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Abstract—We report a theoretical study on laterally-coupled
pairs of vertical-cavity surface-emitting lasers (VCSELSs) operated
under conditions that generate or suppress high-speed optical spik-
ing regimes, and show their potential in exemplar functionalities
for use in photonic neuromorphic computing systems. The VCSEL
numerical analysis is based on a system of five coupled mode equa-
tions, which, for the case of weak coupling, are reduced to a set of
three equations that predict the saddle-node stability boundary in
terms of device parameters and operating conditions. These results
guide numerical simulation to demonstrate multiple neuron-like
dynamics, including single- and multiple-spike emission, spiking
inhibition, and rebound spiking directly in the optical domain. Im-
portantly, these behaviours are obtained at sub-nanosecond rates,
hence multiple orders of magnitude faster than the millisecond
timescales of biological neurons. The mechanisms responsible are
explained by reference to appropriate phase portraits. The coupled
VCSELSs model is then used for demonstration of high-speed, all-
optical digital-to-spiking encoding and for representation of digital
image data using rate-coded spike trains.

Index Terms—V CSEL, laterally-coupled lasers, neuromorphic
photonics, spiking laser neuron.

1. INTRODUCTION

ESEARCH into the use of light-powered systems for
R signal processing is an area of considerable and growing
interest. Simultaneously, the availability of efficient artificial
intelligence (AI) optimized hardware becomes more and more
important as Al approaches grow in significance and complexity.

Manuscript received 3 June 2022; revised 22 August 2022 and 26 October
2022; accepted 26 October 2022. Date of publication 2 December 2022; date
of current version 5 December 2022. This work was supported in part by U.K.
Engineering and Physical Sciences Research Council (EPSRC) under Grant
EP/M024237/1, in part by the U.K. Research and Innovation (UKRI) Turing Al
Acceleration Fellowships Programme under Grant EP/V025198/1, and in part by
European Commission under Grant 828841-ChipAI-H2020-FETOPEN-2018-
2020. (Corresponding author: Matéj Hejda.)

Matéj Hejda and Antonio Hurtado are with the Institute of Photonics, SUPA
Department of Physics, University of Strathclyde, Glasgow G1 IRD, U.K.
(e-mail: matej.hejda@strath.ac.uk; antonio.hurtado @strath.ac.uk).

Martin Vaughan, Ian Henning, and Mike Adams are with the School of
Computer Science and Electronic Engineering, University of Essex, Colchester
CO4 3SQ, U.K. (e-mail: martin.vaughan@physics.org; idhenn@essex.ac.uk;
adamm @essex.ac.uk).

Rihab Al-Seyab is with the School of Computing and Engineer-
ing, University of Gloucestershire, Cheltenham GL50 2RH, U.K. (e-mail:
ralseyab @glos.ac.uk).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/JSTQE.2022.3218950.

Digital Object Identifier 10.1109/JSTQE.2022.3218950

Among the novel, Al-focused hardware architectures, neuro-
morphic (brain-inspired) computing based upon photonic tech-
nologies has emerged notably over recent years, demonstrating
implementations of photonic spiking neural networks (pSNNs)
and photonic spike processing systems. These aim to exploit
the fast neuron-like spiking dynamical behaviour occurring in
different optical elements, such as semiconductor lasers (SLs),
as part of novel computational approaches. High-speed optical
spiking dynamics have been demonstrated both numerically and
experimentally in various SL systems [1], [2] including quantum
dot lasers [3], integrated DFB lasers [4], [5], two-section lasers
with saturable absorber (SA) [6], semiconductor ring lasers [7],
photonic crystals [8], [9], fiber lasers with graphene SA [10],
lasers coupled to resonant tunnelling diodes [11], [12] and
vertical cavity surface emitting lasers (VCSELSs) both in single
section and two-section layouts.

Thanks to their mature and scalable technology, VCSELSs
operating as all-optical spiking devices are gathering increas-
ing research interest [13]. In single-section devices, excita-
tion and inhibition of sub-nanosecond spiking dynamics was
demonstrated via amplitude [14], phase [15] and electrical [16]
modulation, with character of spiking responses depending on
stimuli type [17]. Practical computational tasks have been exper-
imentally demonstrated in injection-locked VCSELSs, including
photonic processing [18] and temporal domain encoding [19]
of images. Propagation of generated spiking events between
in-series connected VCSEL-neurons has also been experimen-
tally demonstrated [20], paving the way towards interconnected
architectures of multiple VCSEL-based photonic spike pro-
cessing platforms. Furthermore, two-section VCSEL-SAs have
been demonstrated as analogous to leaky integrate-and-fire (LIF)
class neurons [21] and utilized in coupled arrangements for spike
synchronization [22], pattern recognition [23], winner-takes-
all algorithms [24], spike sequence learning [25] and motion
detection [26].

