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ABSTRACT We investigate experimentally and theoretically the communication of inhibited spiking
dynamics between two interlinked photonic neurons based upon the vertical-cavity surface-emitting lasers
(VCSELs). We show that the sub-nanosecond speed spiking dynamics fired by a Transmitter-VCSEL
(T-VCSEL) can be inhibited under the arrival of suitable external stimuli and that the inhibited spiking
behaviors are propagated into another Receiver-VCSEL (R-VCSEL). Both VCSELs exhibit analogous
inhibited spiking dynamics in response to stimuli with different temporal durations and strength. In addition,
a very good agreement is found between theoretical simulations and experiments. These results offer greater
prospects for future networks of VCSEL-based photonic neurons for neuromorphic computing platforms.

INDEX TERMS Vertical-cavity surface-emitting lasers (VCSELs), unidirectional coupling, inhibited
spiking dynamics, stable propagation.

I. INTRODUCTION
SpikingNeural Networks (SNNs), referred to as the third gen-
eration of neural networks, possess some unique advantages
such as the bandwidth efficiency of analog processing and
the noise robustness of digital computation, and offer high
potential to solve highly complex computational problems,
e.g. pattern recognition, decision-making, optimization and
learning, etc. [1]. The development of SNNs greatly prompts
the advancement of information processing techniques and a
number of large-scale SNNs based in electronic techniques
have been developed. For example, IBM’s TrueNorth that
integrates a million spiking-neurons [2], Neurogrid at Stan-
ford University [3], HICANN at University of Heidelberg [4]
and the Neuromorphic chip at University of Manchester [5].
However, these electronic SNNs models experience draw-
backs (e.g. limited bandwidths, cross-talk, reduced commu-
nication links, high power consumption) affecting their per-
formance and resulting in longer operation timescales [6].

Recently, new photonic approaches for spiking neuron
models based upon photonic techniques have been proposed.

These can yield ultrafast spiking responses, up to 9 orders
of magnitude faster than biological neurons. These
included approaches based on semiconductor optical ampli-
fiers [7], [8], fiber lasers with graphene [9], [10], photonic
crystal cavities [11], [12], and semiconductor lasers (SLs)
[13]–[15]. These photonic techniques offer great promise to
break through the electronic bandwidth limitation whilst also
allowing for reduced energy requirements during operation.
Also recently, photonic functionalities for such systems,
such as all-optical digital-to-spike conversion have started to
appear [16]. Hence, these photonic approaches of neuronal
models offer prospects for novel neuromorphic photonic
systems in information processing and computing.

Among these, SL-based photonic neuron models have
dominated and recently, laser-based spiking photonic neu-
ron models have been demonstrated with multiple designs,
including semiconductor micro-ring lasers [17], [18], laser
diodes driven by resonant tunneling diode photodetec-
tors [19], optically injected micro-disk lasers [20], Quantum
Dot SLs [21], [22], devices with saturable absorbing
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sections [23], semiconductor lasers with external feed-
back [24], micropillar lasers in conjunction with a saturable
absorber (SA) [25] and VCSELs [26]–[31]. We have focused
on the latter given the unique advantages of these devices,
such as low energy consumption, easy integration into 2D
arrays, high coupling efficiency to optical fibers, low manu-
facturing costs, and have produced early reports on VCSEL-
based photonic neuronal models [26]–[31]. As for biological
neurons, these react to incoming stimuli by producing spike
firing signals. However, in neurons the inhibition of spiking
responses under arriving perturbations also plays an impor-
tant role in brain activity [32]–[34]. Hence the achievement of
spiking inhibitory responses with photonic neuronal models
has also attracted extensive investigation [35], [36].

