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Abstract: Significant progress has been made in the research of all-optical neural networks in recent
years. In this paper, we theoretically explore the properties of a neural system composed of semicon-
ductor ring lasers (SRLs). Our study demonstrates that external optical signals generated by a tunable
laser (TL) are injected into the first semiconductor ring laser photonic neuron (SRL1). Subsequently,
the responses of SRL1 in the clockwise (CW) and counterclockwise (CCW) directions are unidirec-
tionally injected into the CW and CCW directions of the second semiconductor ring laser photonic
neuron (SRL2), respectively, which then exhibits similar spiking inhibition behaviors. Numerical
simulations reveal that the spiking inhibition behavior of the SRL response can be precisely controlled
by adjusting the perturbation time and intensity of the external injection signal, and this behavior
is highly repeatable. Most importantly, we successfully achieve the stable transmission of these
responses between the two SRL photonic neurons. These inhibition behaviors are analogous to those
of biological neurons, but with a response speed reaching the sub-nanosecond level. Additionally, we
indicate that SRL photonic neurons undergo a refractory-period-like phenomenon when subjected to
two consecutive perturbations. These findings highlight the immense potential for the design and
implementation of future all-optical neural networks, providing critical theoretical foundations and
support for them.

Keywords: semiconductor ring laser; photonic neuron; spiking dynamics; inhibition

1. Introduction

It is well known that with the advent of the big data era, the volume of data has
grown significantly. However, computers developed based on Moore’s law are facing
memory walls and power consumption bottlenecks, making it increasingly difficult to
meet the massive data processing demand. In contrast, the human brain demonstrates
superior performance in computation, capable of simultaneously processing multiple
signals with an extremely low level of power consumption. Although pulsed neural
networks based on microelectronics have made significant advancements in informa-
tion processing technology, they are still limited in terms of energy consumption and
speed. Optical platforms, with their unique advantages of a high speed, wide band-
width, and low level of power consumption, show tremendous potential in the field of
information processing.

In recent years, photonic systems have garnered significant attention from researchers
due to their potential in the study and simulation of neuromimetic phenomena [1], es-
pecially in photonic recurrent neural networks [2] and photonic reservoir computing
systems [3,4], which have achieved remarkable progress. Concurrently, a large number of
scholars have discovered that photonic systems can also be used to simulate the spiking dy-
namic behavior of neurons [5,6], thus advancing the in-depth study of excitable systems [7].
Among these, optical injection systems are particularly remarkable due to their sufficiently
nonlinear properties, which can generate excitable behavior and are well suited for both

Electronics 2024, 13, 2918. https://doi.org/10.3390/electronics13152918 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics13152918
https://doi.org/10.3390/electronics13152918
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0002-0903-9388
https://doi.org/10.3390/electronics13152918
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics13152918?type=check_update&version=1


Electronics 2024, 13, 2918 2 of 13

experimental and theoretical analyses. More importantly, the pulse sequences generated
by these systems have periods and pulse lengths several orders of magnitude shorter
than those of biological neurons and exhibit excellent deterministic control capabilities.
Under such configurations, excitable responses have been observed in various types of
devices, including vertical-cavity surface-emitting lasers (VCSELs) [8,9], quantum dot (QD)
devices [10–12], and semiconductor ring lasers (SRLs) [13]. For example, B. Kelleher’s
research team in Ireland conducted in-depth studies on optical injection in single-mode
QD lasers and found that excitability pulse phenomena can occur under injection-locked
boundary conditions. They also systematically analyzed the phase characteristics of these
excitability pulses [12]. Subsequently, the team led by A. Hurtado in the UK investigated
neuron-like properties based on VCSELs, initially studying the excitatory responses of
an individual VCSEL under external stimulation. They then introduced an additional
VCSEL photonic neuron and studied the communication properties between the two VC-
SEL neurons. These VCSEL-based neurons exhibit threshold characteristics in response
to external stimulation intensity [8,14]. In 2011, photonic neurons based on SRL were
studied by scientists including W. Coomans from Belgium, with SRLs triggered by external
light to generate pulses, revealing a mechanism by which multiple consecutive excitatory
pulses are triggered by a stimulus [15]. It is very noteworthy that the team led by Shuiying
Xiang at Xi’an University of Electronic Science and Technology in China similarly con-
ducted extensive research on VCSEL photonic neurons [9,16–20]. Moreover, in the past
two years, they proposed and fabricated for the first time an integrated Fabry–Pérot laser
pulse chip based on saturable absorbers (FP-SAs), experimentally validating its dynamic
neuronal properties [21]. Similarly, this team also successfully fabricated and demonstrated
a photonic synapse chip based on distributed feedback lasers with saturable absorbers
(DFB-SAs), capable of simultaneously achieving linear weighting and non-linear spike
activation functions [22]. These research achievements provide crucial support for the
development of photonic neural networks. Recently, our research group investigated the
excitatory spiking properties of optical injection into a single SRL system and successfully
achieved various discharge forms of neurons, including phase spikes, rebound spikes,
sustained spike discharges, and subthreshold oscillations [13].

