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Abstract

In this article, we proposed the use of optically pumped spin vertical-cavity surface-emitting laser (Spin-VCSEL) to create
a photonic spiking neuron. We studied the dynamics of excitability and inhibitability under optical injection and analyzed
the propagation characteristics of spiking information between unidirectionally-coupled Spin-VCSEL neurons. Our results
demonstrated that by properly selecting parameters such as negative disturbance intensity from stimulus, pump ellipticity,
and frequency detuning, Spin-VCSEL can achieve repeatable spiking output mode. Additionally, under certain conditions,
it is possible to achieve inhibitory spiking output by selecting positive disturbance intensity from stimulus. By adjusting
the duration and intensity of the disturbance, we can obtain controllable spiking responses for both excitable and inhibi-
tory neurons. Furthermore, we found that under optimized injection strength, the spiking signal from the transmitter of
Spin-VCSEL can be successfully propagated to the cascaded receiver with high quality. This work is meaningful because
Spin-VCSEL offers new control dimensions such as pump ellipticity. Therefore, our study provides a valuable new choice

for neuron construction of photonic spiking neural networks (PSNN).

1 Introduction

With the rapid development of photonic integrated devices,
ultrafast photonic spiking neural networks (PSNN) have
been realized using integrated photonic nonlinear devices.
This advancement provides a new approach to realize neu-
romorphic computing (i.e., brain-inspired computing) [1—
4]. PSNN exhibit sub-nanosecond response times, enabling
operation speeds up to 9 orders of magnitude faster than
biological neuromorphic computation. Additionally, PSNN
require lower power consumption similar to biological neu-
rons as it only operates when pulse events occur [1-32].
Consequently, PSNN has garnered significant attention in
the field of brain-inspired computing. Currently, research
on PSNN primarily focuses on studying the properties of
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photonic neurons and exploring the network construction
and training methods.

Research on PSNN neurons has reported a variety of
structures that utilize nonlinear photonic components as
biomimetic neurons [1-32]. These include graphene satura-
ble absorption lasers [5], micro-disk lasers [6], two-section
semiconductor lasers (SL) [7, 8], silicon-based micro-ring
resonators (MRR) [9-11], micro-pillar lasers [12], and
vertical-cavity surface-emitting lasers (VCSEL) [15-32].
In particular, VCSELs offer unique advantages such as
lower threshold power, single longitudinal-mode lasing,
rich polarization dynamics, easy coupling to optical fibers,
and straightforward integration into two-dimensional arrays
[15-24]. As a result, the use of VCSELs as spiking neurons
has been widely studied in recent years. Their characteris-
tics including leaky-integrate-and-fire (LIF) properties [ 15—
23], excitability [15—18], inhibitability [19], reproducibility,
controllability and spiking propagation [20, 21], are simi-
lar to those of biological neurons. A study by A. Hurtado
et al.., which involved experimentally injecting orthogonal
polarization pulse into VCSELs found that, under certain
conditions of injection strength and frequency detuning, the
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orthogonal output exhibited phasic and tonic spiking due to
polarization switching and frequency beating [15]. Subse-
quently S. Y.Xiang et al.. numerically analyzed how system
parameters influenced the characteristics of spiking neurons
for this structure. They discovered serious relaxation oscil-
lation (RO) in the tail of the spiking train [16]. Two solu-
tions have been proposed: one is introducing a continuous
component in orthogonal polarization and a pulse compo-
nent in parallel polarization, in order to realize the transi-
tion between two injection-locked states (phasic pulse), or
the transition from injection-locked state to beating effect
between two injected fields (tonic pulse) [17]. The other one
is applying negative external stimulus pulse on the continu-
ous wave with orthogonal polarization optical injection, so
that the output enters partial locking and experiences spik-
ing excitation [18]. T. Deng et al.. demonstrated that lat-
ter solution exhibits good controllability repeatability and
propagation characteristics [20, 21]. Y. Lu et al.. proposed
a frequency-switched VCSEL neuron which experimentally
obtained stable spiking response up to 1 Gbps [22]. Addi-
tionally, it was found that VCSEL with saturable absorption
also displays high-quality spiking neuron characteristics
[23-27].

