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We experimentally and numerically demonstrate an approach to optically reproduce a pyramidal neuron-like
dynamics dominated by dendritic Ca2� action potentials (dCaAPs) based on a vertical-cavity surface-emitting
laser (VCSEL) for the first time. The biological pyramidal neural dynamics dominated by dCaAPs indicates that
the dendritic electrode evoked somatic spikes with current near threshold but failed to evoke (or evoked less)
somatic spikes for higher current intensity. The emulating neuron-like dynamics is performed optically based on
the injection locking, spiking dynamics, and damped oscillations in the optically injected VCSEL. In addition, the
exclusive OR (XOR) classification task is examined in the VCSEL neuron equipped with the pyramidal neuron-
like dynamics dominated by dCaAPs. Furthermore, a single spike or multiple periodic spikes are suggested to
express the result of the XOR classification task for enhancing the processing rate or accuracy. The experimental
and numerical results show that the XOR classification task is achieved successfully in the VCSEL neuron enabled
to mimic the pyramidal neuron-like dynamics dominated by dCaAPs. This work reveals valuable pyramidal neu-
ron-like dynamics in a VCSEL and offers a novel approach to solve XOR classification task with a fast and simple
all-optical spiking neural network, and hence shows great potentials for future photonic spiking neural networks
and photonic neuromorphic computing. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.422628

1. INTRODUCTION

Neuromorphic computation aims the investigation of intelli-
gent computing systems whose nodes are capable of mimicking
the dynamics of biological neurons with a faster time scale and
high-efficiency energy. As one of the promising candidates for a
neuromorphic computing platform, photonics has a lot of ad-
vantages including low cross talk, large bandwidths, ultrafast
speeds, and large integration [1–6]. Based on the photonics
platform, artificial neurons, synapses, and neural networks have
been developed [7–22]. For instance, optical neurons based on
semiconductor ring lasers [5], graphene excitable lasers [9,10],
and vertical-cavity surface-emitting lasers (VCSELs) [8,11–13,
19,20], optical synapses based on semiconductor optical ampli-
fiers (SOAs) and vertical-cavity SOAs [14–17], and optical neu-
ral networks based on silicon photonic integrated circuits
and phase-change materials [18,21] have been reported. The
majority of these works focused on mimicking excitatory
and inhibitory dynamics of biological neurons. Interestingly,

there is another fascinating neural dynamic exhibited in layer
2 and 3 (L2/3) pyramidal neurons of the human cerebral cortex
ex vivo [23]. The biological evidence shows that the dendritic
electrode evoked somatic spikes with current near threshold but
failed to evoke (or evoked less) somatic spikes for higher current
intensity [23]. That is because the amplitudes of graded
dendritic Ca2� action potentials (dCaAPs) are maximal for
threshold-level stimuli but damp for stronger stimuli [22].
When the dCaAPs arrive at the soma of the pyramidal neuron,
due to the threshold, somatic spikes can be evoked with larger
amplitude dCaAPs (generated by threshold-level stimuli) and
cannot be evoked with smaller amplitude dCaAPs (generated
by stronger stimuli). This pyramidal neuron-like dynamic do-
minated by dCaAPs is also interesting and fascinating for neu-
romorphic computation [23].

In the traditional spiking neural network, the exclusive OR
(XOR) classification task is usually solved with three layers
[24–26]. In the photonic spiking neural network, XOR
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classification task was also successfully achieved recently
[27–29]. In 2020, Peng et al. solved XOR classification tasks
in an optical neural network with three layers based on SOAs
and Mach–Zehnder interferometers [27]. In the same year, our
group proposed a simple hardware architecture for XOR oper-
ation using a VCSEL with an embedded saturable absorber.
Note, the rate of the XOR operation is still limited by the width
of the inhibition window [29]. Hence, a neuron-inspired ap-
proach for solving XOR classification tasks with simple hard-
ware and a faster time scale remains highly desirable.