Despite important advancements in the study of excitatory responses, it is equally
critical to recognize the pivotal role of inhibitory neurons in regulating brain-like func-
tions. The intricate functionality of inhibitory neurons within neural circuitry has been
well established by extensive research [15,23]. In biological neural networks, inhibitory
neurons achieve suppression through intermediate neurons within local neural circuits, a
process crucial for shaping neural discharge patterns and balancing network excitability.
Furthermore, inhibition not only holds significance in neural computation but also pro-
vides causal information about neuronal subgroups, which aids in deeper investigations
into their behavioral impacts [24]. Additionally, in biological neurons, there exist dynamic
properties such as refractory periods, which limit the propagation speed of action potentials
and thus influence the information transmission rates in neural networks. For instance,
the human ear cannot distinguish sound frequencies beyond a certain threshold. There-
fore, research on inhibitory neurons holds vital value in understanding and simulating
complex brain-like functions. In this regard, numerous scholars have embarked on related
studies. For example, the team led by A. Hurtado explored threshold properties, encoding
properties, and inhibition features of VCSEL photonic neurons based on the transition
mechanisms between injection-locked and pulsing states in single and dual VCSEL config-
urations [14,25,26]. In 2013, a team from Princeton University studied leaky integrate and
fire (LIF) neuron models and simulated integral, threshold, and post-emission refractory
period characteristics using a VCSEL with built-in saturable absorbers (VCSEL-SAs) [27]. In
2018, a team from Southwest University in China investigated the transmission properties
of inhibitory spiking signals between two unidirectionally coupled VCSELs [28], making
important contributions to future photonic neural networks.
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However, experimental studies on the inhibitory properties of photonic neurons based
on optical injection in SRLs have not yet been conducted so far. The active cavity of an SRL
features a unique circular geometry capable of generating light outputs in two directions,
i.e., clockwise (CW) and counterclockwise (CCW) modes. This characteristic endows SRLs
with high levels of integration and scalability, making them highly promising for achieving
fully integrated photonic neural networks and all-optical devices. Therefore, it is of great
importance to investigate the spike suppression signal transmission properties of optically
injected SRL neural systems.

In this paper, we demonstrate the generation of inhibitory spiking signals in two
unidirectionally coupled SRL neural systems, along with their transmission properties and
the effects of injecting two consecutive pulses with perturbations. Specifically, the first
photonic neuron, SRL1, is perturbed by external injected light, and its output is injected
into the second photonic neuron, SRL2. The organization of this paper is structured as
follows. In Section 2, the models of the two unidirectionally coupled SRL systems and
their corresponding rate equations are presented in detail. Section 3 analyzes the effects of
externally injected light perturbation time and intensity on the inhibitory responses and
transmission properties of SRL1 and SRL2 outputs in depth. Subsequently, we further
investigate the output properties of the system for two successive external perturbation
injections. In the end, in Section 4, the main conclusions of this study are summarized.

