikes (see
bottom diagram in fig. 4(c)). Finally, an analogous response but
for a higher number of spikes fired this time is obtained when
the perturbation’s strength is further grown to higher values.
Fig. 4(d) plots the case where K, has been set equal to 0.54.
Here, the strong perturbation yields a five-spikes firing event
from T-VCSEL. The latter is successfully transmitted to R-
VCSEL which also produces a five-spikes firing output. Fig. 4
therefore illustrates first the need for the external perturbation
to exceed a critical intensity threshold to generate spike firing
events in T-VCSEL and the capability of the generated
interconnected VCSEL system to only react and transmit such
spiking responses upon the arrival of stimuli of sufficient
strength. Additionally, fig. 4 also shows that the number of
spikes obtained from T-VCSEL and communicated to R-
VCSEL can be controllably engineered by varying the value of
Ko once the exciting threshold is exceeded. This is of
importance as it will permit routes to control the spike firing
rate in the system not only by acting on the stimulus duration
(see fig. 3) but also on the stimulus’s strength. Such behavior
allowing to compute the information on the arriving stimuli’s
strength in the generated spike firing rate is also found in
biological neurons. Once again, this feature is analogous to that
of biological neurons where a clear threshold in stimulus

6

intensity has to be exceed to provoke excitation and firing
activity in individual neurons and neuronal circuits.
Furthermore, figs. 3 and 4 also reveal that the intensity of the
spiking signals obtained from both interconnected VCSELSs (T-
and R-VCSEL) have a similar level once spiking activity is
triggered independently of the strength (providing it exceeds a
critical threshold) and temporal duration of the incoming
perturbations. This important behavior is also analogous to the
all-or-none spike firing response in biological neurons [12].

In this work, we have also investigated numerically the
generation and propagation of spiking signals in two
interconnected VCSELSs. Fig. 5 shows calculated results using
the extension of the SFM model described in Section IlI.
Specifically, fig. 5 plots calculated time series from T-VCSEL
and R-VCSEL when the former is subject to the arrival of
signals with encoded perturbations with different temporal
duration ranging from 0.8 ns to 6.8 ns. From these diagrams, it
can be seen that single and multiple spikes can be obtained upon
the arrival of external perturbations. The higher the
perturbation’s duration the higher is the number of spikes fired.
These diverse spiking dynamics can also be propagated from T-
VCSEL to R-VCSEL with the two devices yielding similar
spiking responses.

Fig. 5(a) and 5(b) plots respectively calculated time series
obtained at the outputs of T-VCSEL (fig. 5(a)) and R-VCSEL
(fig. 5(b)). These simulate the response of the devices when an
external optical signal with encoded (power drop) perturbations
with constant strength ratio of K, = 0.42 and varying temporal
duration tq, from 0.8 to 6.8 ns is injected into T-VCSEL. Fig. 5
shows analogous results to the experimental findings depicted
in fig. 3. Here, the arrival of the external perturbations triggers
spike firing responses in T-VCSEL as the device goes from
being injection locked to unlocked to the external signal.
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Also, as in fig. 3 the number of spikes fired by T-VCSEL
increases as the perturbation’s duration is grown. Fig. 5(b) plots
simulated results for the output of R-VCSEL after the injection
of the signals generated by T-VCSEL. Again, as in the
experimental findings shown in fig. 3, R-VCSEL responds by
reproducing the same spiking pattern arriving from T-VCSEL,
firing the same number of spikes with similar intensities,
temporal durations and interspike intervals. For simplicity, as
in the experimental plots the time series of R-VCSEL have been
temporally shifted to plot them in the same scale as those from
T-VCSEL. However, it should be noted that the spiking events
obtained from R-VCSEL will be obtained after the optical flight
time required by T-VCSEL’s output to reach R-VCSEL.

Fig. 5(c) and 5(d) show the corresponding calculated
temporal maps for the results for T-VCSEL and R-VCSEL
respectively. The same colour coding scheme used for the
experimental maps of fig. 3 is applied here. The maps merge
results calculated from both devices for 9 different values of tq
from 0.8 ns to 6.8 ns as indicated for the perturbations entering
T-VCSEL. For each value of ty the maps plot the response of
the system to the arrival of 20 consecutive perturbations. The
maps in figs. 5(c) and 5(d) clearly show that the number of
spikes obtained from T-VCSEL can be easily controlled by
varying the perturbation’s duration. Also, the spiking patterns
obtained from T-VCSEL are successfully communicated to R-
VCSEL which reproduces the same spiking patterns. In all
cases, the numerical results show that controllable and
reproducible spiking signals can be obtained from a first
VCSEL-neuron and successfully propagated to a second one,
showing indeed an excellent degree of agreement with the
experimental findings included in fig. 3. It should be finally
noted here that for a better comparison with the experimental
findings, only the total output signals from T-VCSEL and R-
VCSEL are taken into account during the simulation processes,
without plotting separately the device’s two individual
polarizations (parallel and orthogonal). We should mention that
the spiking dynamical responses were obtained numerically in
the orthogonal polarization output whilst the parallel one
remained suppressed. Hence, we should expect the same pattern
to occur in the experimental data in future polarization-resolved
analysis of the reported spiking regimes.

V. CONCLUSIONS

In summary, in this work we demonstrate experimentally and
in theory the communication of spiking information between
two interconnected 1300nm VCSEL photonic neurons much as
biological neurons do in the brain but at sub-nanosecond speeds
(8 orders of magnitude faster than the millisecond timescales
than biological neurons). We show that controllable and
reproducible spiking patterns can be obtained in a first VCSEL-
neuron (T-VCSEL) via the external optical injection of signals
with added short temporal perturbations. Subsequently, these
spiking firing signals from T-VCSEL can be transmitted to a
second VCSEL-neuron (R-VCSEL) which responds by
reproducing at its output of the same spike firing pattern.
Importantly, the characteristics of the two spiking signals

obtained from both devices are analogous, showing the same
number of spikes fired and interspike time intervals and similar
spike intensities. Our results also show that just as biological
neurons respond in the brain to incoming stimuli, we can also
successfully generate and propagate through the system single
(phasic) and multiple (tonic) spiking responses, by simply
controlling the temporal duration of the arriving perturbations.
Also, a threshold in perturbation’s intensity needs to be
exceeded to obtain and propagate a spiking response through
our photonic neuronal circuit (as it is the case in biological
neurons). We have also developed a numerical model which
reproduces with high degree of accuracy the experimental
findings. Also, very high speed operation (sub-ns speed
resolution) and low input power requirements (only a few tens
of pWatts) were needed in our experiments. These results added
to the use of inexpensive commercially available VCSELSs
operating at the telecom wavelength of 1300 nm, hence totally
compatible with optical networking technologies, pave the way
towards the realization of interconnected ultrafast networks of
photonic spiking neurons with neuro-inspired connectivity.
These offer exciting prospects for future advanced
neuromorphic photonic modules for use in non-traditional
computing paradigms beyond present digital systems.
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