VCSELs are popular candidates for photonic neurons as
they exhibit lots of advantages, such as energy efficiency, easy
implementation of two-dimensional arrays, and low manufac-
turing cost [30,31]. In particular, VCSELs display rich nonlin-
ear dynamics under optical injection, including injection
locking and spiking dynamics [32,33]. Based on these nonlin-
ear dynamics, VCSELs can mimic essential dynamics of
biological neurons, such as tonic spiking, phasic spiking,
and excitatory and inhibitory dynamics [8,11–13,33]. Here,
we propose an approach to mimic the pyramidal neuron-like
dynamics dominated by dCaAPs with a VCSEL-based optical
neuron.

In this work, we report an approach to optically reproduce
pyramidal neuron-like dynamics dominated by dCaAPs based
on a VCSEL. In addition, based on these pyramidal neuron-
like dynamics, an all-optical XOR classification task is further
performed with a single VCSEL which is helpful for reducing
the complexity of the hardware implementation of the pho-
tonic spiking neural network. Particularly, inspired by biologi-
cal neuron, the all-optical XOR classification task can be
performed in a faster time scale, which can only cost one re-
fractory period of spiking dynamics in the VCSEL neuron. The
rest of the paper is organized as follows. Section 2 is devoted to
the experimental setup for emulating the pyramidal neuron-like
dynamics dominated by dCaAPs based on a VCSEL neuron. In
addition, the theoretical model of VCSEL under optical injec-
tion is introduced. In Section 3, the experimental and numeri-
cal results of the reproduced pyramidal neuron-like dynamics
are presented. In addition, the results of the XOR classification
task are further described. Moreover, the effects of duration
time and bias current on dynamics of the VCSEL are analyzed
numerically. Finally, the conclusion is summarized in Section 4.

2. EXPERIMENTAL SETUP AND THEORETICAL
MODEL

The experimental setup and theoretical model are presented
here for emulating the pyramidal neuron-like dynamics domi-
nated by dCaAPs based on a photonic spiking VCSEL neuron.

A. Experimental Setup of VCSEL Neuron
The experimental setup of a VCSEL neuron for reproducing
the pyramidal neuron-like dynamics dominated by dCaAPs
is presented in Fig. 1. The electronic input of the system is
generated by an arbitrary waveform generator (AWG,
Tektronix AWG7082C), which is amplified by the radio fre-
quency (RF) amplifier. The optical injection beam generated by
a 1550 nm distributed feedback laser (DFB) is injected into the
1550 nm VCSEL through an optical isolator (OI), a variable

optical attenuator (VOA), polarization controllers (PC1 and
PC2), and a circulator (CIRC). The OI is used to avoid un-
wanted light reflections. The VOA is used to adjust the power
of the injected signal. PC1 and PC2 are included to control the
polarization of the optical signal to match the Mach–Zehnder
modulator (Mod) and VCSEL, respectively. Here, the half-
wave voltage of the Mod is 1.9 V. The electronic input is
amplified by the RF amplifier, and then is modulated into the
optical field by using the Mod. The power meter is connected
with a 50/50 optical coupler (OC1) to detect the power of the
optical injected signal. The output of the VCSEL neuron is
collected through the CIRC and then is analyzed by an optical
spectrum analyzer (Advantest Q8384). Meanwhile, the output
of the VCSEL is detected by a photodetector (Agilent/HP
11982A) and then recorded by an oscilloscope (Keysight
DSOV334A).

Figure 2(a) presents the polarization-resolved mode powers
of the VCSEL as functions of applied bias current with a con-
stant temperature of 18.42°C. We refer to the main lasing
mode as the Y-polarized mode (YP mode) and the subsidiary
mode as the X-polarized mode (XP mode). It can be seen that
the threshold current is about 2.8 mA and there is no polari-
zation switching for all the applied bias currents. The optical
spectrum of free-running VCSEL with an applied bias current

Fig. 1. Experimental setup of a VCSEL neuron for reproducing the
pyramidal neuron-like dynamics dominated by dCaAPs. AWG, arbi-
trary waveform generator; DFB, distributed feedback laser; OI, optical
isolator; VOA, variable optical attenuator; PC1 and PC2, polarization
controllers; Mod, Mach–Zehnder modulator; OC1 and OC2, optical
couplers; CIRC, circulator; Bias & T Controller, bias and temperature
controller; PD, photodetector; PM, power meter; SCOPE, oscillo-
scope; OSA, optical spectrum analyzer.