This work provides a first exploration of the use of laterally-
coupled VCSELSs in order to generate, inhibit and apply con-
trollable optical spiking patterns for use in on-chip photonic
neuromorphic computing platforms. Laterally-coupled VCSELSs
are formed by designing a structure such that there is overlap of
the lateral optical fields between two adjacent VCSELSs. Previ-
ously, laterally coupled VCSELSs with integrated passive cavities
have shown promise for enhancing modulation bandwidth, an
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approach which has been reported for single VCSEL-passive
cavity devices [27], [28], [29] as well as multiple coupled
cavities in two-dimensional hexagonal ‘superstructure’ [30]. In
this work, we assume an array of homogeneous, laterally coupled
VCSELs (active devices) forming a set of coupled oscillators,
with spiking in mixed active-active and active-passive coupled
elements representing an interesting future research direction.

The strength of the coupling between VCSELSs is determined
by the magnitude of overlap of the fields and can be calculated
using coupled mode theory [31]. Examples of practical reali-
sations of laterally-coupled VCSELs include proton implanta-
tion technology to provide both electrical isolation and optical
guidance [32] or ion implantation for current confinement and
a photonic crystal etch for optical confinement [33]. The use of
laterally-coupled devices offers the exciting potential of form-
ing large integrated arrays of VCSEL-based artificial photonic
neurons with overall reduced footprint, as well as permitting pro-
grammability to define areas of uniform or diverse functionality
directly on-chip. In general, computational performance and
ability to process more complex data in neural networks grows
with the number of neurons, neuronal layers and synaptic links.
Hence, for the development of future spike-based neuromorphic
hardware with photonic artificial neurons, it is highly desirable
that these have reduced spatial footprint and allow for on-chip in-
tegration. This will in turn allow for low-footprint, high-density
layouts of pSNNs [34] to compete in performance with current
CMOS-based neuromorphic platforms. Therefore, validation of
spike-based processing tasks in the evanescently-coupled model
significantly increases prospects of spiking VCSELs for de-
livering practical, chip-scale, photonics-powered neuromorphic
systems.

This paper is organised as follows: Section II provides a
discussion of the underlying coupled laser theory on which the
work is based. Section III then describes via simulation how the
coupled-lasers exhibit a range of neuron-like spiking behaviours
along with some discussion of their origin. In Section IV we
demonstrate the efficacy of this approach by using a selection
of the behaviours in exemplar spike information encoding and
processing scenarios, including digital-to-spiking format con-
version and spike firing rate-coding functionality for digital
image encoding. Finally, we conclude the work in Section V
with a discussion of how the results of this work might be tested
in experimental investigations.

II. THEORY

Theoretical modelling of spiking VCSEL neurons based on
unidirectional optical injection has been based on the spin flip
model (SFM) [20], [35], [36], [37], [38]. In this system, ex-
citability is found within the injection-locking region of opera-
tion but only over small ranges (‘homoclinic teeth’) close to the
saddle-node bifurcation [35]. This remains true for optically-
injected lasers in the absence of polarisation effects where the
SFM is not required to explain the fundamental behaviour [39].
Building on this it is therefore of interest to ask if behaviours,
similar to those seen in master-slave configurations, can be found
for laterally (mutually) coupled VCSELs. To investigate this
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question, we use the normalised coupled mode equations which
are known to provide a reliable description of two laterally-
coupled lasers (denoted A,B here). These can be readily solved
using numerical techniques [40]. In terms of normalised vari-
ables Y4, Yp for the field amplitudes, M 4, M p for the carrier
densities and ¢ as the phase difference between the fields in B
and A, these equations can be written as:

dY 4 1 .

A L (Ma— 1Y — nanlY; 1
7 27p( A —1)Ys —[nap|Ypsin(d + ¢) ()

dvg 1 .

Tk E(MB 1)Ys — |npalYasin(d — ¢) 2)
do _

ag
= — (M4 — Mpg) — AQ
dt 2Tp( A 5)

Y, Y,
+ |Inpalgrs cos(8 = ¢) ~ Inas| g cos(6 + ¢)
B A
3)