The approaches mentioned above mostly focus on the
generation and inhibition of spiking regimes in a single
photonic neuron. However, the interconnection of differ-
ent biological neurons is necessary for some important
functional implementation. For example, synchronization of
neural activity in brain has becomes the key of cognitive
activity. Obviously, different topological network schemes
consisting of two or more photonic neurons are strictly nec-
essary for future information processing scenarios. Nonethe-
less, efforts on interconnected systems are still limited to
a few works having focused mainly on planar semiconduc-
tor laser designs [37]–[39]. Very recently, network schemes
of spiking VCSEL-based photonic neurons have undergone
preliminarily investigation and the communication of spike
firing patterns between two interconnected VCSEL neurons
has been analyzed numerically [31] and experimentally [40].
In [31], different connection topologies including unidirec-
tional coupling and mutual coupling between two VCSELs
are discussed and the propagation of fired spiking dynam-
ics between two interconnected VCSELs is theoretically
demonstrated [31]. Very recently, we demonstrated experi-
mentally the successful communication of controllable spik-
ing patterns between two interconnected VCSEL photonic
neurons [40].

These early demonstrations also pave the way to the devel-
opment of inhibitory photonic neural network models, where
spiking inhibited responses can be successfully propagated
between interlinkedVCSEL-based photonic neuronal models
for future neuromorphic photonic networks enabling both
excitatory and inhibitory spiking responses. Different with
the fired spiking propagation in literatures [31] and [40],
this paper focuses on this aspect to demonstrate experi-
mentally and numerically the stable propagation of inhib-
ited spiking information at sub-nanosecond speeds between
two unidirectionally coupled VCSEL-based photonic neu-
rons. We shows that controlled inhibition regimes of spik-
ing dynamics in a Transmitter-VCSEL (T-VCSEL), induced
by an external perturbation, can be successfully prop-
agated to a Receiver-VCSEL (R-VCSEL). Importantly,
our results are obtained at the important telecom wave-
length of 1300 nm, making our approach fully compati-
ble with current fibre-optic data communication systems.

Additionally, a theoretical model analyzing the spike prop-
agation characteristics of such a system has also been
developed with good agreement between simulated and
experimentally achieved results.

FIGURE 1. Experimental setup. TL: tunable laser; T-VCSEL:
transmitter-VCSEL; R-VCSEL: receiver-VCSEL; ISO: isolator; PC: polarization
controller; MZM: Mach-Zehnder Modulator; SG: signal generator; FC: fiber
coupler; PM: power meter; OC: optical circulator; VA: variable attenuator;
OSA: optical spectrum analyzer; OSC: oscilloscope.

II. EXPERIMENTAL SETUP
The schematic diagram of our experimental setup is shown
in Fig. 1. Two commercial 1300 nm VCSELs (Raycan) are
used as the photonic neuronal models. The bias current and
temperature of the VCSELs are controlled by high accu-
racy laser drivers (Newport, LDDM-5005) and temperature
controllers (Profile, TED 200). The continuous light from a
tunable laser (TL) is modulated by a Mach-Zehnder mod-
ulator (MZM, JDSU MOD-9189) after passing through an
isolator (ISO1) and a polarization controller (PC1). Temporal
perturbations, in the form of short power raises are encoded
in the continuous light from the TL using the MZM and a
signal generator (SG). The perturbed signal is injected into
the transmitter VCSEL (T-VCSEL) through a 90:10 fiber
coupler (FC1), a second polarization controller (PC2) and
an optical circulator (OC1). The output from T-VCSEL is
divided into two parts by a 90:10 fiber coupler (FC2). The
90% output port from FC2 is injected into the receiver
VCSEL (R-VCSEL) after passing through a second isola-
tor (ISO2), a variable attenuator (VA), a polarization con-
troller (PC3) and an optical circulator (OC2). The remaining
10% of the signal from FC2 is sent into the detection sys-
tem. A high-speed amplified photodetector (PD2, Thorlabs
PDA8GS, 9.5 GHz bandwidth) and a digital real-time oscil-
loscope (OSC, Agilent DSO 81304B, 13 GHz bandwidth)
are utilized to capture the time series, an optical spectrum
analyzer (OSA, Anritsu MS9710C) is used to analyze the
optical spectrum distribution, and a power meter (PM) is
used to monitor the injection power into the two VCSELs.
Similarly, the output from the R-VCSEL is sent to the detec-
tion system via OC2 and another high-speed amplified pho-
todetector (PD1). During the experiment, the temperatures
of both VCSELs were respectively kept constant at 300 K
(T-VCSEL) and 292K (R-VCSEL) except additional descrip-
tion. Under this condition, the threshold currents for both
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VCSELs were measured equal to Ith,T = 0.60mA and
Ith,R = 0.61 mA, respectively.