Fig. 2. (a) Polarization-resolved mode powers as functions of ap-
plied bias current with a constant temperature of 18.42°C. (b) Optical
spectrum of free-running VCSEL with a bias current of 5.4 mA.
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of 5.4 mA is shown in Fig. 2(b), where the two peaks corre-
spond to the two orthogonal polarization modes (XP and YP
modes) of the VCSEL. The wavelengths of the YP and XP
modes are λy � 1552.792 nm with the power of −5.38 dBm
and λx � 1553.088 nm with the power of −42.77 dBm. In the
experiment, we set the DC biased point of the modulator at
6.5 V. Frequency detuning between the DFB and the XP mode
of the VCSEL was −2.4 GHz. The optical power of the signal
injected into the VCSEL was 179.7 μW.

B. Theoretical Model
We consider an extension of the well-known spin-flip model
(SFM) to reproduce the pyramidal neuron-like dynamics do-
minated by dCaAPs in a VCSEL [11,12]. The rate equations
with optical injection can be described as follows [11,12]:

dEx

dt
� −�k � γa�Ex − i�kα� γp�Ex

� k�1� iα��NEx � inEy� � kinjxE injx�t�eiΔωx t � Fx ,

(1)

dEy

dt
� −�k � γa�Ey − i�kα� γp�Ey

� k�1� iα��NEy � inEx� � Fy, (2)

dN
dt

� −γN �N �1� jExj2 � jEyj2� − μ� in�EyE�
x − ExE�

y �	,
(3)

dn
dt

� −γsn − γN �n�jEx j2 � jEyj2� � iN �EyE�
x − ExE�

y �	,
(4)

where the subscripts x, y represent the XP and YP modes of the
VCSEL, respectively. Ex,y are the slowly varying complex am-
plitudes of the field in the XP and YP modes. N represents the
total carrier inversion between conduction and valence bands. n
is the difference between carrier inversions with opposite spins.
k denotes the field decay rate. α represents the linewidth en-
hancement factor. γa is linear dichroism and γp is birefringence
rate. γN is the decay rate of N . γs is the spin-flip rate. μ rep-
resents the normalized pump current of the VCSEL. Note, we
consider that the external optical stimulus is only injected into
the XP mode of the VCSEL. The fourth term in Eq. (1) rep-
resents the external optical injection for the XP mode. kinjx and
E injx respectively indicate the injected strength and the injected
signal of the external stimulus. Δωx is defined as Δωx �
ωinjx − ω0, where ωinjx is the angular frequency of externally
injected light in the XP mode, ω0 � �ωx � ωy�∕2 is the center
frequency of the XP and YP modes with ωx � ω0 � αγa − γp
and ωy � ω0 − αγa � γp. The frequency detuning between the
externally injected signal and the XP mode is set as Δf x �
f injx − f x . Hence, in Eq. (1), Δωx � 2πΔf x � αγa − γp. Fx,y
are the spontaneous emission noise and can be written as [12]

Fx �
ffiffiffiffiffiffiffiffiffiffiffi
βspγN
2

r � ffiffiffiffiffiffiffiffiffiffiffiffiffi
N � n

p
ξ1 �

ffiffiffiffiffiffiffiffiffiffiffiffi
N − n

p
ξ2
�
, (5)

Fy � −i

ffiffiffiffiffiffiffiffiffiffiffi
βspγN
2

r � ffiffiffiffiffiffiffiffiffiffiffiffiffi
N � n

p
ξ1 −

ffiffiffiffiffiffiffiffiffiffiffiffi
N − n

p
ξ2

�
, (6)

where βsp is the strength of the spontaneous emission, ξ1 and ξ2
are independent complex Gaussian white noise terms of zero
mean and a unit variance. We numerically solve Eqs. (1)–(4)
by using the fourth-order Runge–Kutta method. The param-
eters for the 1500 nm VCSEL [12] are as follows: k �
185 ns−1, γa � 2 ns−1, γp � 128 ns−1, α � 2, γN � 0.5 ns−1,
γs � 110 ns−1, βsp� 10−6, and kinj � 125 ns−1. With these
parameters, the YP mode is the main lasing mode, and the XP
mode is the subsidiary mode, which is the same as the exper-
imental VCSEL. In addition, there is no polarization switching
in the VCSEL for all the applied bias currents when μ ≤ 6.