dM 1
dA’B = — [Qas— Map(1+Y}p)] “4)
t TN

Equations (1)—(4) are rate equations derived from coupled
mode theory allowing for a complex coupling rate [31]. Equa-
tions (1) and (2) describe the time evolution of the optical field
amplitudes in VCSELs A and B. First RHS term of each of
these equations gives the amplification of the field amplitude
due to optical gain, and the second term accounts for coupling
to the field in the other VCSEL. Equation 3 describes the time
evolution of the phase difference between the fields in VCSELSs
A and B. The first term on the RHS gives the phase shift due to
carrier effects, and the term in square brackets accounts for the
phase change due to coupling. Equation 4 is the rate equation
for the normalised carrier density in each VCSEL. The first
term on the RHS describes the pumping and the second term
accounts for radiative and non-radiative recombination as well
as stimulated emission into the VCSEL mode (proportional to
the mode intensity). Note that the factor of % in the first terms on
the RHS of (1)—(3) occurs since these describe field amplitudes
whereas the optical gain here is that experienced by the field
intensity. Within the Eqs, A2 is the angular frequency detuning
between the cavity resonances of VCSELs B and A, ajy is the
linewidth enhancement factor, 7 is the carrier lifetime, 7, is
the photon lifetime and Q) 4, Q5 are the normalised pumping
rates. Allowance for asymmetric complex coupling has been
made since the amplitudes |4 g|, |14l of the coupling rates
may differ, but the phase 0 is assumed the same, since it has
been shown for ring lasers that an asymmetry in phase has no
influence on the topology of the phase space structure [41].

As mentioned above, the coupling rate is determined by lateral
optical fields overlap of VCSELSs A and B. This can be controlled
by appropriate choice of the VCSEL parameters during fabrica-
tion. The strongest control parameter is the spatial separation of
the VCSELSs. For example, using a simple slab waveguide model
for the VCSEL confinement, it has been shown [31] that the
coupling rate amplitude varies exponentially and the coupling
phase varies linearly with separation. Fundamentally, the real
part of the coupling is determined by the real index guidance of
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the VCSEL structures, whereas the imaginary part is governed
by the gain difference. An experimentally estimated value for
the weak coupling rate of a photonic crystal VCSEL array has
been given as 30 x 10° rad/s [42]. For the same type of array,
the imaginary part of the coupling rate has been experimentally
estimated to vary from 150 GHz (moderate coupling) to 5 GHz
(weak coupling) with increased pumping above threshold [43].
The coupling phase is found in the usual way from the ratio of
imaginary and real parts of the complex coupling rate.

Given the wide range of parameters for this two-laser system,
it is helpful to seek analytic approximations to identify promis-
ing operational conditions for numerical solutions. For the par-
ticular case of symmetric weak coupling (|nag| = |n5al = |
with |n|7, < 1) and equal pumping (Q 4 = @), approximate
steady-state solutions of (1)—(4) as well as analytic expres-
sions for the boundaries of regions of stability have been pre-
sented [31]. This work has been extended to account for unequal
pumping by developing a 3-variable reduction of the coupled
mode equations for real symmetric weak coupling, which yields
approximate closed-form steady-state solutions and expressions
for the stability boundaries [44]. The explicit result for the
saddle-node (SN) bifurcation in [44] can be modified to apply
to complex coupling rates, when it becomes:

1
|AQ\<2|77|1/ ta \/bln u+6)+qg2cos?(u+6) (5

where u = arctan(ayy ) and

= Qa—Qp ©)
Qa+Qp—2

In the limit where |nap| =0, (1)-(4) above describe the
situation of an optically-injected laser with A as the master, B
as the slave with an optical isolator between them. Thus (1) and
the corresponding equation for laser A in (4) are no longer of
interest and laser B is now described by only 3 equations. We
find that if the phase € of the coupling is taken as —7/2, then
this analysis in the limit of small 7,,/7n yields the conventional
result for the SN bifurcation in an optically-injected laser (see,

e.g. [45]). In the present notation this takes the form:

Y,
IAQ| < |nBA|§\/1+a%{ (7)

where Yp; is the steady-state value of Y3 in the presence of an
optically-injected field of amplitude Yjy.

More generally, in the absence of an optical isolator but with
the assumption of phase § = —m /2, the result (5) simplifies to:

1+a
1AQ| < 2|y u/—gf (8)

It should be noted that the same result (8) is also obtained for
phase 6 = 7/2; in both cases, the coupling rate becomes purely
imaginary. The influence of this 7r/2 phase shift in determining
the dynamics of weakly-coupled lasers has been highlighted by
Erzgréber et al. in an earlier study [40].
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Fig. 1. Demonstration of activation and inhibition of spiking regimes in
laterally coupled VCSELSs. First row: Time traces of normalized pumping rate
@ 4 with modulation pulses of depth (a) —0.6, (d) —1.0, (g) —2.0 and (j)
inhibitory pulse +5.0. Second row: phase difference between lasers B and A for
Q A pulses. Last row: intensity of laser B (/) showing activation of (c) single
or (f,i) multiple spiking events as well as (1) inhibition of continuous spiking.
All other parameter values are provided in the text.

III. NUMERICAL SIMULATION
A. Generation and Inhibition of Spiking

The rate equations (1)—(4) are solved numerically using a
fourth-order Runga-Kutta method. For each set of solutions, the
system was ‘turned on’ at time zero using a set of promising
test conditions guided by theory, and the simulation was al-
lowed to run to reach a steady state (typically 50 ns). Once
steady state was reached, a modulation sequence was then
applied to produce the test output for analysis. The simu-
lations were run in MATLAB and both fixed and adaptive
time step routines were compared to check for consistency in
behaviour.

