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Improvement of signal propagation in the optoelectronic artificial spiking
neuron by vibrational resonance
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Experimental evidence of vibrational resonance (VR) in the optoelectronic artificial spiking neuron based on
a single photon avalanche diode and a vertical cavity laser driven by two periodic signals with low and high
frequencies is reported. It is shown that a very weak subthreshold low-frequency (LF) periodic signal can be
greatly amplified by the additional high-frequency (HF) signal. The phenomenon shows up as a nonmonotonic
resonant dependence of the LF response on the amplitude of the HF signal. Simultaneously, a strong resonant
rise of the signal-to-noise ratio is also observed. In addition, for the characterization of VR an area under the first
LF period in the probability density function of interspike intervals for the LF signal and the maximal amplitude
in this area were used, both of which also demonstrate a resonant behavior depending on the amplitude of the

HF signal.
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I. INTRODUCTION

In the last years there has been increasing interest in
the phenomenon of vibrational resonance (VR) occurring
in nonlinear systems, which was first demonstrated numeri-
cally in bistable systems by Landa and McClintock [1]. The
phenomenon of VR shows up as resonant behavior at the fre-
quency of the low-frequency (LF) input signal depending on
the amplitude or frequency of the additional high-frequency
(HF) excitation. In a sense VR is a deterministic analog of
the phenomenon of stochastic resonance [2,3] where noise
is replaced by a HF signal. First, VR has been evidenced
experimentally in analog electronic circuits [4—6] and in a
bistable vertical-cavity surface-emitting laser (VCSEL) for
symmetrical and asymmetrical configurations of bistability
in a VCSEL [7,8]. By now the phenomenon of VR, along
with analog electronic circuits and VCSELs, was revealed
experimentally in such diverse systems as an optical lattice
[9], mechanical systems [10], a driven nanoelectromechanical
nonlinear resonator [11], and a thermo-optic optomechanical
nanocavity [12]. At the same time theoretical investigations
demonstrated an occurrence of VR, for instance, in quan-
tum systems [13—15], a Rayleigh-Plesset bubble oscillator
[16], a parametrically excited gyroscope [17], groundwater-
dependent plant ecosystems [18], time-delayed systems [19],
a ferroelectric liquid crystal [20], in the perception of noisy
images in the threshold detector [21], a three-level atomic
optical bistable system [22], and in a number of theoretical
models.

A number of papers were devoted to theoretical investi-
gations of VR in single neuron models and neural networks
of a different topology. In particular, VR was studied in
a FitzHugh-Nagumo (FHN) model [23-25], coupled FHN
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neuron populations with different topologies [24], a neural
feedforward network of FHN neurons [26], a network con-
structed by the Izhikevich neuron model [27], single and
small-world networks of Hodgkin-Huxley neurons [25,28],
and Hindmarsh-Rose neuronal systems [29].

Along with the theoretical studies of VR in the FHN
model, an electronic neural circuit exactly ruled by FitzHugh-
Nagumo equations was built to study experimentally the
phenomenon of VR as well as the effect of noise on VR
[30,31]. The propagation enhancement of low-frequency in-
formation in the network of these FHN electronic neurons
depending on the applied additional HF signal was also stud-
ied [32,33].

Here, we present experimental evidence of the phe-
nomenon of VR in an optoelectronic artificial spiking neuron
(ASN) which is based on a single photon avalanche diode
operating in the Geiger mode and a VCSEL [34]. This type of
ASN mimics well the basic properties of biological neurons,
such as the existence of a threshold and refractory period, an
insensitivity to the effect of the stimuli strength above the
threshold, and the dependence of the neuron fire rate to the
stimuli strength. We here demonstrate that a weak subthresh-
old low-frequency periodic signal can be greatly enhanced by
an additional high-frequency periodic signal with an optimal
amplitude. At the same time this amplification is followed by
a strong resonant rise of the signal-to-noise ratio (SNR). This
means that we obtain simultaneously the signal amplification
and a SNR gain larger the unity, which is important from a
practical standpoint. It should be noted that the peculiarity of
the effect of the periodic excitation in this ASN is that the
subthreshold LF periodic signal does not induce any response
until the LF amplitude reaches the laser threshold. Along
with standard measures of VR as a response amplitude and
SNR at the frequency of the LF signal, we used also for the
characterization of VR such quantities as an area under the
first LF period in the probability density function of interspike
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intervals (ISIs) for the LF signal and the maximal amplitude in
this area. Both measures pass though the maximum similarly
to the response amplitude at the frequency of the LF signal.