2. Theory and Models

The schematic diagram in Figure 1 illustrates the structure of two unidirectionally
coupled SRL photonic neurons. This system consists of two SRLs, namely, the first photonic
neuron, SRL1, and the second photonic neuron, SRL2. The input section of the system
consists of a tunable laser (TL), a signal generator (SG), and a modulator (Mod), which
generates an external injection signal. This signal is split into two parts after passing
through a polarization controller (PC) and a 50:50 fiber coupler (FC). Among these, 50% of
the light is directed through a variable optical attenuator (VA1) and injected into the CW
mode of SRL1, and its output signal, after passing through VA3, is injected into the CW
mode of SRL2 (as indicated by the black paths in the latter half of Figure 1). Similarly, the
remaining 50% of the light passes through VA2 and is injected into SRL1’s CCW mode, and
its output is injected into SRL2’s corresponding CCW mode (as indicated by the red paths
in the latter half of Figure 1) after passing through VA4. Note that the injection intensity can
be easily adjusted by the VAs to achieve precise control of the system. The rate equations
of the proposed SRL neural system are as follows [29–32]:

dECW/CCW
1

dt
= κ(1 + iα)[g1N1 − 1]ECW/CCW

1 − k(1∓ δk)eiφECCW/CW
1 + kinj1/2Einjei2π∆ f1/2t (1)

dECW/CCW
2

dt = κ(1 + iα)[g2N2 − 1]ECW/CCW
2 − k(1∓ δk)eiφECCW/CW

2

+kinj3/4ECW/CCW
1

(
t− τinj

)
e(−iωτinj−i2π∆ f3/4t)

(2)

dNCW/CCW
i

dt = γ[µ− NCW/CCW
i − gCW/CCW

i NCW/CCW
i | ECW/CCW

i |2

−gCCW/CW
i NCW/CCW

i | ECCW/CW
i |2]

(3)

gCW/CCW
i = 1− s| ECW/CCW

i |2 − c| ECCW/CW
i |2 (4)

where E(t) represents the complex electric field amplitude, N(t) denotes the carrier density,
and g(t) indicates the gain. The subscripts 1 and 2 correspond to SRL1 and SRL2, respec-
tively, with subscript i taking values of 1 and 2. κ is the electric field decay rate, α is the
linewidth enhancement factor, k is the backscattering rate, δk is the asymmetry factor, φ
is the phase shift, γ is the carrier decay rate, µ is the renormalized injection current, s is
the self-saturation coefficient, and c is the cross-saturation coefficient. The last terms in
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Equations (1) and (2) denote injection components, where Equation (1) signifies the injec-
tion from TL, and Equation (2) stands for the injection from SRL1. In the injection terms,
kinj1 and kinj2 represent the injection intensities from TL in the CW and CCW directions,
respectively, while kinj3 and kinj4 denote the injection intensities from the SRL1 outputs into
SRL2. Einj stands for the slowly varying electric field injected from TL in the CW and CCW
directions. τinj signifies the injection delay time from SRL1 to SRL2. ∆f 1/2 is the frequency
detuning between TL and the CW/CCW of SRL1, ∆f 3/4 is the frequency detuning between
SRL1 and SRL2, and ω stands for the corresponding angular frequency of the SRL.
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Figure 1. Schematic structure of unidirectionally coupled SRL photonic neurons. TL: tunable laser;
Mod: modulator; SG: signal generator; PC: polarization controller; VA: variable optical attenuator;
SRL1: the first semiconductor ring laser; SRL2: the second semiconductor ring laser; FC: fiber coupler.

Specifically, the key parameters of the two lasers are listed in Table 1, where the
relevant definitions and specific values are given, and other system parameters will be
detailed in the subsequent simulation section. In this study, we numerically solve the
rate Equations (1)–(4) using the fourth-order Runge–Kutta method. It should be noted
in particular that we analyze the output of the SRL in a fully symmetric state; i.e., the
parameters across both modes of SRLs are identical. Moreover, the interference of noise
and temperature is neglected in the simulation process.

Table 1. The parameters used in the simulation [13,30].

Parameter Description Value

κ Field decay rate 100 ns−1

α
k

Linewidth enhancement factor
Backscattering rate

3.3
0.44 ns−1

δk Asymmetry factor 0.2
φ Phase shift 3
γ Carrier decay rate 0.2 ns−1

µ Renormalized injection current 5
s Self-saturation coefficient 0.005
c Cross-saturation coefficient 0.01

τinj Injection delay time 0.01 ns

3. Results and Discussion

The schematic of the device in Figure 1 shows a typical external input signal (dashed
lines), whose characteristics are depicted in Figure 2. A typical injection signal features
a constant injection level Einj, a controllable perturbation strength K, and a perturbation
time td. Here, the ratio of the perturbation intensity K to the constant injection level Einj is
defined as Kp; i.e., Kp = K/Einj. By adjusting these parameters, the influence of the external
signal on the system can be precisely controlled to study the dynamic responses of photonic
neurons under different perturbation conditions.
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Figure 2. A typical external injection signal. Einj is the constant injection level, K is the controllable
perturbation strength, and td is the perturbation time.

