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We report an approach based upon vertical cavity surface emitting lasers (VCSELs) to reproduce

optically different behaviors exhibited by biological neurons but on a much faster timescale. The

technique proposed is based on the polarization switching and nonlinear dynamics induced in a

single VCSEL under polarized optical injection. The particular attributes of VCSELs and the

simple experimental configuration used in this work offer prospects of fast, reconfigurable

processing elements with excellent fan-out and scaling potentials for use in future computational

paradigms and artificial neural networks. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3692726]

Neuromorphic research aims to explore solutions to

complex computational problems inspired by sophisticated

models of the human brain.1 Models of cortical neurons are

required to exhibit a variety of complex features such as

spiking2 if they are to be of use in the development of artifi-

cial neural networks. Very large scale integration (VLSI)

implementation of these features has been studied for deca-

des.3 Previous work has shown that analogue VLSI circuitry

using only 14 metal-oxide semiconductor field-effect (MOS-

FETs) demonstrated the spiking and bursting behaviour of a

cortical neuron.4 This operated on a timescale which was 105

times faster than a biological neuron, offering the exciting

prospect of ultrafast neural computations. Recently, optical

approaches have also emerged5–11 as it is widely recognised

that these offer even faster timescales (up to 109 times9).

However, these are often complex and scaling sufficiently to

permit the demonstration of network characteristics is

challenging.

Semiconductor lasers can exhibit a range of characteristics

similar to those observed in neuronal systems, including

excitability12–14 and complex nonlinear dynamics.15 The ma-

jority of biological neurons are excitable systems and respond

by firing spikes when stimulated (for a review see, for

instance, Refs. 2, 16 and 17 and references therein). This may

take the form of a single spike occurring just upon the arrival

of a stimulus or may involve a train of spikes emitted for the

whole duration of the stimulus. These behaviours are usually

referred to as phasic and tonic spiking, respectively. Very

recently, a theoretical study has analysed the excitability prop-

erties of semiconductor ring lasers for use as optical spiking

neurons.10 Here, we report an approach based upon vertical

cavity surface emitting lasers (VCSELs).11,18,19 This utilizes

an alternative physical mechanism, namely, the polarization

switching (PS) and nonlinear dynamics induced in these devi-

ces when subject to polarised optical injection. These laser

nonlinear dynamics which have been described for various

kinds of semiconductor lasers can be attributed to well known

carrier-photon coupling and associated dynamics in the optical

injection locking processes.15 We demonstrate experimentally

that a variety of neuronal features can be emulated using a sin-

gle device and on a much faster time-scale than biological neu-

rons. Additional interesting features of our approach include

low input power requirements, controllability and reproduci-

bility of results, and an ability to modify the response function.

Moreover, VCSELs offer high fan-in/fan-out with very low

crosstalk and ease of integration into 2D arrays.20 These attrib-

utes offer a promising research direction for fast, versatile, and

reconfigurable computational elements with excellent scaling

prospects for uses in computing and artificial neural networks.

Fig. 1 shows the experimental arrangement. An all-

optical fiber setup was developed to inject polarized light

from a tunable laser into a commercial 1550 nm-VCSEL; the

latter forms the VCSEL-neuron. The laser had a threshold

current (Ith) of 1.6 mA at 298 K and oscillated in its funda-

mental transverse mode. The operation of the VCSEL-

neuron is based on its response to orthogonally polarized

optical injection which induces phenomena such as PS,18

injection locking, and nonlinear dynamics.19 Figs. 2(a) and

2(b) illustrate PS in association with injection locking.

Fig. 2(a) plots the spectrum of the solitary device showing

two modes corresponding to the two orthogonal polarizations

of the fundamental transverse mode. We associate “parallel

(orthogonal) polarization” with the polarization of the lasing

(subsidiary) mode of the VCSEL. Fig. 2(b) shows the spec-

trum of the device under orthogonally polarized injection

into its orthogonal mode; here, the parallel mode is sup-

pressed as the orthogonal mode locks to the external signal,

and PS occurs with emission in the orthogonal polariza-

tion.18 Throughout this work, we associate the solitary mode

of the device with the inactive state of the VCSEL-neuron

and the arrival of an external stimulus is emulated with the

injection of an orthogonally polarized time-varying signal.

We report an experimental study of the simultaneous tempo-

ral dynamics of the two orthogonal polarizations (parallel

and orthogonal) of the VCSEL-neuron.