FIGURE 2. Experimentally measured optical spectra of the T-VCSEL (a),
R-VCSEL (b) and a typical external perturbation (c).

III. RESULTS AND DISCUSSION
Figures 2(a)-2(b) record the experimentally measured opti-
cal spectra of the two free-running VCSELs used in the
experiment, with T-VCSEL and R-VCSEL biased at 1.5 mA
(∼2.5 Ith,T ) and 1.5 mA (∼2.5 Ith,R) respectively. The main
lasing and subsidiary modes of the devices are referred to
as the parallel polarization (y-PC) and orthogonal polariza-
tion (x-PC) components of the fundamental transverse mode,
respectively. Fig. 2(c) shows a typical injected signal with
an encoded stimulus (or perturbation) into T-VCSEL. The
encoded stimulus is characterized by a constant injection
level Kinj and a controllable strength K , temporal duration td
and repetition rate frep = 15 MHz. Kp is defined as the ratio
between perturbation pulse strength and constant injection
level (Kp = K /Kinj). In our experimental setup, the time delay
between the T-VCSEL and R-VCSEL was approximately
equal to 62 ns.

Figure 3(a) plots the real-time series at the output of
T-VCSEL subject to the injection of the signal in the inset
at the top of Fig. 3(a). Here, the externally injected signals
(with encoded perturbations) are set with orthogonal polar-
ization (to that of the main lasing mode of the devices) and
injected into the orthogonal polarization mode of T-VCSEL.
The constant injection power was equal to 28.56 µW, and the
temporal duration td and strength Kp of the added perturba-
tion signal were equal to 2.0 ns and 0.495, respectively. The
frequency detuning1f between the externally injected signal
and T- VCSELwas1fIT = finj−fTx = −3.68GHz, where finj
and fTx correspond to the frequencies of the external injection

FIGURE 3. (a-b) Time series measured at the output of T-VCSEL (a) and
R-VCSEL (b). The external signal (stimulus) injected into T-VCSEL, shown in
the inset at the top of (a), was characterized by a constant injection level
of Kinj = 28.56µW, temporal duration of td = 2.0 ns and Kp = 0.495.
(c-d) Corresponding temporal maps obtained from the captured
time-series from T-VCSELs (c) and R-VCSELs (d) show their responses to
the arrival of 160 consecutive external perturbations into T-VCSEL.

and that of the orthogonal polarizationmode of the T-VCSEL.
From Fig. 3(a), it can be seen that T-VCSEL operates at a con-
tinuous spiking regime under a constant injection level. Once
the perturbation arrives, it is forced into an injection-locking
state and the spikes are suppressed due to the sudden increase
in the injection level. When the perturbation is removed,
the inhibited response disappears and the laser switches back
to a tonic spiking regime. It should be pointed out that there is
a ∼ 62 ns time delay between the T-VCSEL and R-VCSEL,
which corresponds to the flight time between the two lasers.
For comparison purposes, the output time series of R-VCSEL
were shifted to plot them in the same time-scales as those of
T-VCSEL. Additionally, to verify the validity and stability of
this response, Fig. 3 (c) shows the temporal map of superim-
posed time series from the T-VCSEL, where the time interval
between two consecutive events (Trep = 1/frep) is used as the
folding parameter, and the T-VCSEL’s response to the arrival
of 160 identical perturbations is observed. The color coding
in the map indicates increasing intensity from blue to red.
Red/Yellow colors correspond to high intensity spikes, while
blue dotes denote a constant intensity and darker blue dots
indicate power drops below the steady state. Fig. 3(c) clearly
shows the reproducibility of the spiking inhibition response
in T-VCSEL to all incoming perturbations. Subsequently, all
output light from T-VCSEL is orthogonally injected into the
subsidiary orthogonally-polarized mode of R-VCSEL and
the corresponding responses are shown in Fig. 3(b). Here,
the constant injection power is 60.11 µW, and the detuning
frequency (1fTR) between the two lasers is set to1fTR = fTx−
fRx = −2.76 GHz, where fRx corresponds to the frequency
of the orthogonal polarization mode of R-VCSEL and the
frequency detuning is achieved by adjusting the temperature
of R-VCSEL. Under continuous injection from T-VCSEL,
the response of R-VCSEL repeatedly goes from the spik-
ing regime to the injection-locking regime, then back to the
spiking regime. The corresponding temporal map, captured
at the output of R-VCSEL in response to 160 consecutive
perturbations from T-VCSEL, is shown in Fig. 3(d). It should
be pointed out that the difference of phase noise before and
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after perturbation observed in the maps of Figs. 3(c)-3(d)
is simply due to a data processing issue. In fact, a small
mismatch between the actual inhibition-event interval and
the folding time used to produce the maps can induce the
drift of the dynamics. For comparison, we suitably shifted
the time sequences through fixing the first spike fired after
removing the perturbation. Moreover, the inherent instabil-
ity of this system also strengthen to the difference. These
results therefore show that a reproducible spiking inhibition
behavior, with a consistent response to consecutive external
perturbations, can be obtained for the T-VCSEL and can
be in turn propagated to R-VCSEL, hence demonstrating
the achievement the communication of inhibitory neuronal
responses at sub-nanosecond speed rates in a network of two
VCSEL-based photonic neurons.