Through theory and modeling, we design an external perturbation signal generated
by the TL to demonstrate the complex neural-like dynamics of the photonic inhibition of
spiking neurons. In this study, we first examine the response of SRL1 under external optical
stimulation. To be more precise, the injection intensities kinj1 and kinj2 for the CW and CCW
directions of SRL1 are both set equal to 10 ns−1, and the detuning frequencies ∆f 1 and
∆f 2 between the TL and CW/CCW are both set to −3.7 GHz. The results are shown in
Figure 3a. The black inset at the top of Figure 3a represents the external injection signal,
where the constant injection level Einj = 0.9, the duration td of the applied perturbation
signals is 2.8 ns, and the intensity Kp = 1.15. To clearly illustrate the outputs, we plot
both output signals of SRL1 on a single graph, where the CW output signal is vertically
shifted upward by 5.5 units. From Figure 3a, it can be observed that under a constant
injection level, i.e., in the absence of external stimulation, both the CW and CCW signals of
SRL1 operate in a continuous tonic spiking state. When the external perturbation reaches
50 ns, the injection intensity suddenly increases, driving SRL1 into an injection-locked state,
and the tonic spiking signal is suppressed. After the perturbation duration of 2.8 ns, the
suppressed response disappears, and SRL1 switches back to the tonic spiking state. This
phenomenon arises because the sudden increase in intensity places SRL1 at the boundary
between the locked and unlocked states, which causes it to toggle back and forth between
these states. This toggling is repetitive [33]. Furthermore, it is particularly important to
note that we study a completely symmetric SRL; thus, the SRL has a bistable state. In
other words, the SRL can exist in two stable distribution states simultaneously. However,
the pulse intensity of the CCW output is significantly larger than that of the CW output,
which is due to the fact that the ring laser in a bistable state exhibits unidirectional behavior
under direct current modulation [34–37], a phenomenon that is also clearly observed in
Figure 3.

In order to validate the effectiveness and stability of the inhibition response, we
present the time maps of SRL1 under continuous perturbations, as shown in Figure 3(a1,a2).
In these maps, the color transition from blue to yellow indicates the gradual increase in
signal intensity, with the horizontal axis representing the cycle number and the vertical
axis representing the time within the cycle. From Figure 3(a1,a2), it is evident that both
the CW and CCW outputs of SRL1 can produce stable inhibition behavior for 100 continu-
ous perturbations (no single straight-line regions are observed), which demonstrates the
repeatability of this inhibition behavior.

Subsequently, the two output signals from SRL1 are unidirectionally injected into
SRL2, whose response is shown in Figure 3b. Herein, the detuning frequencies ∆f 3 and
∆f 4 between SRL1 and SRL2 are set to −4 GHz, the injection intensities of the two lasers
in the same directions are kinj3 (the CW direction) and kinj4 (the CCW direction), and
kinj3 = kinj4 = 85 ns−1. As depicted in Figure 3b, under continuous injections from SRL1,
the response of SRL2 transitions from a tonic spiking state to injection-locking and back
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to tonic spiking, which indicates that SRL2 also exhibits inhibition behavior under the
corresponding external perturbation. Obviously, both lasers show similar responses to
external disturbances under the simulation conditions we set. The temporal maps corre-
sponding to SRL2 are shown in Figure 3(b1,b2). The results clarify that SRL1 can achieve
consistent and repeatable spiking inhibition under continuous external perturbations, and
this behavior can be propagated in turn to SRL2, thereby demonstrating the communication
of inhibitory neuron responses at sub-nanosecond speeds in the photonic neuron networks
based on SRLs. This inhibition behavior exhibits significant similarity to biological neurons,
which undergo transitions from normal firing to inhibition and back to normal firing in
response to external stimuli. Such processes are crucial in neural networks as they facilitate
information transmission and processing.
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Figure 3. Time series plots (a,b) and temporal maps (a1,b2) of the outputs from SRL1 and SRL2. Blue
denotes CW, and red denotes CCW. (a,a1,a2): SRL1; (b,b1,b2): SRL2. td = 2.8 ns and Kp = 1.15. The
black inset in (a) represents the external injection signal.