In this section, we focus on demonstrating fast controllable
spiking regimes in laterally-coupled VCSELSs. Fig. 1 shows how
a fast spiking behaviour is triggered or inhibited by a 5 ns pulse
of variable depth and polarity (negative pulse for excitation,
positive for inhibiton) applied to the pump current of VCSEL
A (Q4). Here, we consider the situation where VCSEL A is
pumped at a much higher rate, with weak symmetric complex
coupling between the lasers (|nap| = [npal = || =2) ns™!
with 7, = 1.53 ps, so that |n|7, = 0.00306 < 1 and phase,
0 = —m /2. The carrier lifetime is 7,y = 1 ns and the linewidth
factor avy = 2. The first three columns in Fig. 1 utilize Q4 =
38.32, @p = 3.48 and the detuning between VCSELs B and
A is taken as 2.6 GHz (A2 = 16.34 rd/ns). For these Q 4, @B
parameters, the value of ¢ is 0.875, so that (8) gives the SN at
AQ /27 = 2.66 GHz, hence stable operation is expected for the
detuning of 2.6 GHz assumed here. In Figs. 1(a), (d), and (g)
the () 4 pulse depth is —0.6, —1.0, —2.0 respectively, and the
corresponding g-values are then 0.873, 0.872 and 0.869 with
SN boundaries shifted to 2.63 GHz, 2.62 GHz and 2.58 GHz,
respectively. Figs. 1(c), (f), and (i) show the achievement of one,
two or three spikes, respectively, in the output optical intensity of
VCSEL B (Ip). A spiking event is accompanied by jumps of 27
in the phase difference ¢ for each spike between regions of stable
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Fig.2. Time traces of (a) pump of laser A, (b) intensity of laser A, (c) intensity
of laser B, (d) phase difference between lasers B and A divided by 27, and (e)
output ratio parameter defined in the text, for operating conditions given in the
text.

equilibrium. Notably, the spikes fired by the system are of high-
speed nature, with typical temporal durations of order 100 ps and
sub-nanosecond inter-spike timing intervals. This behaviour is
very similar to that found for optically-injected lasers in the
analysis by Hurtado and Javaloyes [46]. In the fourth column
(Fig. 1(j-1), spiking inhibition is demonstrated where VCSEL A
is operated at a slightly lower pumping rate (Q) 4 = 33.32) and
all other parameters are identical to those given above. This sit-
uation yields continuous high-speed spiking behaviour and cor-
responds to ¢ = 0.8575 with the SN boundary at 2.45 GHz. The
spikes are subsequently controllably inhibited by the application
of a positive pulse to the pump current of VCSEL A (Fig. 1(j)
of amplitude +5 and duration 5 ns. Again, this behaviour is
similar to that previously demonstrated in optically-injected
VCSELs [14]. In the activation case, the depth of the negative
current pulse in VCSEL A determines the number of spikes and
their frequency and the system finds stable equilibrium when (7)
is satisfied (note the similarity to the stability condition derived
in [46]). In the case of the optically-injected laser [46], the de-
termining parameter is the amplitude Y4 of the optical injection.
The example of Fig. 1 and the analogy with spiking in optically-
injected lasers shows the sensitivity of the coupled-laser system
to small variations of parameter values in the vicinity of the SN
bifurcation.

B. Rebound Spiking

Under certain operating conditions, a short negative pump
pulse applied to VCSEL A can also trigger a spike from VCSEL
B immediately after the pulse, i.e. a ‘rebound spike’ [47]. An
example of this is shown in Fig. 2 where the parameter values
are || = 3.9 ns7!, AQ/27= 3.4 GHz, ¢ = 0.8, Q4 = 23.32
and others as above, with a 2 ns negative pulse of depth 4.5.
Fig. 2(a)—(e) show, respectively, time traces of the normalised
pump @ 4, intensities I; = Yj2 (j = A, B), phase ¢/27 and 1)

defined [44] by:
YB o ¢ ™
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Further insight into the spiking behaviour can be gained from
study of phase portraits, a 3D example of which is shown in
Fig. 3(a) with projection on the 2D plane of (m, ) in Fig. 3(b),
where m = M4 - Mp. In order to analyse the features of the
phase portrait, we note here the following results for steady-
state solutions of the 3-variable reduction of the coupled mode
equations with 6 = —7/2:

s ~ arcsin(—gq) (10)

4
o AnlTog

AQ 1—¢? 1
¢s ~ *arccos | — 732 — arctan <>
2|77| 1+ayq apq

12)

cos(¢s) a1

where the subscript s denotes the steady-state value. In (12), the
plus and minus signs correspond to the tilted in-phase and tilted
out-of-phase solutions, following the nomenclature introduced
first by Gao et al. [42].