FIGURE 4. Experimentally measured time series of T-VCSEL and R-VCSEL
in response to perturbations with different temporal duration td : (a) 0 ns,
(b) 1.35 ns, (c) 2.50 ns and (d) 5.80 ns and with constant perturbation
strength Kp = 0.417.

To further explore the propagation properties of the spik-
ing inhibition behavior between two interconnected VCSEL
neurons, Fig. 4 gives the time series from T-VCSEL and
R-VCSEL for the injection of external signals with increas-
ing perturbation duration td from 0 ns to 5.80 ns and
constant perturbation strength Kp = 0.417. When no per-
turbations arrive (td = 0 ns), Fig. 4 (a1) shows that
T-VCSEL operates in a spiking regime where consecu-
tive spikes with sub-nanosecond time intervals are fired.
When increasing td from 1.35 ns (Fig. 4(b1)) to 2.50 ns
(Fig. 4(c1)), and 5.80 ns (Fig. 4(d1)), the spiking dynamics
from T-VCSEL are entirely suppressed during the perturba-
tion period since T-VCSEL is forced from the spiking into the
injection-locking regime. Fig. 4 thus shows that the window
of inhibited spiking dynamics can be controlled by adjusting
experimentally the perturbation duration td . The responses
of R-VCSEL are also provided in Figs. 4(a2)-(d2), showing
that the inhibitory spiking dynamics with different and con-
trolled temporal length from T-VCSEL can be successfully
communicated to R-VCSEL. It should be highlighted that
the responses observed from both T- and R-VCSELs are
analogous with only slight differences caused by noise and
inherent instabilities in our experimental system.

FIGURE 5. Temporal maps of the T-VCSEL (a) and R-VCSEL (b) outputs
plotting the response to 20 consecutive perturbations for 7 different
values of perturbation temporal duration, td , as indicated. All other
parameters are the same as in Fig. 4.

Figure 5 shows in turn temporal maps built from the
time-series at the output of the T- and R-VCSELs. The
two maps in Fig. 5 consist of 7 segments, each one of
them plotting 20 superimposed time series for a different
considered value of td (from 0 to 5.80 ns, as indicated).
All other parameters are the same as in Fig. 4. From the maps
in Fig. 5, it can be seen that the controllable and repeatable
inhibition pattern of spiking dynamics can be obtained from
T-VCSEL by adjusting td from 0 ns to 5.80 ns. Moreover,
the stable propagation of inhibited spiking dynamics between
T-VCSEL and R-VCSEL is also achieved.