3. EXPERIMENTAL AND NUMERICAL RESULTS

In this section, we first present the experimental results for em-
ulating the pyramidal neuron-like dynamics dominated by
dCaAPs. We then experimentally perform the all-optical XOR
classification task based on the reproduced dynamics of the
VCSEL neuron. The reproduced dynamics and the all-optical
XOR classification task are also demonstrated numerically
based on the SFM of the VCSEL neuron. In addition, the ef-
fects of duration time and different bias currents on the dynam-
ics of the VCSEL neuron are analyzed carefully.

A. Experimental Results
In Ref. [23], the biological evidence shows that the dendritic
electrode evoked somatic spikes with current near threshold but
failed to evoke (or evoked less) somatic spikes for higher current
intensity by affecting the graded dCaAPs (Fig. 2B(ii) in
Ref. [23]). The motivation of this work is to mimic such dy-
namics in a VCSEL neuron and extend such dynamics to real-
ize high-speed all-optical XOR classification.

Figure 3 presents the mimicking results in a VCSEL neuron
under optical injection with three level injected strengths
(Level 1, Level 2, and Level 3). We assume that the power of
the injected signal decreases from Level 1 to Level 3, as shown
in Fig. 3(a). The duration time of each dropped optical

Fig. 3. Experimental results for the pyramidal neuron-like dynamics
dominated by dCaAPs. (a) Inputs of the VCSEL neuron. (b) Outputs
of the VCSEL neuron [also pyramidal neuron-like dynamics domi-
nated by dCaAPs under the optical injection in (a)].
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injection is set as 10 ns. Figure 3(b) shows the measured results
for mimicking the pyramidal neuron-like dynamics dominated
by dCaAPs in the VCSEL neuron. We define that a spike is
triggered when the power of spikes is larger than the red dashed
line. The red dashed line is set according to the spike ampli-
tudes of experimentally measured spiking dynamics in our plat-
form. The amplitude of the red dashed line is set just less than
the spike amplitudes. Here, the amplitude of the red dashed
line is set as 0.065 V. It can be seen from Fig. 3(b) that in
steady state, no spike is generated in the VCSEL which is
injection-locked at Level 1 optical injection. In Level 2, the
VCSEL goes into the spiking dynamics with a slight over
threshold-level optical injection, while in Level 3 the VCSEL
changes into the damped oscillations state with transformation
from Level 1 to Level 3 (a deeper pulse optical injection). Here,
no spike is triggered by Level 3 optical injection. Note that the
VCSEL neuron has injection locking, spiking dynamics, and
damped oscillations states under Level 1, Level 2, and Level
3 optical injection, respectively. Namely, no spike is generated
by a VCSEL neuron without stimuli (Level 1). Furthermore,
the optical injection can trigger spikes with threshold-level
stimuli (Level 2) and cannot trigger spikes with larger stimuli
(Level 3). Hence, the dynamics in the VCSEL neuron under
different optical injection is similar to the pyramidal neural
dynamics dominated by dCaAPs under different dendritic elec-
trodes as shown in Ref. [23].