To further explore the transmission properties of peak inhibition behavior between
two interconnected SRL photonic neurons and the effect of external injection signals on
their output responses, we numerically simulate the cases of SRL1 and SRL2 with external
perturbation times td ranging from 1.5 ns to 5.2 ns. The time series outputs are shown
in Figure 4, in which Kp is fixed at 1.15. As can be seen in Figure 4(a1), when there is no
disturbance in the initial state, SRL1 exhibits continuous tonic spiking with sub-nanosecond
intervals under successive external optical injections. Upon the perturbation reaching
td = 1.5 ns, SRL1 is forced into an injection-locked state due to the perturbation time reaching
the critical threshold. This state suppresses the tonic spiking activity of SRL1. After the
perturbation time ends, SRL1 returns to an unlocked state and resumes tonic spiking. This
indicates that the tonic spiking signals in both the CW and CCW directions at the output of
SRL1 are suppressed throughout the disturbance window. Then, as the perturbation time
gradually increases to 2.8 ns (Figure 4(a2)), 4 ns (Figure 4(a3)), and 5.2 ns (Figure 4(a4)), the
tonic spiking of SRL1 is completely suppressed during the respective disturbance periods,
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meaning that the suppression range of tonic spikes increases with the extension of the
perturbation time. This phenomenon occurs because SRL1 is forced from a spiking state
into an injection-locked state. As the perturbation time is extended, the system remains in
the injection-locked state for a longer duration, thereby more effectively suppressing the
tonic spikes. It is clear that the window of inhibitory spiking dynamics can be controlled
by adjusting td. Next, when the output dynamics of SRL1 are transmitted and integrated
into SRL2, SRL2 can obtain similar responses, as vividly depicted in Figure 4(b1–b4). This
suggests that different and controllable lengths of inhibitory spiking dynamics from SRL1
can be successfully transmitted to SRL2, thus enabling effective communication between
the two interconnected SRLs. This behavior again parallels that observed in biological
neuron systems, but they operate at speeds approximately eight orders of magnitude faster.
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Figure 4. Time series plots of SRL1 (a1–a4) and SRL2 (b1–b4) outputs under different td values. Blue
represents CW, and red represents CCW. (a1,b1): td = 1.5 ns, (a2,b2): td = 2.8 ns, (a3,b3): td = 4 ns,
and (a4,b4): td = 5.2 ns. Here, Kp = 1.15.