Figure 6 shows the time series at the output of T-VCSEL
and R-VCSEL for external perturbations with fixed tem-
poral duration of td = 5.8 ns and varying strength (Kp)
going from 0 to 0.42. The constant power levels injected
to each of the two VCSELs were equal to 46.10 µW and
52.28 µW, respectively. The frequency detunings set for the
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FIGURE 6. Time series of T-VCSEL and R-VCSEL in response to
perturbations of increasing strength (Kp): (a) 0, (b) 0.29, (c) 0.32
and (d) 0.42, at constant td = 5.8 ns.

two VCSELs were respectively equal to −3.55 GHz and
−2.84 GHz. When increasing the perturbation strength to
Kp = 0.29 and 0.32, spikes with longer inter-spiking period
are initially fired, as shown in Figs. 6(b) and 6(c). Further
increasing the perturbation to Kp = 0.42, causes the spikes
during the perturbation window to be entirely suppressed,
as shown in Fig. 6(d). These results therefore demonstrate the
existence of a perturbation strength threshold, above which,
firing spikes are entirely suppressed for the duration of the
perturbation window [36].

IV. THEORY MODEL AND RESULTS
Based on the spin-flip model (SFM), after taking into account
the influence of optical injection, the modified rate equations
of the VCSELs can be described by [40], [41]:

dETx,y
dt
= −

(
kT ± γ Ta

)
ETx,y − i

(
kTαT ± γ Tp

)
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∗
− ET,Rx ET,Ry
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where superscripts T and R stand for T-VCSEL and
R-VCSEL, respectively, and subscripts x and y stand
for the X- orthogonal and Y- parallel polarization com-
ponents. E is the slowly varying complex amplitude.
Einjx (Einjy) represents the injected light field into the X- (Y-)
polarization components. N is the total population inver-
sion between the conduction and valence bands and n is
the difference between the population inversions for spin-up
and spin-down radiation channels. k is the decay rate of

the electric field in the VCSEL cavity. α is the linewidth
enhancement factor. γe is the decay rate of the total population
inversion and γs is the spin-flip relaxation rate. γa and γp
are respectively the linear dichroism and the cavity bire-
fringence rate.τ is the optical flight time from T-VCSEL
to R-VCSEL and µ is the normalized injection current.
1ωx (1ωy) indicates the detuning between the angular fre-
quency of the x-polarized (or y-polarized) externally injected
light ωinjx (ωinjy) and a reference angular frequency situ-
ated at the middle point between those of the VCSEL’s
X- and Y- polarization components, i.e.1ωx = ωinjx −

(ωTx + ω
T
y )/2 (1ωy = ωinjy − (ωTx + ω

T
y )/2). 1ωTR refers

to the frequency detuning between the frequencies of the two
VCSELs: T-VCSEL (ωT ) and R-VCSEL (ωR), i.e.1ωTR =
ωT −ωR. η1 and η2 are the injected coupling coefficients for
the T-VCSEL and R-VCSEL, respectively. F corresponds to
the spontaneous emission noise determined by:

FT,Rx =

√
β
T,R
sp γ

T,R
e

2
(

√
NT,R

+ nT,RξT,R1

+

√
NT,R

− nT,RξT,R2 ) (5)

FT,Ry = −i

√
β
T,R
sp γ

T,R
e

2
(

√
NT,R

+ nT,RξT,R1

−

√
NT,R

− nT,RξT,R2 ) (6)

where βsp is the spontaneous emission factor, ξ1 and ξ2 are
independent complex Gaussian white noise sources with zero
mean and 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 and the parameters
used are as follows [40]–[42]: α = 2, k = 250 ns −1,
γe = 0.5 ns −1, γs = 105 ns−1, γa = 2 ns−1, βsp = 10−6,
γp = 128 ns−1, τ = 62 ns, µ =1.7, η1 = 125 ns−1,
η2 = 100 ns−1 and the central frequency of VCSEL
is 1.45× 1015 rad/s (corresponding to the central wavelength
of the VCSEL at 1300 nm).