In terms of PSNN network research, since 2018, S. Y.
Xiang et al.. realized the unsupervised training of single-
hidden layer PSNN composed of multiple VCSEL-SAs
based on spike-timing-dependent plasticity (STDP) rules
[24]. They also used the supervised training for the single-
hidden layer VCSEL-PSNN based on STDP, anti-STDP and
remote supervised method (ReSuMe) [25]. The VCSEL-
SA-based PSNN was further applied to digital recognition,
and good accuracy was achieved [26]. In 2021, the simulta-
neous adjustment of delay and weight was proposed, which
effectively reduced the number of training times, and was
successfully used for the classification tasks with accuracy
greater than 92% [27]. In 2023, the characteristics of spik-
ing neurons based on Fabry-Perot semiconductor laser (FP-
SL) with saturable absorption regions were experimentally
studied and used for image recognition [28]. Based on a sin-
gle VCSEL neuron, image edge detection with high accu-
racy has been obtained [29, 30]. The XOR task was also
performed in a single VCSEL-SA [31]. In 2022, Y. Lu et al..
proposed a delay-weighted PSNN architecture constructed
by cascaded frequency and intensity switch VCSEL, which
can generate spiking delay up to 60 ns, and was utilized for
classification tasks with accuracy of >90% [32].

Compared to traditional VCSELs, Spin-VCSELs exhibit
certain advantages. They demonstrate threshold reduc-
tion under certain conditions [33, 34], and the polarization
state of the laser output can be manipulated by controlling
pumping ellipticity (resulting in close-to-unity lasing output
ellipticity) [35-37]. By manipulating physical parameters,
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Spin-VCSELSs can also exhibit circularly polarized switch-
ing and bistability [38—40]. One notable advantage of
Spin-VCSELSs is their potential for ultra-high polarization
oscillation frequencies, which can overcome the modulation
bandwidth limitations observed in traditional VCSELs due
to RO [41-43]. The use of strain to increase birefringence
effects has been reported to achieve spin-polarized modula-
tion (SPM) bandwidths up to 200 GHz [42, 43]. Regarding
the nonlinear dynamics of Spin-VCSELs, N. Q. Li et al..
conducted a numerical analysis on parameter dependencies
for stable regions of both left circular polarization (LCP)
and right circular polarization (RCP) components, and dis-
cussed the characteristics of chaos communication based
on Spin-VCSEL [44—46]. T. T. Song et al.. investigated the
effects of various parameters on complex dynamics in Spin-
VCSELSs under optical feedback [47]. R. Al-Seyab et al..
utilized the spin-flip model (SFM) and largest Lyapunov
exponent (LLE) analysis to examine stable and unstable
regions in Spin-VCSEL systems [48]. The nonlinear dynam-
ics of Spin-VCSELSs have also been successfully applied in
high-speed photonic reservoir computing (RC) applications
[49]. However, to the best of our knowledge, there have
been no reported studies on the related dynamic behavior of
PSNN neurons based on Spin-VCSEL. Compared with tra-
ditional VCSEL, optically pumped Spin-VCSEL has richer
polarization dynamics, therefore, the parameters influence
on neuron spiking are also different. In addition, the spik-
ing delay can be flexibly adjusted over a larger range by
pump ellipticity, which is significant for the design of PSNN
towards complex tasks [32].

Based on the aforementioned considerations, this study
proposes Spin-VCSEL as the neuron for PSNN and com-
prehensively discusses the excitatory and inhibitory spiking
dynamics. Furthermore, the feasibility of spiking informa-
tion propagation between two cascaded Spin-VCSEL neu-
rons is analyzed. Our work is meaningful on enriching the
polarization dynamics of Spin-VCSEL-based spiking neu-
ron, and can provide valuable guideline for manipulation
and optimization of this neuron.

The content of this paper is divided into three parts:
Firstly, the structure and theoretical model of Spin-VCSEL
are presented. This section provides a detailed description of
the Spin-VCSEL?’s architecture and establishes a theoretical
model to analyze its behavior. Secondly, the influence and
physical mechanism of external disturbances on the dynam-
ics of Spin-VCSEL are discussed. Various factors that affect
the performance of Spin-VCSELs are examined, and their
underlying physical mechanisms are explored. Finally,
high-quality spiking propagation in cascaded Spin-VCSELs
is demonstrated. The ability of two cascaded Spin-VCSEL
neurons to propagate spiking information effectively is
investigated and showcased. This analysis focuses on
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understanding how spiking information can be effectively
transmitted from one neuron to another within a network
configuration of PSNN. By addressing these aspects, this
study aims to contribute to a better understanding of using
Spin-VCSEL as a neuron in PSNN systems.