II. EXPERIMENTAL SETUP

An experimental study was performed with an optoelec-
tronic artificial spiking neuron proposed in Ref. [34]. The
artificial neuron is composed of a VCSEL, a variable opti-
cal attenuator (VOA), and a single photon avalanche diode
(SPAD). A 850-nm VCSEL was used in the experiments.
The temperature of the laser diode was controlled to within
0.01 °C. Two sine-wave/square-wave LF and HF periodic sig-
nals from an arbitrary function generator with frequencies
fr = 100kHz and fy = 2MHz and different amplitudes A,
and Ay were directly applied to the laser diode. The am-
plitudes of periodical signals deviated from zero with mean
values of Ay /2 and Ay /2, respectively. Both signal periods are
significantly higher than the SPAD deadtime (=45 ns). Here,
the amplitude of the HF signal Ay is a control parameter. The
amplitudes of both periodic signals were controlled from a
computer. We have used a commercial SPAD (id100-MMF50,
idQuantique) operating in a free-running mode with an active
quenching circuit integrated with an avalanche diode. The
detector has a dark count rate of 32 Hz and a deadtime of
about 45 ns. The output pulse of the detector has a duration of
about 10 ns and an amplitude of 2 V. The temporal responses
of the ASN were detected by a USB oscilloscope with a
sampling frequency up to 500 MHz and an input bandwidth of
250 MHz. Before considering the experimental results some
remarks on the ASN operation peculiarities should be made.
The character of the temporal response of the ASN to the
effect of the long duration laser pulse (much longer than the
SPAD deadtime) depends on its amplitude. For a weak pulse
amplitude the ASN response has a series of stochastically
distributed short pulses during the action of the excitation
pulses. With increasing the excitation pulse amplitude the
ASN response tends to a periodical character with the period
determined by the SPAD deadtime [34]. The second peculiar-
ity is that the photon detection probability depends on the laser
wavelength. For the VCSEL used here in the experimental
studies this probability is about 3%. Therefore we have an
ASN with a probabilistic response where the detection proba-
bility depends on the pulse laser amplitude. In addition, there
is also the laser threshold for injection current pulses applied
to the laser.

III. TEMPORAL BEHAVOUR OF ASN WITH
BEHARMONIC MODULATION

Figure 1 shows the temporal responses of the ASN for
different values of the amplitude of the control signal Ay
applied to the laser diode with a fixed value of the amplitude
of the input LF signal A, = 0.2V. Both LF and HF signals
in Fig. 1 have square-wave shapes. The amplitude A; is sig-
nificantly less than the laser threshold which is about 1.845 V
in the regime of the continuous dc current injection. In the
absence of a control signal the ASN response demonstrates
very rare single pulses corresponding mainly to the SPAD
dark pulses [Fig. 1(a)]. When the additional modulation with
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FIG. 1. Temporal responses of the ASN to the effect of the LF
periodic square-wave modulation shown for different values of the
HF control amplitude Ay. (a) LF modulation signal, A, = 0.2 V;
(b) Ay =0, (c) 1.67, (d) 1.84, and (e) 1.94 V.

Ay = 1.67V was added to the laser diode, one can see an
appearance of the periodical response with irregular pulses
within the semiperiods of the LF signal. A further increase
of the amplitude Ay results in the appearance of pulse bursts
going with the frequency of the LF modulation. Comparing
this signal [Fig. 1(d)] with the input LF signal [Fig. 1(a)] one
can note a perfect synchronization between them. Finally, for
a large enough amplitude Ay = 1.94V, pulse packets going
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FIG. 2. Pulse trains of the response ASN Rusy to the effect of
the LF periodic square-wave modulation for A, = 0.2V and Ay =
1.94 V showing a stochastic appearance of spikes in each semiperiod
of the HF modulation.
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FIG. 3. Spectra of the ASN responses for different values of
the control amplitude Ay. (a) Ay = 1.65, (b) 1.67, (c¢) 1.79, and
(d)2.04 V;AL, =0.2V.
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with the frequency of the HF signal are observed. Such a series
of pulse packets within a single semiperiod of the LF signal is
shown in Fig. 2. Since the frequency ratio of the LF and HF
signals is equal to 20, therefore the number of packets is ten.
In this case each packet contains from one to five pulses which
appear occasionally in each semiperiod of the HF signal. The
maximal number of pulses is determined by the ratio between
the semiperiod of the square-wave HF signal and the SPAD
deadtime (45 ns). In this case the number of pulses is equal to
five.

IV. SIGNAL AMPLIFICATION BY VR

As a rule, in experimental studies VR is characterized
quantitatively by the response amplitude of the system at a low
frequency which is obtained from the Fourier spectra of the
time series. Figure 3 shows the amplitude spectra of the ASN
for different values of the amplitude of the control signal Ay
for the case when both periodical signals have a rectangular
shape. One can see that the response at the frequency fg
increases as the Ay increases and then completely disappears
beginning with a certain value of the amplitude Ay [Fig. 3(d)].
Figure 4 summarizes the results of the systematic study of
the LF response of ASN depending on the amplitude of the
additional HF signal for different values of A;. The response
amplitudes R; and Ry were evaluated as the height of the
peaks in the spectra at frequencies f; and fy, respectively.
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FIG. 4. Response of the ASN at frequencies f; and fy for sine-wave periodical signals (left panel) and square-wave signals [(c) and (d)]
(right panel), respectively. The amplitudes A, are the same for both types of LF signals. A, = 0.1 (open circle), 0.15 (diamond), 0.2 (point),
and 0.25 (square) V. All LF signal amplitudes are significantly below the laser threshold.
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FIG. 5. Maximal values R7"® of the LF response as a function of
the LF amplitude for sine-wave (1) and square-wave (2) LF signals.