The temporal map of 39 superimposed consecutive outputs
from the VCSEL neuron is further presented in Fig. 4.
Injection locking, spiking dynamics, and damped oscillations
are presented by blue color, yellow color, and red color, respec-
tively. To be seen clearly, the damped oscillations are labeled by
the red dashed box in Fig. 4. It can be seen that all 39 con-
secutive outputs have injection locking, spiking dynamics,
and damped oscillations (no-spiking, spiking, and no-spiking
states) with Level 1, Level 2, and Level 3 optical injections.
The results are similar to Fig. 3. That is to say, the dynamics
in the VCSEL neuron is stable and controllable. Hence, we
successfully achieved the pyramidal neuron-like dynamics do-
minated by dCaAPs based on a VCSEL neuron. The dynamics
in the VCSEL neuron is hoped to offer a hardware-friendly and

highly energy-efficient approach to realize neuromorphic com-
putation.

B. XOR Classification Task Based on the Dynamics
In this section, we extend the pyramidal neuron-like dynamics
dominated by dCaAPs in the VCSEL neuron to perform the
XOR classification task. The experimental setup of the VCSEL
neuron for performing the all-optical XOR classification task is
presented in Fig. 5. Different from Fig. 1, the system has two
electronic inputs corresponding to two bits of each case for the
XOR classification task. The two electronic inputs from two
channels of the AWG are modulated into the optical field
by Mod 1 and Mod 2, respectively. As shown in Fig. 5 the
two bit sequences are modulated into one optical injection
beam. The variable optical delay line is added between the
Mod 1 and the Mod 2 to adjust the transmission delay to match
the start time of a period for the bits from Mod 1 and Mod 2.
PC2 is included to adjust the polarization to match the Mod 2.
The optical injection beam containing the information of the
two bit sequences is injected into the XP mode of the VCSEL.
Other optical paths are the same as Fig. 1. In the experiment,
we set the DC biased point of two modulators at 6.5 V and
6.3 V, respectively. Frequency detuning between the DFB
and the XP mode of the VCSEL was −1.3 GHz. The optical
power of the injected signal of the VCSEL was 168.6 μW.

We use the rectangular pulse with the duration time (DT) of
2 ns to represent an input bit of the system. Bit “1” is repre-
sented by a dropped pulse and bit “0” is represented by the
pulse with the same power of the steady state. We use spiking
dynamics to denote the outputs of the optical XOR classifica-
tion. In the duration time of a bit, a single spike represents bit
“1” and no-spike represents bit “0”. Eight two-bit binary cases
as shown in Figs. 6(a1) and 6(a2) are generated for the testing
of the XOR classification task. The optical inputs of the
VCSEL neuron, which are also the accumulated results of
two bits in each case, are shown in Fig. 6(a3). It can be seen
that three injected levels (Level 1, Level 2, and Level 3) are
observed with cases of inputs “00,” “01,” and “10,” as well
as “11.” Thus, according to the results of Fig. 3, the experimen-
tal results have no-spiking, spiking, and no-spiking states with
three stepwise dropped optical injections. It can be seen from
Fig. 6(a4) that the “01” and “10” cases can trigger a single
spike in the VCSEL neuron. The “00” and “11” cases cannot
trigger a spike. Thus, the XOR classification task is achieved

Fig. 4. Experimental results for the temporal map of superimposed
consecutive outputs from VCSEL neuron. Red dashed box labels the
damped oscillations of the VCSEL.

Fig. 5. Experimental setup of a VCSEL neuron for XOR classifica-
tion task based on the dynamics above. Mod1, Mod2, Mach-Zehnder
modulators; VODL, variable optical delay line; PC3, polarization
controller.
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successfully in the VCSEL neuron based on the pyramidal neu-
ron-like dynamics dominated by dCaAPs. Note that, we
achieved the all-optical XOR classification task with fast time
scale (2 ns) and simple hardware. The speed of the XOR clas-
sification task is limited by the refractory period of the VCSEL.
The refractory period affects the spike rate in the VCSEL. We
set a period of single spike generated by the VCSEL as the mini-
mum bit period for the XOR classification task.