2 Theoretical model

Figure 1 illustrates the schematic diagram of the neuron
used in the photonic spiking neural network (PSNN), which
consists of cascaded, optically pumped Spin-VCSELs. The
output of a semiconductor laser (SL) is externally modulated
using an electro-optical modulator (EOM) driven by a sig-
nal generator (SG). This modulated output is then injected
into a Spin-VCSEL, i.e., transmitter (T-Spin-VCSEL)
through a circulator (CIR1). By controlling external per-
turbation intensity and other parameters, the spiking output
and LIF function can be achieved based on the switching
from injection locking to partial locking. To study spike
propagation characteristics between cascaded neurons, the
T-Spin-VCSEL output is divided into two paths using an
optical coupler (OC). One path is detected by a polarization
beam splitter (PBS2) and photodetectors (PD3 and PD4).
The other path is injected into another Spin-VCSEL, i.e.,
receiver (R-Spin-VCSEL) via CIR2 and detected using
PBS1 and photodetectors (PD1 and PD2). The nonlinear
dynamics for cascaded Spin-VCSELs can be described
based on the spin-flip model (SFM), as discussed in previ-
ous studies [45, 47, 49]:

dE, r . .
d;l =k(Nr+nr—1)(1+ia) Exr— (Yo + i) E-r 1
+ kinjo 1 [Einj + AE ()] 21 + Fy ¢
dE_r . .
Fra kE(Np—np—1)(14+ia) E_p — (yo +47,) Evp @)

+ k,j,,j,_]‘ [Emj + AFE (t)] 62Awlt + F,"]'

Fig. 1 Schematic diagram of
PSNN neuron based on opti-
cally pumped Spin-VCSEL.
SL: Semiconductor laser;
EOM: Electro-optic modula-
tor; PC: Polarization controller;
T-Spin-VCSEL: Transmitter of
Spin-VCSEL; R-Spin-VCSEL:

dFE.
de =k (NR + nr — 1) (1 + i(Y) Ei‘j{ — ("/a + Z”Yp) Eq:\]( (3)
+ kinj rExp(t — 7)ot 4 gy g
dNr g
=y [0 — (1 +|Eyrr) + |E7,T,R|2>
at ) ) 4)
Nrp—nrp <|E+A,TA,R| — |E_ 18] ) ]
d .
MZ’R = YWPrrirR — [Ws + N (\E+.T.R|2 + ‘E—,T,R‘z)] 5)
nr.R— YN (|E+‘T‘R|2 - ‘E—‘T‘RF) Nrr
Firp= &z,b\/ﬁtRW\f (Nr,r £ n7R) (6)

Here, Eq. (1) describes the dynamics of cascaded Spin-
VCSELSs, T and R represent the T-Spin-VCSEL and R-Spin-
VCSEL, respectively. £, and E_ are the slowly varying
amplitudes of the optical fields for RCP and LCP, respec-
tively. The third term on the right side of Eq. (1) represents
optical injection, with Ej,; representing the continuous
injection amplitude and AE representing external distur-
bance. Ny g is the total carrier population inversion, while
nr g accounts for the difference between carrier inversions
for spin-up and spin-down channels. Pr  denotes pump
ellipticity of transmitter and receiver. Aw, and Aw, (where
Aw|=w,,; - o and Aw,=wr - wg) represent angular fre-
quency detuning of optical injection relative to free-running
condition. Here, w;,;, wr, wy correspond to angular frequen-
cies of external injection signal, T-Spin-VCSEL output and
R-Spin-VCSEL output respectively. F, 1 g, F_ 1 g are the
noise terms. ¢, |, represents independent Gaussian white
noise with unit variance and zero mean values. In addi-
tion, ki, 1 and ki,;_ 1 are the injection strengths of T-Spin-
VCSEL for the component of RCP and LCP respectively,
kinj, g 18 the injection strength from transmitter to receiver.
For simplicity, within this study, it is assumed that both
Spin-VCSELs have identical physical parameters such as
k, a, y,, Vo> B, RN Vs> @nd 777 . In our simulation, for RCP

T-Spin-VCSEL

Receiver of Spin-VCSEL; SG: PD3
Signal generator; CIR: Circula- PBS2 1
tor; PBS: Polarization beam I R+ I+
splitter; PD: Photodetector; OC:
optical coupler I I T—
R s PD4
PD2
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Table 1 Physical parameters used in simulation

Parameters Description Value

k Decay rate of optical field 250 ns~!