The sequence of events to produce this ‘rebound spike’ is
that when the pump pulse ends, the system first goes to a quasi-
steady-state with the tilted out-of-phase solution (and there is
ringing in VCSEL A). It then returns to a stable steady-state
tilted in-phase solution (and, as it does so, a spike is emitted from
VCSEL B with some very damped ringing). Arrows have been
added to the trajectories in Fig. 3(b) in order to show the temporal
sequence. For the steady-state situation before and after the
pump pulse, ¢ = 0.8 and hence (10)—(12) for the tilted in-phase
solution give s = —0.93, ms = 0.032 and ¢, /27 = —0.007
(modulus 27). These values are given in the co-ordinates of the
points indicated on Fig. 3(b) and are in reasonable agreement
with the points predicted by the numerical solution. For the
steady-state situation during the pulse, ¢ = 0.756 and hence
(10)—(12) for the tilted in-phase solution give s = —0.86, m
= 0.025 and ¢ /27 = —0.07. When the pulse ends, the system
goes to the quasi-steady-state tilted out-of-phase solution )
= —0.93, m, = 0.015 and ¢,/27 = —0.17 before returning
to the stable tilted in-phase solution with the usual phase shift
of 2m. Again, comparison of these values for the co-ordinates
of the points indicated on Fig. 3(b) are in agreement with the
numerical results. These comparisons demonstrate the validity
of the 3-variable reduction of the coupled mode equations and
give valuable assistance to interpretation of the detailed features
of the phase portraits.

C. Values of Coupling Phase Other Than /2

In the discussion thus far, we have focused on the assumption
of coupling phase §# = £7/2 by analogy with the situation in
optically-injected lasers, as discussed in Section III-A. However,
it is worth noting that spiking behaviour in laterally-coupled
VCSELs is also found in cases where this assumption is not
made. For example, consider the complex coupling discussed
in [31], Table I, line 1, where the lasers are assumed to have
positive index guiding with some gain guiding, e.g. as in the
case of oxide-aperture VCSELSs, and a simple slab waveguide
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(0.025,-0.86) stability during pulse

(0.015,-0.93) quasi-steady-
state (tilted out-of-phase)

Fig. 3.

(c)

AQ/2m (GHz)

(0.032,-0.93) steady-
state (tilted in-phase)

Phase portraits in (a) (¢/2m, m, 1) space and (b) (m, 1)) space, corresponding to the results of Fig. 2. (¢) Stability map for |n| = 10.2 ns!and § =

—1.559 with 7y = 1 ns, 7, = 1.53 ps, and acy = 2. The white dotted lines indicate the SN boundaries as predicted from (5). Dark blue indicates stability, lighter
blue, green and yellow correspond to periodicity, whilst orange and red denote more complicated dynamics and chaos.

TABLE I
PARAMETER VALUES USED IN THIS PAPER

Fig. |m] (ns™1) 0 Qa Qp AQ/2m (GHz) Comments
1(a)-(i) 2 -m/2 3832 348 2.6 Spiking activation
1(G)-(1) 2 -7/2 3332 348 2.6 Spiking inhibition
2,3@-(b) 39 w2 2332 348 34 Rebound spiking with
phase portraits
3(0) 102 1,559 Varied, keeping Varied from Stability map, comparison of
Qa+Qp =26 <7510 7.5 SN boundary with Eq. §
4 102 1.559 (13,13), (17.8,8.2), 32,45, Spiking behaviour close to
. o (20.2,5.8), (22.6,3.4)  6.2,9.7 SN boundary
5-8 33 /2 5.85 2 Spike processing functions

structure is used to calculate the complex coupling rate. For the
parameter values d/a = 1 considered in [31], || = 10.2 ns~!
and 6 = —1.559. A stability map in the plane of detuning versus
q is shown in Fig. 3(c) for this system. This is obtained by first
computing a numerical (Runge-Kutta) time series solution of
the rate equations (1)—(4) for each point on the map. From these
time series, one-parameter bifurcation diagrams are constructed
at each value of ¢ and detuning, and these are then used to con-
struct the stability map. Examples of one-parameter bifurcation
diagrams are given in Figs. 5 and 9 of [31] and details of how
these are used to construct stability maps are given in [48]. Areas
of stability are indicated in dark blue, regions of periodicity are
denoted by lighter blue, green and yellow colours, whilst areas
of more complicated dynamics and chaos are in orange and red.
In contrast, the white dotted lines indicate the predicted SN
boundaries that are readily identified from (5) demonstrating
good agreement with the stability boundaries obtained more
rigorously in the map.