Figs. 3 and 4 show the response of the VCSEL-neuron

to different external stimuli (4 ns long). Initially, the VCSEL

emits light with parallel polarization; the incoming stimulus

induces PS, from parallel to orthogonal. A rich variety of

a)Author to whom correspondence should be addressed. Electronic mail:

ahurt@essex.ac.uk.
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nonlinear dynamic responses are generated for both polariza-

tion outputs in addition to PS. We first focus on the orthogo-

nal polarization output which is dominant following the

stimulus. Fig. 3(a) shows that a single abrupt spike is gener-

ated upon the arrival of the stimulus followed by a stable

state for the remaining duration of the input. Fig. 4(a) shows

in turn a different response where the external injection indu-

ces periodic oscillations or spikes at firing rates of �GHz

(many orders of magnitude above that observed in biological

neurons). These dynamics exhibit similarities with the phasic

and tonic spiking behaviours exhibited by biological neu-

rons.2,16,17 Furthermore, Figs. 3(b) and 4(b) reveal the occur-

rence of additional dynamics in the parallel polarized output

similar to those occurring in neurons. These include first the

appearance of a rebound spike at the end of the stimulus du-

ration (Fig. 3(b)), behaviour observed for instance in tha-

lamic interneurons.18 Finally, Fig. 4(b) shows the attainment

of a small amplitude oscillatory behaviour, which is similar

to the so-called sub-threshold oscillations2 appearing in neu-

rons. We have also analysed the VCSEL-neuron response to

increasingly strong stimuli. Fig. 5 plots the orthogonally

polarized output for different injected powers. We observe

oscillations similar to tonic spiking as seen in biological neu-

rons where the oscillation frequency increases with optically

injected power. Specifically, certain types of cortical neurons

show increasing spiking rates with stronger stimuli,2,16 the

firing rate being an indicator of the stimulus strength.

The VCSEL-neuron dynamics of Figs. 3 and 4 can be

explained from the effects induced by polarised optical injec-

tion.19,21,22 Fig. 3 shows the case where PS appears associ-

ated with injection locking19 (this is a situation in which the

orthogonal polarization mode of the VCSEL locks to the

injected field and has constant output intensity with emission

at the wavelength of the external signal15). The results show

that the external signal switches the VCSELs output between

two different stable states, the solitary and a locked state.

Hence, constant power levels appear before and after the

stimulus arrival/removal for both polarizations, and only a

single spike is obtained as the system transits from one stable

state to the other. This explains the phasic spiking behaviour

(solitary to locked state transition), and the rebound spike

(locked to solitary transition) appearing, respectively, for the

orthogonal and parallel polarizations. Fig. 4 shows a differ-

ent situation where PS is associated with a limit cycle dy-

namics characterised by the appearance of periodic

oscillations in the VCSELs orthogonal polarized output.19

These oscillations can appear either as a result of the excita-

tion of the device’s relaxation oscillations or from the beat-

ing of the resonant mode of the VCSEL with the externally

injected field, depending on the initial conditions configured

for the externally injected signal (initial detuning and injec-

tion strength).15 This behaviour is similar to the tonic spiking

dynamics observed in neurons. Additionally, for the case

depicted in Fig. 4(b), the parallel polarization is significantly

attenuated but not completely suppressed.19,21,22 In such

cases, it has been demonstrated that the two polarized out-

puts of the VCSEL can both exhibit limit cycle dynam-

ics.21,22 This is the case here where an attenuated periodic

signal is also obtained in the parallel polarization, showing a

similar behaviour to the sub-threshold oscillations of biologi-

cal neurons. The behaviour in Fig. 5 arises due to the pushing

movement of the VCSELs resonance to longer wavelengths

as the injection power is increased. This increases the initial

FIG. 1. Experimental setup. PPG, pulse

pattern generator; VOA, variable optical

attenuator; MZ, Mach Zehnder; RF,

radio frequency; EDFA, erbium doped

fibre amplifier; OSA, optical spectrum

analyzer; PBS, polarization beam

splitter.

FIG. 2. (Color online) Optical spectrum of the VCSEL with and without

orthogonally polarized optical injection producing PS and injection locking.
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FIG. 3. (Color online) VCSEL-neuron’s response to an

external stimulus (4 ns long); the bias current and initial

wavelength detuning are IBias¼ 1.5Ith and Dk\¼ 0 nm.

(a) Phasic spiking and (b) rebound spike behaviours are

obtained for the (a) orthogonal (in red) and (b) parallel

(in blue) polarization outputs. The lowest plot (in black)

shows the injected signal.

FIG. 4. (Color online) VCSEL-neuron’s response to an

external stimulus (4 ns long); the bias current and initial

wavelength detuning are IBias¼ 2.5Ith and Dk\
¼�0.02 nm. (a) Tonic spiking and (b) sub-threshold

oscillations appear for the (a) orthogonal (in red) and

(b) parallel (in blue) polarization outputs. The lowest

plot (in black) shows the injected signal.

FIG. 5. (Color online) VCSEL-neuron’s response to

increasingly strong stimuli; the bias current and the

initial wavelength detuning are IBias¼ 2.5Ith and

Dk\¼�0.02 nm, respectively. The time evolution and

strength of the input stimuli is shown in the lower plot

(in black).
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wavelength detuning which ultimately determines the oscil-

lation frequency of the limit cycle dynamics. Finally, we

should note that the results in Figs. 3–5 were obtained with

the same device by simply adjusting three parameters: bias

current, initial detuning, and injected power. Also, encourag-

ingly, very low power requirements, from only 50 to

125 lW, were needed to induce the different behaviours at

operation speeds of several GHz.