Note that it has been shown that the inputs of the excitable
system could trigger the asynchronous output spikes [10]. In
addition, a larger amplitude pulse may appear at the beginning
of the injection-locked state [34]. To tolerate the possible ap-
pearance of asynchronous spikes, larger amplitude pulse at the
beginning of injection locking, or other unwanted oscillations
caused by the unstable experimental environment, we suggest
representing the results of the XOR classification task with
multiple periodic spikes. To achieve multiple periodic spikes
output, we also consider the bit sequences with larger duration
time. For instance, the same eight two-bit binary cases
with DT � 5 ns are presented in Figs. 6(b1) and 6(b2).
Figure 6(b3) is the inputs of the VCSEL, which is similar
to Fig. 6(a3). Here, in the duration time of a bit, two, three
or four spikes (≥2) represent the bit “1” in the outputs of
the XOR classification task and one or no spike represents
bit “0.” It can be seen from Fig. 6(b4) that the results of
the XOR classification task are also achieved successfully.
Similarly, the XOR classification task with the bit duration time
of 10 ns also can be achieved in Figs. 6(c1)–6(c4).

C. Numerical Results and Discussions
In this section, the pyramidal neuron-like dynamics dominated
by dCaAPs are studied numerically in the VCSEL neuron
under different optical injections. The bifurcation diagrams
are further presented to identify the dynamics regimes of the
VCSEL neuron. Furthermore, the spiking dynamics of the

VCSEL under optical injections with different duration times
are analyzed carefully. Furthermore, the all-optical XOR clas-
sification task is performed based on the SFM of the VCSEL.

Figure 7 presents the inputs and outputs of the VCSEL neu-
ron. The input as shown in Fig. 7(a) is similar to that in the
experiment. The duration time is 10 ns for the dropped pulses.
We assume that K (K � constant strength − kinjx) represents
the dropped strength of pulses compared with the constant
strength. In this simulation, K � 0, 0.075, and 0.15 for
Level 1, Level 2, and Level 3, respectively. The frequency de-
tuning between the optical injection signal and the XP mode in
the VCSEL is set as Δf x � −4.5 GHz. Note that spiking dy-
namics and oscillations can be observed for the combination of
some given parameters including the frequency detuning, op-
tical injection strength, and bias current. In the simulation, the
amplitude of the red dashed line is set as 6. With the inputs in
Fig. 7(a), the responses of the VCSEL neuron are presented in
Fig. 7(b). It can be seen that multiple periodic spikes are
generated only with Level 2 optical injection and no spike is
generated with Level 1 and Level 3 optical injections. The
numerical results agree well with the experimental results.
Hence, it is verified that the pyramidal neuron-like dynamics
dominated by dCaAPs can be emulated in the VCSEL neuron.

The bifurcation diagrams of the maximum IX as functions
of K with different bias currents are presented in Fig. 8. It can
be seen from Fig. 8 that injection locking (region I), spiking
dynamics (region II), and damped oscillations (region III) ap-
pear with increasing K . In addition, the ranges of spiking dy-
namics are similar with different currents. More precisely, K
corresponding to the spiking dynamics are 0.06 < K < 0.09,
0.055 < K < 0.085, and 0.05 < K < 0.08 for currents
μ � 2.3, 2.5, and 2.6, respectively. The dynamics of the
VCSEL neuron with optical injection is hoped to get no-spik-
ing and spiking states easily.

Figure 9 presents the spiking dynamics of the VCSEL under
the dropped pulses with DT � 10 ns, 6 ns, 3 ns, 2 ns, 1.5 ns,
1 ns, 0.8 ns, and 0.55 ns. It can be seen from Fig. 9(b), for
DT � 0.55 ns, an asynchronous spike is generated [10],
likely as a result of transition between spiking dynamics and

Fig. 6. Experimental results of XOR classification tested by eight
two-bit binary cases. (a1)–(c2) Eight two-bit binary cases. (a3)–(c3)
Inputs of the VCSEL neuron. (a4)–(c4) Outputs of the VCSEL neu-
ron for the results of XOR classification. (a1)–(a4) DT � 2 ns.
(b1)–(b4) DT � 5 ns. (c1)–(c4) DT � 10 ns.