Ya Rate of linear dichroism 2ns™!

7o Rate of birefringence 10ns~!

N Decay rate of N Ins™!

7 Spin-flip rate 100 ns™!

nrr Pump intensity of transmitter and 2
receiver

Eiyj Injection amplitude of continuous 0.5
component

Brr Spontaneous emission factor 10°°

T Time-delay from transmitter to receiver 10 ns

a Linewidth enhancement factor 2.2

optical injection, k;y;, r =125 ns™ ! Kinj—1=0 ns™'; for LCP
optical injection, ki, + = 0 ns”!, kinj—r = 125 ns~'. The
used physical parameters are listed in Table 1 unless other-
wise specified.

3 Results and discussions
3.1 Excitatory spiking dynamics of Spin-VCSEL

Firstly, we investigate the output intensity and ellipticity
as functions of #; and Py under free-running condition, the
results are shown in Fig. 2(a) and (b), where Py = 1 in (a)
and #p=2 in (b). Here, I, = |Ey, ilz, the output ellipticity
Py is defined as (Iy, - It_) (Ip4 + Ir_). From (a), the
output intensity of RCP is significantly larger than LCP as
a result of RCP pump. The physical mechanism is associ-
ated with the unbalanced number of spin-polarized carriers,
represented by N; + ny and Ny - np, which can be controlled
by Pr. From (b), we can obtain the opposite P, under the
pump ellipticity P and -Pr. Furthermore, under Py = 0, the
same free-running output (I, = It _ = 0.508) can be found.
Note that the unique polarization manipulation capability
using spin-VCSEL agrees well with that of experimental
report in Ref [37]. , confirming the reliability of our numeri-
cal simulation.

We then exploit the excitatory spiking dynamics under
RCP optical injection. The results under LCP optical injec-
tion will be demonstrated latter. Figure 3(al)-(fl) show
the normalized intensity of RCP and LCP (/) of T-Spin-
VCSEL varies with the change of AE, where Af, =Aw,/2n

Fig. 2 Under free-running condi- 4

tion, normalized intensity (I7,)

of RCP (red), LCP (blue), and the 5 3|
o

output ellipticity (P,,,, green) as 6 N
functions of 7 (a) and P (b). In - 2y I AN 00 )0
- \ ~< -
(a), Pr=1.In(b), ny=2 _.‘:1 I ¥ o4
’ -0.6
0 . -0.8
0 0 0.5 1
Pr
Fig. 3 (al-f1) Normalized inten- 10; 7 10 oD 10 =
sity (1) of RCP (red) and LCP _ 8f AE} R PRI Y 8
(blue) varies with AE; (a2—£2) ; 6 —, 0' 3 u“_’; 6r4 ‘k 6
Corresponding spin-polarized _:f 4 -l inj 0'2 T 4o 4
carriers Ny + np and Ny - np. Af] + plesqn TEmAE 0'1 W 2 s 79 ) 2
=-16 GHz, P = 1, f, = 40 MHz, 0 ¥ ' 0 0
Ty=10ns, kin1‘+,T =125ns7}, - 70 75 80 85 90 s 70 75 80 8 90 s
kiyj_7=0ns~". In (al)-(f1) and S () R [0 )
corresponding (a2—12), AE is I Sielntiapetntuiuintntsilet
+ 0.5
-0.1,-0.107, -0.14,. -0.18,-0.195, 08 e 08 e s0 85 90
and —0.25 respectively 10 10
dl) (c1)
- 8 8
E 6
—»': 4 4
- 2 A 2
0 0
- 70 75 80 85 90 70 75 80 85 90
2 @) )
& 1= AWM - - At~ - - - -
205 0.5
70 75 80 85 90 70 75 80 8 90
Time (ns) Time (ns) Time (ns)
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=-16 GHz, Py =1, kyyj, r =125 08", by =0ns™". The
frequency of stimulus spiking (f,) and duration (7,) are
40 MHz and 10 ns respectively. In (al)-(fl), the value of AE
is-0.1, -0.107, -0.14, -0.18, -0.195 and — 0.25, respectively.
The corresponding spin-polarized carriers Nt + ny and Ny
- ny are shown in (a2)-(f2). In Fig. 3(al), it can be observed
that, for smaller values of |AE|, a larger continuous injec-
tion component (k;,;&;,;) leads to injection locking of RCP
to the external signal in T-Spin-VCSEL, resulting in a stable
output of RCP while the output intensity of LCP is close
to 0. Note that the overshoot and undershoot can be seen
at the edges of negative stimulus due to the abrupt varia-
tion of Nyt + np and Ny - ny [see (a2)]. Figure 3(bl) shows
that when the external disturbance AE reaches —0.107, both
RCP and LCP modes of T-Spin-VCSEL simultaneously
emit sub-nanosecond spikes. Upon removal of the distur-
bance, the laser output returns to an injection locked state.