In conclusion, we have experimentally investigated a

VCSEL-neuron which shows different computational fea-

tures exhibited by biological neurons but on a much faster

timescale. Our proposed technique is based upon the use of

PS and nonlinear dynamics induced in optically injected

VCSELs. We show that a single device can emulate various

neuronal behaviours by controlling basic system parameters.

There are many advantages of using VCSELs for such appli-

cations which include low operating power, an ability to

modify the response function, and the potential for scaling

into 2D and 3D arrays.20 Additionally, in common with neu-

ral cells which are profusely interconnected in the brain,

VCSELs offer the prospect of high fan-in/fan-out intercon-

nection with very low cross talk.
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Schleipen, and H. de Waardt, IEEE Trans. Neural Netw. 11, 988 (2000).
6A. D. McAulay, Proc. SPIE 6775, B7750 (2007).
7A. R. S. Romariz and K. H. Wagner, Appl. Opt. 48, 4736 (2007).
8A. R. S. Romariz and K. H. Wagner, Appl. Opt. 48, 4746 (2007).
9K. Kravtsov, M. P. Fok, D. Rosenbluth, and P. R. Prucnal, Opt. Express

19, 2133 (2011).
10W. Coomans, L. Gelens, S. Beri, J. Danckaert, and G. Van der Sande,

Phys. Rev. E. 84, 036209 (2011).
11A. Hurtado, I. D. Henning, and M. J. Adams, Opt. Express 18, 25170

(2010).
12H. J. Wunsche, O. Brox, M. Radziunas, and F. Henneberger, Phys. Rev.

Lett. 88, 023901 (2002).
13K. Al-Naimee, F. Marino, M. Ciszak, S. F. Abdalah, R. Meucci, and F. T.

Arecchi, Eur. Phys. J. D 58, 187 (2010).
14B. Kelleher, C. Bonatto, G. Huyet, and S. P. Hegarty, Phys. Rev. E 83,

026207 (2011).
15S. Wieczorek, B. Krauskopf, T. B. Simpson, and D. Lenstra, Phys. Rep.

416, 1 (2005).
16E. M. Izhikevich, Dynamical Systems in Neuroscience: The Geometry of

Excitability and Bursting (MIT, Cambridge, MA, 2007).
17E. M. Izhikevich, Int. J. Bifurcation Chaos Appl. Sci. Eng. 10, 1171 (2000).
18A. Hurtado, A. Quirce, A. Valle, L. Pesquera, and M. J. Adams, Opt.

Express 17, 23637 (2009).
19A. Hurtado, A. Quirce, A. Valle, L. Pesquera, and M. J. Adams, Opt.

Express 18, 9423 (2010).
20F. Koyama, J. Lightwave Technol. 24, 4502 (2006).
21K. Schires, A. Hurtado, I. D. Henning, and M. J. Adams, IEEE Photonics J.

3, 555 (2011).
22P. Perez, A. Quirce, L. Pesquera, and A. Valle, IEEE J. Sel. Top. Quantum

Electron. 17, 1228 (2011).

103703-4 Hurtado et al. Appl. Phys. Lett. 100, 103703 (2012)

Downloaded 06 Mar 2013 to 155.245.46.3. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1109/TNN.2004.832719
http://dx.doi.org/10.1016/j.neunet.2007.12.037
http://dx.doi.org/10.1109/72.857778
http://dx.doi.org/10.1117/12.733183
http://dx.doi.org/10.1364/AO.46.004736
http://dx.doi.org/10.1364/AO.46.004746
http://dx.doi.org/10.1364/OE.19.002133
http://dx.doi.org/10.1103/PhysRevE.84.036209
http://dx.doi.org/10.1364/OE.18.025170
http://dx.doi.org/10.1103/PhysRevLett.88.023901
http://dx.doi.org/10.1103/PhysRevLett.88.023901
http://dx.doi.org/10.1140/epjd/e2010-00093-8
http://dx.doi.org/10.1103/PhysRevE.83.026207
http://dx.doi.org/10.1016/j.physrep.2005.06.003
http://dx.doi.org/10.1142/S0218127400000840
http://dx.doi.org/10.1364/OE.17.023637
http://dx.doi.org/10.1364/OE.17.023637
http://dx.doi.org/10.1364/OE.18.009423
http://dx.doi.org/10.1364/OE.18.009423
http://dx.doi.org/10.1109/JLT.2006.886064
http://dx.doi.org/10.1109/JPHOT.2011.2158636
http://dx.doi.org/10.1109/JSTQE.2011.2134075
http://dx.doi.org/10.1109/JSTQE.2011.2134075