Fig. 7. Simulated results of the pyramidal neuron-like dynamics do-
minated by dCaAPs in the VCSEL under optical injection. (a) Inputs
of the VCSEL neuron. (b) The responses of the VCSEL neuron with
the inputs of (a).
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injection-locked state [34]. For DT � 0.8 ns and DT � 1 ns,
a single spike is generated within the bit duration. While for
DT ≥ 1.5 ns, multiple periodic spikes can be observed. As
mentioned above, we suggest using the multiple periodic spikes
to represent the XOR results. But if we would like to increase
the processing rate of the XOR task, a lower bit width may be
desired. Hence, the trade-off between the accuracy and the op-
eration speed of the proposed XOR operator should be consid-
ered for the practical application.

Here, for the XOR classification task, the term kinjxE injx in
Eq. (1) can be written as kinjx1E injx1 � kinjx2E injx2 correspond-
ing to two bits of each case. Ten cases for testing the XOR
classification are presented in Figs. 10(a1) and 10(a2). For
the steady state and bit “0,” kinjx1 � kinjx2 � 0.09. For the bit
“1,” kinjx1 � kinjx2 � 0.015. The duration time of one bit is set
asDT � 0.83 ns. The frequency detuning between the optical
injection signal and the XP mode of the VCSEL is also set as
Δf x � −4.5 GHz. As can be seen from Fig. 10(a3), spikes are
generated with the cases of “10” and “10.” And no spike is ob-
served with the cases of “00” and “11.”Namely, we numerically
achieved the XOR classification task in a single VCSEL neuron
equipped with the pyramidal neuron-like dynamics dominated
by dCaAPs. To tolerate the possible appearance of asynchro-
nous spikes [labeled by a red circle in Fig. 10(b3)], larger am-
plitude pulse at the beginning of injection-locked state [labeled

by a green circuit in Fig. 10(b3)], or other unwanted oscillation
caused by the unstable environment, we also use multiple peri-
odic spikes to present the bit “1” in the results of the XOR
classification task. One or no spike represents the bit “0” in the
results of the XOR classification task. In this way, the XOR
classification tasks with the bit duration times of 3 ns and
6 ns are achieved successfully in Figs. 10(b1)–10(b3) and
Figs. 10(c1)–10(c3).

4. CONCLUSION

In this work, we experimentally and numerically demonstrated
an approach to mimic the pyramidal neuron-like dynamics do-
minated by dCaAPs based on a VCSEL. The mechanisms in-
volved mainly include the injection-locking, spiking dynamics,
and damped oscillations in a VCSEL under optical injections
with different strengths. Based on these reproduced dynamics,
the XOR classification task was achieved experimentally and
numerically with a faster time scale (or high accuracy) and sim-
ple hardware. The dynamics reproduced in this work, using a
single 1550 nm VCSEL, is valuable and offers a novel optical
solution to neuromorphic computation with a faster time scale
(or high accuracy) and simple hardware. This opens the exciting
prospects for information processing and neuromorphic com-
putation traditionally using the multilayer spiking neural net-
work. Furthermore, the photonic spiking XOR classification
based on the mimicked dynamics offers fast-speed (or high ac-
curacy) and energy-efficient advantages in information process-
ing, which holds promise for the application in large and
complicated photonic spiking neural networks.

Funding. National Natural Science Foundation of China
(61674119, 61974177); National Outstanding Youth
Science Fund of National Natural Science Foundation of
China (62022062); Fundamental Research Funds for the
Central Universities.

Fig. 8. Bifurcation diagrams of the maximum IX as functions of K
with different currents. (a)–(c) Corresponding to μ � 2.3, 2.5,
and 2.6.

Fig. 9. Spiking dynamics of VCSEL under the dropped pulses with
different duration times. (a) Inputs of the VCSEL. (b) Outputs of the
VCSEL under the inputs of (a).

Fig. 10. All-optical XOR classification tested numerically by 10
two-bit binary cases. (a1)–(c2) 10 two-bit binary cases. (a3)–(c3) The
outputs of the VCSEL neuron for the results of XOR operation. (a1)–
(a3) DT � 0.83 ns. (b1)–(b3) DT � 3 ns. (c1)–(c3) DT � 6 ns.
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