Equation (5) predicts the stability boundary to be at 3.17 GHz
for ¢ = 0, 4.48 GHz for ¢ = 0.4, 6.30 GHz for ¢ = 0.6, and
10.2 GHz for ¢ = 0.8. To investigate the possibility of spiking
behaviour near these values, the other parameter values are as
before, i.e. 7w = 1 ns, 7, = 1.53 ps, ag = 2, and the total
pumping (Q 4 + @ p) is fixed at 26 (which corresponds to twice
threshold in both lasers in the model of [31]). Fig. 4 shows
the computed time series with spiking occurring at detunings
of 3.2 GHz for ¢ = 0, 4.45 GHz for ¢ = 0.4, 6.15 GHz for ¢
= 0.6, and 9.7 GHz for ¢ = 0.8. This example indicates the
abundance of operating conditions where spiking behaviour can
be predicted to occur. Other examples with different sets of

AQ2m =32 GHz,g=0 AQ/2m = 4.5 GHz, g = 0.4
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Fig. 4. Spiking behaviour computed for the detunings and pumping ratios
indicated for system of Fig. 3(c).

complex coupling rates are also easily demonstrated by working
close to the stability boundary given by (5), assuming weak
coupling (|n|7, < 1). As an extreme case, it is also possible to
find spiking behaviour in the case of real coupling rates.

In order to provide clarity on the range of parameter values
used in our numerical work to demonstrate various attributes
of the spiking phenomena, Table I lists the varying parameter
values corresponding to each Figure with comments on each
case.

While the range of used Q) 4, g values is large, it does not mean
that the VCSELSs are being simulated over an unrealistic range
thanks to the following relation between normalised pumps
Q a,p and real pump P [31]:

P P
QC@(Pthl)*Pm

13)
where Cg is a parameter related to the threshold gain and other
VCSEL parameters. Taking Cg = 11 (value in range of previous
slab waveguide model [31]), a high value of () such as () = 38.32
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Fig. 5. Demonstration of spiking threshold on activation pulses. The traces

shown include normalised pump for VCSEL A (upper row), output intensities
of VCSEL A (middle row) and output intensity of VCSEL B (bottom row).
Qa =585 Qp =2, [nagl=Inpal=In=33nst 0 = n/2, AQ
= 47 rad/ns. Responses are shown for: (a—c) perturbations of 800 ps; (d—f)
perturbations of 1 ns; (g—i) perturbations of 2 ns. The depth of perturbations
(dips) in Q 4 is gradually increased in —0.25 amplitude increments in all cases,
resulting in a single spiking event for Q 4 4, = —1.5 for 800 ps (shown in (c))
and for —1.25 (shown in (f),(i)). A spike is not elicited by the third perturbation
in (c) since there is insufficient energy as a result of the short length of the pulse.
Other parameters remain same as for previous figures.

corresponds to % = 4.1, well within the realistic ranges used
for VCSELSs.

IV. PHOTONIC SPIKE PROCESSING FUNCTIONALITIES

The results provided above suggest that many of the func-
tionalities and potential applications of spiking lasers that have
been proposed and demonstrated using optical injection and
polarisation dynamics in discrete standard VCSELs [17], [18],
[19], [24], [25], [49] could be achieved using photonic spik-
ing neurons based upon laterally-coupled pairs of VCSELs. In
this section, we will utilize some of the fundamental neuro-
inspired dynamical behaviours observed in the laterally-coupled
two-VCSEL numerical model that are key for realization of
a neuromorphic system. These include: a) a well-defined ex-
citable threshold with optional adjustability, which we utilize for
high-speed photonic digital-to-spiking conversion with precise
spike timing, and b) rate-modulated spike firing, allowing for
encoding of input stimuli into continuous fast optical spike
trains, which we utilize for encoding of digital image pixel
values.

A. Spike Activation Threshold

Firstly, we demonstrate the existence of a well defined ac-
tivation threshold in perturbation strength for spiking in the
laterally-coupled VCSELSs, which can be observed for negative
input pulses (stimuli) of increasing depth for three different tem-
poral lengths, applied to the normalized pump rate (Q) 4) within
a laser pair that is biased for stable operation. Fig. 5(a) shows
the modulation pattern of 800 ps pulses applied to @ 4, whilst
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Fig. 6. Demonstration of direct digital-to-spike encoding functionality. The
encoded word is “IoP” encoded in ASCII binary representation. (a) Normalised
pump for laser A; (b) and (c) output intensities for VCSEL A (b) and VCSEL
B(c)Qa=585Qp=2|nag|l=npal =Inl =33ns71, 0 =7/2, AQ
= 4 rad/ns. The 0.8ns-long perturbations (dips) have an amplitude —1.5 (local
Q4 = 4.35 during the perturbation).