Fig. 4 Bifurcation diagrams of

This behavior is similar to LIF characteristics observed
in biological neurons [7]. The firing of RCP(LCP) occurs
whenever the corresponding Ny + ny (N - np) is recovered
(due to negative stimulus) and exceeds the threshold 1, see
(b2). Once a spike is generated, the carrier depletion makes
the output intensity enter a refractory period. Figure 3(cl-
dl) demonstrate that when AFE is set at -0.14 and —0.18,
the two polarization modes of T-Spin-VCSEL exhibit high-
frequency tonic spiking output. However, for AE = -0.195
shown in (el), the quasi-periodic state is generated in both
polarization modes. Furthermore, Fig. 3(f1) illustrates that
for AE = -0.25, the output enters a RO state.

Figure 4 show the bifurcation diagrams of maximal out-
put intensity as a function of AE under P; = 1. Here, the
outputs of RCP and LCP are demonstrated in left column
(al-el) and right column (a2-e2) respectively. The range
shown here is limited to AE € [-0.3, 0], as outputs enter RO

(a1)

maximal output intensity as a
function of AE under different
pump ellipticity Pr. (al, a2): Py
=1; (b1, b2): P =0.5; (cl, c2):
P =0; (dl1, d2): P=-0.5; (el,
€2): Pr=-1.f, =40 MHz, Af|

(@2) = > (2)

T
I
I
I

ol
4|

=-16 GHz, Ty =10 ns, k;

4t ] .
= Bl

0

) . ;

-1 Tj1+‘T
=125ns8" ", kjp_ 1 =0ns
Regions (1) and (2) correspond
to tonic spiking. Left column:
RCP outputs; Right column: LCP
outputs

(c2) ()
|
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Fig. 5 Bifurcation diagram of 12

different injection detuning Af,.
(a): Af; =-6 GHz; (b): Af; =
-8 GHz; (¢): Af; = -10 GHz;
(d): Af, = -12 GHz; (e): Af, =
-14 GHz; (f): Af; = -18 GHz.

RCP as a function of AE under @ (,
I
|
1
I
I
I
I

I+ max(@u-)

f,=40MHz, P =1,T;=10

_ 0 * * *
08, kipjy 7= 125087 iy 7= 05 04 03 02 01 0
0 ns™". Regions (1) and (2) cor- 12
respond to tonic spiking (c) b

s max(@u)

I+ max(@u-)

0
0.5 0.4 0.3 -0.2
AE (a.u.)

Fig. 6 Temporal maps plotting

of the output response for RCP
(al) and LCP (a2) under different
pump ellipticity Pr. AE = -0.126,
Af; =-16 GHz, f, = 40 MHz, T
=10ns, kyyjp p= 12505~ ki p
=0ns”!

Time within the cycle (ns)

-0.1 0

Fig. 7 (a) Under different pump
ellipticity P, spiking delay of
RCP varies with AE; (b) Varia-
tion of spiking delay for RCP as a
function of P under the different
AE. Afy = -16 GHz, f, = 40 MHz,
Ty=10ns, k7= 125ns7!,
kij.1=0 ns’!

» o

Time delay of IT+(ns)
N

nj+,

o

-0.18 -0.16 -0.14
AE (a.u.)

and chaos states for the range of AE € [-0.5, -0.3]. The bifur-
cation diagram reveals various regions: (1) and (2) regions
where tonic spiking occurs; other regions corresponding
to stable output, RO or chaos state. These results demon-
strate that coexistence between the two polarization modes
is possible within certain ranges of AE values and complex
nonlinear dynamics such as periodic and chaotic states can
be observed. The region of generating spiking pulse are
similar for both RCP/LCP, as seen from the comparison of
Fig. 4(al)-(el) and (a2)-(e2). We observed that for various
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pump ellipticity Pr, the different polarization dynamics can
be obtained, therefore, the generation region of AE for tonic
spiking should be varied accordingly.