Furthermore, Figure 5 sequentially presents the response time maps of SRL1 and
SRL2 in both the CW and CCW directions. Each map in Figure 5 consists of nine time
periods, with 20 consecutive event perturbations plotted within each period, where td
varies progressively from 1.5 ns to 10.7 ns. The other parameters remain consistent with
those in Figure 4, and the perturbation intensity color coding is the same as described
above. It is evident from Figure 5 that by adjusting the perturbation time td of SRL1, we
are able to obtain a controlled and repeatable dynamic spiking inhibition pattern. This
controllability indicates that SRL1 effectively suppresses tonic spiking throughout the
duration of external disturbances by accurately entering and exiting the injection-locked
states at different perturbation times. In addition, the dynamic state output of SRL1 is
successfully transferred to SRL2 via a unidirectional injection, causing SRL2 to exhibit
similar spiking inhibition behavior under identical perturbation conditions. This further
confirms the stable transmission of spiking inhibition dynamics between SRL1 and SRL2.
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The threshold intensity response characteristic is a key feature in neuron models. To
delve into its impact on the inhibitory response of SRL1 photonic neurons, we examine
how variations in the external perturbation intensity Kp affect the system outputs. Figure 6
illustrates the time series plots of SRL1 and SRL2 outputs in the CW and CCW directions
under external perturbation intensities ranging from Kp = 0.84 to Kp = 1.2, and the pertur-
bation duration td = 6.4 ns. In the following simulations, we adjust the detuning frequency
between SRL1 and SRL2 to ∆f 3 = ∆f 4 = −4.5 GHz, and the rest of the parameters are kept
constant. For the case of Kp = 0.84, the response of SRL1 excites irregular oscillatory spiking
signals throughout the perturbation window as seen in Figure 6(a1). As the perturbation
intensity Kp is increased to 0.89 and 0.98, it is observed that from Figure 6(a2,a3), spiking
signals still occur within the perturbation duration, but their amplitude and frequency
change. This result shows that with relatively low perturbation intensities, the number of
spiking signals during the perturbation interval decreases. However, the situation changes
significantly as the perturbation intensity further increases. From Figure 6(a4), it can be
seen that for the case in which the value of Kp is 1.2, the tonic spiking signals are completely
suppressed during the perturbation period. This suppression occurs because when the
perturbation intensity reaches a certain threshold level, tonic spiking signals are completely
inhibited as long as perturbations are present. Physically, this can be explained as when
the injection intensity of perturbations increases to a sufficiently high level, it is enough to
force SRL1 into an injection-locked state, which results in the complete inhibition of the
tonic spiking signals within the perturbation interval. On the other hand, these inhibitory
dynamic behaviors of SRL1 can be successfully transferred to SRL2, which shows a similar
response pattern to that of SRL1, as shown in Figure 6(b1–b4). This indicates that the
perturbation intensity of the second photonic neuron must also reach a certain threshold
level in order to achieve spike suppression. This phenomenon demonstrates that external
perturbations need to exceed a critical intensity threshold to suppress tonic spiking signals
in SRL1. Moreover, by regulating the perturbation intensity, the stable transmission of
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spiking inhibition behaviors can be achieved in interconnected SRL systems. Similarly,
in biological neural networks, neurons stop firing pulses only when the intensity of an
external stimulus exceeds a certain threshold. This behavior is also reproduced in our
photonic neuron system described above, further validating its effectiveness and reliability
as a neuron-like model.
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Figure 6. Time series plots of SRL1 (a1–a4) and SRL2 (b1–b4) outputs under different Kp values. Blue
represents CW, and red represents CCW. (a1,b1): Kp = 0.84, (a2,b2): Kp = 0.89, (a3,b3): Kp = 0.98, and
(a4,b4): Kp = 1.2. Here, td = 6.4 ns.

Furthermore, the corresponding time maps for Figure 6(a1–a4),(b1–b4) are given in
Figure 7, illustrating the response behavior of SRL1 and SRL2 to 20 consecutive pertur-
bations at four different Kp values. As depicted in Figure 7, at perturbation intensities of
Kp = 0.84, 0.89, and 0.98, both SRL1 and SRL2 display distinct spiking signals consistently
throughout the entire duration of the simulation period. However, there are obvious differ-
ences in the number and amplitude of the spiking signals, which suggests that different
perturbation intensities affect the properties of the spiking signals. When Kp reaches 1.2,
surpassing the critical threshold of the perturbation intensity, the system experiences a
complete suppression of spiking signals, indicating a robust response to higher external
stimuli. This result further corroborates the conclusions drawn from Figure 6. It is clear
that by varying the perturbation intensity, the spiking inhibition dynamics of SRL1 can be
easily controlled. More importantly, this peak spiking inhibition behavior of SRL1 can be
effectively propagated to SRL2 in a stable manner, with both yielding analogous outcomes
between the two lasers. Therefore, the responses of SRL1 and SRL2 to external perturba-
tions not only show a high degree of consistency but also demonstrate controllability and
repeatability. This phenomenon is comprehensively displayed in Figure 7.