Fig. 5(b—c) show the optical outputs of VCSELs A and B respec-
tively. The same mechanism is then shown for 1 ns perturbations
in Fig. 5(d—f) and for 2 ns perturbations in Fig. 5(g—-i). VCSEL
A responds to the applied @ 4 pulse with a dip in intensity, as ex-
pected. However, VCSEL B does not respond significantly until
a threshold is reached, after which a fast (sub-nanosecond) spike
in output is activated (Fig. 5(c)), exhibiting a clear all-or-nothing
spiking response. When eliciting spikes with perturbations, the
temporal length of a perturbation matters, and very short pulses
might have insufficient effect on the system despite having
amplitude above threshold. This is an expected behaviour, as
the system does not have infinite bandwidth and will therefore
not recognize pulses of completely arbitrary temporal lengths
(even if they adhere to the super-threshold amplitude condition).
This is shown in Fig. 5(d—f), where the 3 rd perturbation now
also has a sufficient energy (power x pulse length) to elicit a
spike thanks to being 200 ps longer. Further extension of pulse
length in Fig. 5(g) does not yield spiking from lower amplitude
perturbations. The double spike observed in Fig. 5(i) is consis-
tent with phenomena observed in Fig. 1 for long pulses. The
thresholding behaviour in Fig. 5 can be understood in terms of
the relation between the detuning AS2 and the angular frequency
of the saddle-node bifurcation as defined by the approximate
expression in (8). For the detuning A2 = 47 rad/ns, equality in
(8) is found for Q4 = 4.84. It follows that, within the limits
of the approximation leading to (8), spiking is not expected
for the first two pulses since the system is then in a region of
stability.

B. Digital-to-Spike Conversion Task

We utilize the capability of spiking thresholding of the
laterally-coupled VCSEL neuronal model to perform a con-
version of digitally represented data into a sequence of spikes
(a spike train) at fast data rates. In Fig. 6, we encode the
word “IoP”, acronym of Strathclyde’s Institute of Photonics,
represented in ASCII binary code utilizing an RZ encoding
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Fig. 7. Demonstration of different spiking frequencies produced by modu-

lations with varying amplitude. (a) Pump intensity of VCSEL A; (b) Output
intensities for VCSEL A and (c) VCSEL B. (d) Scatter plot of local spiking
frequency as a function of input perturbation amplitude. The parameter values
used are the same as for Figs. 5 and 6.

scheme at a rate of 2 ns/bit and 40% duty cycle. As can be
seen in Fig. 6(c), the system is capable of reliable generation
of optical spikes by means of input signal power threshold-
ing, allowing for (among others) digital-to-spike conversion
functionality.

C. Spike Rate-Coding for Digital Images

The ability to produce continuous (tonic) spiking regimes is
also highly desirable for spike-based information representa-
tion utilizing the temporal domain. In particular, rate-coding,
where the information about incoming stimuli is encoded into
the spiking firing frequency of continuous spike trains [17],
constitutes one of the approaches utilized by certain classes of
biological neurons for information representation. Previous re-
sults (Fig. 1) confirm that the laterally-coupled VCSEL-neuronal
system is capable of producing spikes at varying rates (Fig. 7).
We show that the optical output of VCSEL B in a laterally-
coupled VCSEL system produces continuous spike trains, when
subject to time-varying modulation of normalized pump @ 4.
We utilize square-shaped pulses to directly encode a constant
local spiking frequency, but want to emphasize that this is
an analogue-to-spiking conversion method that also supports
continuous (analog) modulation signals and directly encodes
those into the rate-coded spike-based representation. We can see
in Fig. 7(c), that for pump modulation pulses with higher pulse
amplitudes (deeper dips), the spike firing frequency increases in
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Fig. 8. Rate-coded representation of an 8x8 greyscale diagonal graded image.
(a) Source image. (b) Demonstration of a spiking time-trace containing infor-
mation for a single pixel. Only the 30 ns interval with active spiking is depicted.
(c) Temporal map merging in a single plot spiking time-traces for all processed
source pixels. Only the 30 ns-pixel intervals with active spiking are depicted.
(d) Direct reconstruction of the source image from the spiking rates obtained for
each pixel. .

a monotonic fashion, and this is quantified in Fig. 7(d) as spike
firing rate versus @ 4 during the pulse.