Figure 5 presents the bifurcation diagram of RCP with
external disturbance AE under different injection detuning
Afy, where Pp =1, f, = 40 MHz, T; = 10 ns, &y, 1 = 125
ns~!, and kinj—r=0ns" ! To ensure that the system remains
in an injection locked state without any disturbance, nega-
tive detuning values are selected. It can be observed that

when Af, is -12 and — 14 GHz, two tonic spiking regions
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Fig. 8 Bifurcation diagram of 12 - —_—
RCP (left column) and LCP (right @1) 3 (@) (@2)
column) outputs as a function of =5 ; R
AE under LCP optical injec- & 8 | P i
tion. (al, a2): Py = -1; (b1, b2) % . Y
Pp=-05.f,=40 MHz, Af, = =4t b Lol
-16 GHz, Ty =10 ns, k;j, 1 =0 = o
ns~!, inj— 7 =125 ns~! i W
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Fig.9 (al, b1) Inhibitory spiking 12 @) 1 12 1) 1
dynamics behavior of RCP (red) 10} — - __ 10t -
and LCP (blue) output under El - 'ET . 3 3 8l s
different AE. (a2, b2) Corre- LA , o g 5'1 ] 2
sponding spin-polarized carriers —1: 6 0.5 f_ 6 0.5 +
Ny + npand Ny - ny. (al, a2): - 4 ut = A W
AE=0.04, (b1, b2): AE=0.1. Af 2 2f
=-21 GHz, f, =40 MHz, Ty = 0 ‘ 0 0
10 ns, Pr=1, kiyj, v =125 ns™, b 0 75 80 8 90 ;
kinj_,T =0ns' F'_ ~(@2) —Npng ) :
= TV
E»—
Z 05
70 75 80 85 90
Time (ns) Time (ns)
Fig. 10 Temporal maps plotting 225 ' : & B
of inhibitory output for RCP (al) £~ : . - : :
and LCP (a2) under different T}, = S :
Af; = -21 GHz, f, = 40 MHz, Py 515 : . £ % s j 6
=1,AE=0.1, k1= 125 s, = — : £ :
koon=0nsl £10 — ] 4 E 10 ' 4
inj-,T — ns = 4 ' ' g J
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Cycle number

exist [see (d), (e)]. When Af; is -6, -8, -10 and — 18 GHz,
only region (1) generates tonic spiking while the rest exhibit
RO or chaotic states [see (a)-(c), and (f)]. Although not
shown here, as |Af|| decreases further, the region generat-
ing tonic spiking almost disappears. Furthermore, as |Af|]
decreases, a larger threshold of |AE] is required to transition
from injection locking to partial locking. Therefore, select-
ing appropriate values for both Af, and AE is crucial for
achieving ideal spiking behavior.

Figure 6 displays temporal maps of output response for
RCP (a) and LCP (b) under different pump ellipticity value
Pr. The parameters used are fp = 40 MHz, AE = -0.126,
Afy = -16 GHz, Ty = 10 ns, ky, 7 = 125 ns™, ki1 = 0

inj+, inj—

Cycle number

ns~!. The results demonstrate that as Py increases, the tonic
spiking generated by both RCP and LCP modes becomes
more frequent or dense. This indicates that compared to
traditional VCSEL spiking neurons [15-24], the proposed
neuron utilizing Spin-VCSEL offers a new dimension for
manipulation. Furthermore, with an increase in Pr, the spik-
ing delay between the first occurrence of a spike and the
start of external disturbance is reduced for both polarization
modes.

Figure 7(a) illustrates the variation of spiking delay with
AE under different pump ellipticity values P for RCP. Since
the spiking delay for RCP is similar to that of LCP, only
RCP is shown here. It should be noted that the repetition
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Fig. 11 Propagation characteristics of spikes generated by T-Spin-
VCSEL (left column) and received by R-Spin-VCSEL (middle and
right columns) for different AE. For T-Spin-VCSEL, (al): AE =-0.107,