It is well known that the refractory period is a fundamental component of excitatory
neuronal activity [38]. Following a neuron’s response to a stimulus, there is a subsequent
period during which the neuron either does not respond or has a diminished response to
further stimuli; this period is typically referred to as the refractory period. This concept is
generally divided into two phases: the absolute refractory period and the relative refractory
period. This means that during the absolute refractory period, the neuron is entirely
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incapable of generating a new action potential. In the relative refractory period, although it
is more challenging to trigger an action potential, it is still possible with sufficiently strong
stimuli. In addition, the refractory period of excitable systems can be considered critical for
excitability logic and pulse shaping, in which the speed of information processing is also
dependent on this parameter. On the other hand, inhibitory neurons play a regulatory and
constraining role in neural networks, and their activity patterns have profound impacts on
the overall function of the neural network. Therefore, whether inhibitory neurons possess
a similar refractory period is an intriguing question worthy of investigation.
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To investigate the refractory-like properties of SRLs, we introduce two consecutive
external perturbations in the externally injected signals into the SRL neural system. In this
following study, we define a new parameter: the time interval between perturbations (tin).
Both perturbation durations, td1 and td2, are set to 4 ns, and the perturbation intensities,
Kp1 and Kp2, are identical, both at 1.2. The other system parameters are set as follows:
kinj1 = kinj2 = 10 ns−1, ∆f 3 = ∆f 4 = −4.5 GHz, kinj3 = kinj4 = 85 ns−1, ∆f 3 = ∆f 4 = −4.5 GHz,
and the remaining parameters are the same as in the previous simulations. Figure 8 shows
the time series plots of the outputs of SRL1 and SRL2 at different perturbation time intervals
(tin); the time interval between the two perturbation signals is not easily discernible when
the tin is small, so a small inset is added in Figure 8(a2) to clearly show this time interval. It
can be seen that from Figure 8(a1), when the tin = 10 ns, SRL1 achieves spiking inhibition
within the two perturbation periods td1 and td2, respectively, while generating tonic spikes
in the 10 ns interval between the two perturbations. This indicates that a sufficiently long
perturbation interval allows SRL1 to achieve inhibition within both perturbation periods.
In contrast, when the tin between the two perturbations is very short, only 0.001 ns, SRL1
generates only one inhibitory response within the two perturbation periods, as shown
in Figure 8(a2). This phenomenon arises because the second perturbation signal arrives
with an insufficient inter-stimulus interval, thereby impeding the carriers’ recovery to
the inhibition threshold. Consequently, this rapid succession hinders the laser’s ability
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to adequately respond to the subsequent perturbation signal, highlighting the impact of
timing intervals on the system’s responsiveness. Moreover, this phenomenon bears a
remarkable resemblance to the refractory period. To gain a deeper understanding of the
transmission characteristics of this dynamic state, see Figure 8(b1,b2). It can be observed
in Figure 8(b1) that when the tin = 10 ns, SRL2 achieves spike suppression during the
two perturbation periods td1 and td2, while still generating tonic spikes outside these
periods, similar to the output of SRL1. Similarly, when the tin = 0.001 ns, the response of
SRL2 remains analogous to that of SRL1, with SRL2 producing only one inhibitory response
during the two perturbation periods and failing to generate tonic spikes in the tin. These
results further verify that the output of SRL1 under two successive perturbation signals
can also be effectively transmitted to SRL2 and produce similar responses. This further
validates the results of Figures 4 and 6.
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Figure 8. Time series plots of SRL1 and SRL2 outputs at different perturbation intervals (tin). The
first row represents the output of SRL1, and the second row represents the output of SRL2. CW
is depicted in blue, and CCW is shown in red. (a1,b1): tin = 10 ns; (a2,b2): tin = 0.001 ns. Here,
td1 = td2 = 4 ns, and Kp1 = Kp2 = 1.2.

4. Conclusions

In summary, we conducted a numerical study based on the rate equations of two uni-
directionally coupled SRL photonic neural systems in detail and successfully demonstrate
the communication of the inhibitory tonic spiking dynamics mechanism within this system.
In particular, the external injection signal generated by the TL is injected into the first
photonic neuron SRL1. By precisely adjusting the external perturbation time and intensity,
we are able to effectively control the spiking inhibition behavior of SRL1. Subsequently,
the outputs of SRL1 in the CW and CCW directions are unidirectionally injected into the
CW and CCW directions of the second photonic neuron, SRL2, respectively, and SRL2
exhibits similar spiking inhibition responses to those of SRL1. Our findings reveal that
the spiking inhibition behavior induced in the SRL photonic neuron model by external
stimuli is analogous to that observed in inhibitory biological neurons in the brain, but with
a much faster response speed reaching the sub-nanosecond level. More importantly, we
succeeded in achieving the stable transmission of spiking inhibition dynamics between
two SRL photonic neurons. Furthermore, we also demonstrate that under the condition
of two consecutive perturbations, SRL photonic neurons exhibit a phenomenon similar
to the “refractory period.” These results provide robust theoretical support for the future
establishment of neural models and networks.
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