Fig. 8 demonstrates how the ability of the laterally-coupled
VCSEL neuronal model to produce modulation-dependent spik-
ing firing rates can be utilized to perform direct encoding of
information from digital images into high-speed rate-coded spik-
ing representations [19]. In the proof-of-concept demonstration
of Fig. 8, we used an 8 x 8 pixel greyscale graded pattern as
the source image. All the pixels in the source 8 x 8 greyscale
image (Fig. 8(a)) are serialised into a single input stream using
time-domain multiplexing (TDM) to enable their processing
with a single pair of laterally-coupled VCSELSs. The intensity
of each pixel is encoded with amplitude values between 0 and
1. The sequence of (0,1)-bounded pixel values is used as a @ 4
(normalized pump) modulation source, where each pixel is time
multiplexed and turned into pulses of length ton = 30 ns,
with torpr = 5 ns spacing. The n-th pixel value was directly
encoded into the pulse (dip) amplitude following the formula
AQan = —1.2 — p, where AQ 4, is the dip amplitude, and
Dy, 1s the n-th pixel greyscale intensity value bounded between
(0,1). Using this approach, the number of spikes generated by
VCSEL B in the laterally-coupled VCSEL-neuron pair directly
encodes the intensity of each pixel in the source greyscale image.
For each pixel, the spikes fired were counted and used to create
a direct image reconstruction (Fig. 8(d)) of the originally en-
coded greyscale source image. Directly comparing Fig. 8(a) and
Fig. 8(d) reveals very good agreement between the source and
direct spike-count-based reconstruction images; hence confirm-
ing the system’s ability to encode the image pixels information
in the spike firing rate. We also note that there were instances
of more than 30 spikes counted in the 30 ns interval, as can be
seen in the colour-map bar in Fig. 8(d), representing encoding
at higher than GHz spiking rates.
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D. Comparison of Laterally-Coupled VCSELs With
Optically-Injected VCSELSs for Neuromorphic Tasks

It is appropriate here to consider the relative merits
of laterally-coupled VCSEL pairs compared with optically-
injected VCSELs for use as spiking neurons. We have shown
already that these two systems can be used in similar applications
and offer similar performance. As a source of optical spiking,
one major advantage of the coupled VCSEL system is the
elimination of the need for a tightly controlled (in terms of polar-
isation, wavelength, detuning and power) external master laser.
In contrast, with these key parameters of polarisation, coupling
and detuning being built in at fabrication stage, and with bias
being a control parameter, laterally coupled VCSELs offer a
simpler overall prospect with additional robustness. In photonic
crystal VCSELs, elliptical air holes in the top mirror have
been experimentally demonstrated to control polarisation [50]
and holes of different sizes on opposite sides of the array can
realize asymmetric coupling [33]. This asymmetry controls the
detuning between the cavities. Additional (unwanted) detuning
caused by fabrication imperfections can be corrected by pump
currents control [33].

When considering more complex computational systems re-
quiring multiple coupled elements, scaling up the number of
externally injected spiking VCSELSs presents significant chal-
lenges both in terms of their physical complexity and their con-
trol. Here we believe laterally coupled VCSELSs offer multiple
significant advantages. Nevertheless, a challenge peculiar to a
closely-spaced laterally-coupled pair of VCSELs is the spatial
separation of optical inputs and outputs. While this might be
achieved using spatially selective optics, e.g. lenses or lens-
ended fibres, this is not a scalable approach for larger, more com-
plex arrays. However, as the circuit size grows, and with more on-
chip processing, both the number and density of optical i/p and
o/p connections can be reduced, thus easing these requirements.
Moreover, by varying the key design parameters, it is possible
to build in a degree of spatial heterogeneity to provide areas of
different functionality (for example, an external coupling region)
while preserving the coupling. Such approach could be used to
realize an extended optical lattice of devices, providing means of
more extensive interconnectivity since the overall modes of the
lattice can be influenced by individual elements. Alternatively,
approaches such as 3D printed multimode splitters [51] may
offer an interlinking solution for building neuromorphic pho-
tonic circuits capable of diverse range of information processing
tasks.

V. CONCLUSION

Coupled-mode rate equations have been used to demonstrate
the existence of ultrafast spiking behaviour in weakly-coupled
pairs of VCSELs when operated at frequency detunings in the
vicinity of the SN stability boundary. Upon appropriate choice of
continuous wave pumping values, the system of this work shows
its ability to generate or inhibit controllable spiking patterns in
one VCSEL by injecting pulses of negative or positive polarity
into the pump of the other VCSEL. In addition to excitation
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of phasic and tonic spiking regimes, rebound spiking dynamics
after the end of an input pulse are also demonstrated. It has
been shown that this rebound spiking response is associated
with a switch between tilted out-of-phase and in-phase states
of the system of laterally-coupled VCSELs. Preliminary re-
sults for the case of purely imaginary coupling coefficients
have been extended to the case of arbitrary complex coupling,
provided always that operation is limited to the region of the
SN bifurcation. This opens the way to experimental tests of
these predictions, since there already exist several practical
demonstrations of various forms of dynamical behaviours in
arrays of coupled VCSELs (see, for example, [32], [33]). Ex-
perimental methods to measure the real and imaginary parts
of the complex coupling coefficient in such arrays have been
reported [43], thus enabling relatively accurate device modelling
to be performed in order to identify operating conditions for
spiking, following the approach suggested here. Finally, we also
report numerically on the potential of the investigated spiking
regimes in laterally-coupled VCSEL systems for use in differ-
ent practical photonic spike processing functionalities. These
are based on the precise spike timing and spiking rate-coding
capabilities demonstrated in the proposed laterally-coupled VC-
SEL photonic neuronal model, and include digital-to-spike
format conversion and spike rate-coding of digital image
information.
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