Fig. 12 Temporal maps plotting
of spiking response for the two
Spin-VCSELSs with different T},
AE = -0.14, the other parameters
are the same as Fig. 11(b1) and
(b2). (al-a2) is the output of
T-Spin-VCSEL, (b1-b2) is the
output of R-Spin-VCSEL, the
left and right columns corre-
spond to RCP and LCP outputs
respectively
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period of the tonic spiking train is essentially close to the
spiking delay defined above [22], and thus only the spik-
ing delay is demonstrated in this figure. As depicted in
Fig. 7(a), the spiking delay decreases as |AE| increases. This
implies that when operating far from the locking region,
higher frequency spiking can be generated. By careful sim-
ulations, we found that the maximal time-delay is always
obtained when AE closes to the transition point from injec-
tion locking state to spiking state. For instance, under the
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given parameters of Fig. 4, these transition values of AE are
—-0.125,-0.122,-0.117, and —0.111 for P =-1,-0.5,0, 0.5
respectively. To demonstrate the delay enhancement around
these AE values, Fig. 7(b) shows the spiking delay as a func-
tion of Py within the range [-1, 1]. It can be observed that,
the larger time-delay can be achieved when Py is -0.984,
-0.524, 0.025, 0.532, thus confirming the above conclusion.
As an example, for AE = -0.125 and P; = -0.984, a time-
delay as large as 196.8 ns can be obtained. Note that when
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AF deviates from these optimization points, the time-delay
adjustment range is typically within ~ 10 ns when changing
Py, as shown in Fig. 7(a). Therefore, by precisely adjusting
system parameters, a wider range of delay adjustment can
be achieved, thus providing a new control way for training
photonic spiking neural networks (PSNN) based on delay-
weight adjustment [27, 32]. This flexible and larger tunabil-
ity range using Spin-VCSEL is particularly valuable when
processing more complex tasks with fewer presynaptic neu-
rons [32].

Although the excitatory spiking dynamics demonstrated
above is under RCP optical injection, further study shows
that, the spiking dynamics under LCP optical injection at
the pump ellipticity Py is the same with that of RCP optical
injection at -Pr. As an example, Fig. 8 shows the bifurca-
tion diagram of RCP and LCP outputs as a function of AE
under LCP optical injection, where Py = -1 [(al, a2)] and Py
= -0.5 [(bl, b2)]. In this case, under free-running, the LCP
output intensity is significantly larger than RCP component
[see Fig. 2(b)]. Hence, this case belongs to parallel polar-
ization optical injection (PPOI). By careful comparison, we
found that the bifurcation of RCP(LCP) outputs [Fig. 8(al,
a2), P = -1] is basically the same with that of LCP(RCP)
outputs shown in Fig. 4(al) and (a2) (P = 1). Similarly, by
comparing Fig. 8(bl, b2) (Py =-0.5) and Fig. 4(b1, b2) (Py
=0.5), the same symmetry can also be obtained. Hence, due
to the symmetry pointed above, in the following, we will
discuss the inhibitory spiking dynamics only under RCP
optical injection.

3.2 Inhibitory spiking dynamics of Spin-VCSEL

We also explored the inhibitory spiking dynamics of pho-
tonic neurons using positive external disturbance (AE>0)
for Spin-VCSEL. Figure 9 shows the inhibitory spiking
dynamics behavior of RCP (red) and LCP (blue) output
under different AE, where Af; = -21 GHz, fp = 40 MHz,
Ty=10ns, Pr =1, kipjyp = 125 ns™, ki = 0 ns™. In
Fig. 9(al), the system parameters were carefully adjusted to
ensure that both RCP and LCP modes exhibit tonic spiking
in the absence of any external stimulus. However, when a
weak external stimulus with AE=0.04 is applied, the num-
ber of spikes in both modes is reduced during the stimula-
tion duration, but tonic spiking still persists. When AE is
increased to 0.1, as shown in Fig. 9(bl), both of spiking
for RCP and LCP modes are completely suppressed, suc-
cessfully emulating inhibitory dynamics seen in biological
neurons [19]. The physical mechanism is attributed to the
carrier depletion due to the positive stimulus, as shown in
Fig. 9(a2) and (b2). Figure 10 presents the output state dia-
gram of both modes under different 7; values while keeping
AF fixed at 0.1 and other parameters unchanged from Fig. 9.

It can be observed that with these given parameters, varying
T, leads to effective suppression of tonic spiking in LCP and
RCP modes. Furthermore, the dynamic behaviors of the two
modes demonstrate good consistency within this range of
parameter variations.