Figures 7(a)-7(h) plot the numerically calculated time
series from the interconnected T-VCSEL and R-VCSEL
when the former is subject to the injection of external per-
turbations of fixed strength (Kp = 0.36) and varied duration
td (from 0 to 4.5 ns). For the case without any perturbations,
spikes, at sub-ns intervals, are tonically fired by T-VCSEL
and these spiking dynamics are propagated to R-VCSEL,
as shown in Figs. 7(a1)-7(a2). As a result, encoded spiking
communication between the two interconnected VCSELs
is achieved. By increasing the perturbation duration, the
spikes in T-VCSEL’s output are suppressed for the entirety
of the perturbation window (see Figs. 7(b1)-7(h1)) with
a similar response obtained from R-VCSEL, as shown
in Figs. 7(a2)-7(h2). Further, Figs. 7(i)-7(j) plot the corre-
sponding temporal maps for the T- and R-VCSEL outputs
in response to 20 consecutive perturbations for 8 different
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FIGURE 7. Numerically calculated time series of T-VCSEL and R-VCSEL in
response to perturbations with different td (a) 0 ns, (b) 1.1 ns, (c) 1.2 ns,
(d) 1.5 ns, (e) 2.0 ns, (f) 2.5 ns, (g) 3.5 ns and (h) 4.5 ns, at constant
Kp = 0.36, and corresponding temporal maps of the T-VCSEL (i) and
R-VCSEL (j).

perturbation durations td (from 0 to 4.5 ns). The color coding
scheme is the same as that in Fig. 5. These maps clearly show
that the windows of inhibitory spiking regimes in T-VCSEL
can be tuned by adjusting the perturbations duration and can
be propagated fromT-VCSEL to R-VCSEL. These calculated
results show excellent agreement with our experimental find-
ings shown in Fig. 5.

Figures 8(a)-8(d) show the numerically calculated time
series for T-VCSEL and R-VCSEL, where the former is
subject to external injection with encoded perturbations

FIGURE 8. Numerically calculated time series of T-VCSEL and R-VCSEL in
response to perturbations with different strength Kp (a) 0.0, (b) 0.15,
(c) 0.22 and (d) 0.36, and constant temporal duration td = 8 ns, and
corresponding temporal maps of the T-VCSEL (e) and R-VCSEL (f).

with constant temporal duration, td of 8 ns and increasing
strength, Kp (0 to 0.36). From Figs. 8(a)-8(d) it can be seen
that for relatively low perturbation strengths, spikes with
increasingly longer inter-spiking intervals are fired for the
entirety of the perturbation. When the perturbation strength
is increased above a certain threshold level, the spikes are
completely suppressed as long as the perturbation is present.
This behavior can be explained as follows, the increasing
injection strength pushes the VCSEL to a longer resonance
wavelength, decreasing the wavelength detuning between
the externally injected signal and the laser oscillator, and
as a result the spiking repetition frequency increases the
spiking period. When the injection strength is increased to
a higher level, sufficient enough to force the laser into the
injection-locking state, the spikes during the perturbation
window are fully suppressed. Moreover, these dynamical
behaviors from T-VCSEL are successfully transmitted to
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R-VCSEL, as shown in Figs. 8(a2)-8(d2). Additionally,
the temporal maps corresponding to the time series
in Figs. 8(a)-8(d) are shown in Figs. 8(e)-8(f). The temporal
maps show the response of the T- and R-VCSELs to 20 con-
secutive perturbations for each of the values of perturbation
strength, Kp (from 0.0 to 0.36) considered, where the color
coding scheme is the same to that in Fig. 5. Again, very good
agreement with the experimental findings is observed.

V. CONCLUSIONS
In summary, we investigate a photonic spiking neural network
based on two interconnected 1300 nm VCSEL-based pho-
tonic neuronal models and we demonstrate the communica-
tion of inhibitory spiking dynamical regimes in such a system.
When an external light signal with encoded short tempo-
ral perturbations is injected into the first VCSEL-neuron
(T-VCSEL), the spiking inhibition regime obtained at the
output of T-VCSEL can be effectively controlled by adjust-
ing the perturbations’ temporal duration and strength. The
spiking inhibited responses from the T-VCSEL can then
be transmitted into the second VCSEL neuron (R-VCSEL)
where similar spiking dynamics are produced. Our results
show that the spiking inhibition behavior obtained from the
VCSEL-photonic neuronal models subject to external incom-
ing perturbation is analogous to that of inhibitory biological
neurons in the brain, but at a much faster timescales (sub-
nanosecond speeds compared to millisecond timescales in
biological neurons). The successful demonstration of sta-
ble communication of spiking inhibition dynamics between
two interconnected VCSEL photonic neurons offers great
potential for future, brain-inspired photonic neural networks,
combining both excitatory and inhibitory functionalities for
use in novel ultrafast neuromorphic computing systems.
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