3.3 Spiking propagation characteristics of cascaded
Spin-VCSELs

In this section, we will discuss the effects of stimulus per-
turbation AE and duration 7, on the spiking propagation
characteristics between two cascaded neurons. Figure 11
illustrates the spikes generated by T-Spin-VCSEL and
received by R-Spin-VCSEL under different AE values. The
parameters used are Pr = 1, Ty = 10 ns, Af; = -16 GHz,
Kijrx = 125 ns™", ki p = 0 ns™', and Af,=Aw,/2n =
-15.6 GHz. It is assumed that the polarization modes of the
transmitter are injected into the same mode at the receiver.
For ease of comparison, the laser output at the receiver is
shifted forward by a delay of 7 (i.e., 10 ns) during plotting.
For a perturbation of AE = -0.107 [see (al)], the polariza-
tion modes of T-Spin-VCSEL can generate three spikes.
When these spikes propagate to R-Spin-VCSEL, both of
LCP and RCP modes also produce similar spikes with the
same number for a proper injection strength k;,; g = 125
ns~ ![see (a2)]. However, for a lower injection strength,
quasi-periodic pulse would be produced at the receiver, as
shown in Fig. 11(a3), where k;,; p = 50 ns™ !, By increasing
the intensity of disturbance to AE = -0.14 and AE = -0.18
[see (b1)-(b3), (c1)-(c3)], we can observe similar responses.

Figure 12(a) and (b) depict state diagrams of spiking
responses for the two Spin-VCSELs under different 7, val-
ues, where AE is fixed at -0.14 and other parameters are
identical to those in Fig. 11(b1) and (b2). By adjusting the
duration of the disturbance, T-Spin-VCSEL can achieve
controllable spiking response times, which can then propa-
gate successfully to R-Spin-VCSEL, reproducing similar
spikes with the same number. Further investigation reveals
that for unidirectionally-coupled Spin-VCSEL neurons,
only under strong enough injection strength stimulation can
the receiver generate a spiking response. This conclusion is
supported by Fig. 13(al) and (a2), which presents a bifur-
cation diagram of R-Spin-VCSEL as a function of ki, g.
From this figure, it can be inferred that tonic spiking genera-
tion occurs when £;; g >~90 ns™ ! The threshold feature is
similar to conventional electric pumping VCSEL [50], for
which a successful and high-quality spiking propagation
can be realized when the coupling strength exceeds a certain
value. We also simulated the bifurcation diagram of R-Spin-
VCSEL under various detuning Af;, and pump ellipticity Py
of R-Spin-VCSEL. The results are shown in Fig. 13(bl),
(b2), (cl) and (c2). It is observed that the spiking patterns
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Fig. 13 Bifurcation diagram
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can be propagated successfully over a wide optimization
range of Af, (within the range of -23.5~29 GHz under Py =
1). Furthermore, the spiking propagation is not sensitive to
the value of Py under the detuning Af, = -15.6 GHz.

4 Conclusions

In summary, the excitability and inhibitory spiking dynam-
ics of Spin-VCSEL neurons have been explored theoreti-
cally. We also investigated the propagation behavior of spike
information between two unidirectionally-coupled Spin-
VCSEL neurons. The results are summarized as follows: (1)
Controllable and repeatable spiking modes can be achieved
using negative stimulation and adjusting the parameters
such as external disturbance intensity, pump ellipticity, and
injection detuning. (2) Considering the various possibilities
in neuron output, including tonic spiking, phasic spiking,
steady state, RO, chaos, etc., it is important to select the rea-
sonable range of parameters. (3) Under certain conditions
with positive stimulation, inhibitory spiking dynamics can
be achieved. (4) The spiking signal generated by T-Spin-
VCSEL can be successfully propagated to R-Spin-VCSEL
with identical spike numbers and time intervals when the
injection strength of receiver is larger than a certain value.
Compared with traditional VCSEL neurons, the advantages
of Spin-VCSEL neurons include the superior polarization

@ Springer

controlling capability [35-37], and more manipulation
dimensions (such as pump ellipticity) to obtain the tunable
spiking delay and interval over a large range, which is use-
ful in designing the delay-weight PSNN towards complex
tasks processing [27, 32]. On the other hand, a disadvantage
of Spin-VCSEL is that it’s more sensitive to external optical
feedback, i.e., a smaller feedback strength may induce the
chaos [47], which should be avoided in practical applica-
tion. Our proposal can provide a new choice and “building
block” for photonic spiking neuron; The related numerical
analysis is meaningful on enriching the scientific cognition
of polarization dynamics of Spin-VCSEL-based spiking
neuron, and can provide valuable guideline for the manipu-
lation of this neuron. Future work will be focused on the
training method and applications for PSNN composed of
Spin-VCSELs.
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