We used two types of periodic signals, namely, sine-wave and
square-wave ones. Figures 4(a) and 4(c) show the response
amplitude R;, as a function of the amplitude of the HF control
signal for sine-wave and square-wave signals, respectively.
Both figures clearly demonstrate a typical behavior of the
response amplitude R; depending on the control amplitude
Ap, namely, nonmonotonic behavior with a passing through
the maximum, a broadening of the response curves, and a
shift and rise of the maximal value of R;, as the LF amplitude
increases. However, there are some differences between the
uses of different types of signals. The response amplitude R;,
in the case of a square-wave signal is almost three times higher
than for a sine-wave signal. In addition, the shapes of the re-
sponse curves for square-wave signals are more narrow. Such
a difference is a consequence of the probabilistic character
of the response of the SPAD. Figures 4(b) and 4(d) give an
idea about the response at the frequency fy of the control HF
signal.

One of the peculiarities is very different dependencies of
the response R, on the amplitude of the LF signal A;, for sine-
wave and square-wave input signals shown in Fig. 5. In all
these measurements the total value of the amplitudes of the
periodic signals is held to less than 2.25 V in order to prevent
damage to the laser diode. That is why each curve in Fig. 4
finishes for different values of the amplitude Ay.

V. SIGNAL-TO-NOISE RATIO

The signal-to-noise ratio is one of the major characteris-
tics in the detection of weak signals which determines the
resulting reliability of the signal characteristics measurement.
Figure 6 demonstrates the results of the SNR evaluation for
both sinusoidal and rectangular shapes of the signals obtained
for different values of the LF amplitude. The SNR is defined
here for both types of the signals as SNR = S(f7)/Sn(fL),
where S(fy) and Sy(f.) are the response of the system to the
effect of the LF signal and the noise background at a frequency
fL, respectively, which were evaluated from the amplitude
spectra of the Fourier-transformed time series. One can see
the strong rise of the SNR with respect to the initial values
as the amplitude Ay increases up to the optimal values Ay
corresponding to maximal responses R;. Thus, these results

SNR (dB)

B)

SNR (d

FIG. 6. SNR as a function of the HF amplitude Ay for (a) sine-
wave and (b) square-wave LF signals shown for different values of
the LF amplitude depicted in the inset.

demonstrate that the signal amplification and the SNR gain for
both types of periodic signals can be obtained simultaneously
in the ASN.

VI. INTERSPIKE INTERVALS DISTRIBUTION

As shown Figs. 1 and 2, the temporal responses of the
ASN have a series of spikes with a rather stochastic character
especially far from the optimal amplitude of the HF signal.
This is due to a probabilistic character of the ASN response
to the effect of the low-intensity laser pulses with a duration
significantly larger than the SPAD deadtime. Therefore we
studied the evolution of interspike intervals (ISIs) depending
on the amplitude of the additional HF modulation. ISIs are
widely used in neuroscience for a characterization of the spike
time variability in neurons with noise [35]. Here, ISIs are
obtained from the time series of pulses reduced to a §-spike
sequence. The interspike interval T is the time interval
between two successive § spikes. Such a reduction was per-
formed by the program after acquiring and digitizing the
signals by a USB oscilloscope. The procedure of the data
processing was as follows. We set a threshold equal to half
of the amplitude of pulses from SPAD. Then we apply a
signum function to the data. After differentiation of a series of
rectangular pulses, we obtain a sign-alternating series of delta
pulses. Then we find the indices of all positive delta pulses.
After differentiation of the array of indices we obtain an array
of interspike intervals. Figure 7 shows a histogram of inter-
spike intervals obtained for different values of the amplitude
HF signal. One can see that the distribution has a complex
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FIG. 7. (a) Distributions of interspike intervals 7 as a function
of time, normalized by the period of the LF signal 7; shown for
different values of (a) Ay = 1.66, (b) 1.67, (c) 1.67, and (d) 1.89 V.
The amplitude of the LF signal A;, = 0.2 V. Both LF and HF signals
have square-wave shapes. N is a number of intervals in the stated
time bin.

multimodal structure. This is a consequence of the probabilis-
tic character of the SPAD responses for low-intensity laser
pulses in the case of biperiodic modulation signals. The low-
frequency shape in the histogram in Fig. 7(a) corresponds to
the effect of the LF input signal where the maxima appear with
a period 77, of the LF signal. At the same time each LF period
in the histogram in the range of ¢t € [nT), — T;./2, nT; + T1./2]
(n=1,2,...)consists of 20 distributions caused by the effect
of the HF signal. As the amplitude Ay increases one can note
a deformation of histograms and a disappearance of intervals
larger than T, [Figs. 7(c) and 7(d)]. One can note also for the
short time less the deadtime there are no interspike intervals.
It can be seen from the inset in Fig. 7(d). A similar picture is
observed for all distributions presented in Fig. 7.

One of the indicators widely used for the characterization
of the phenomenon of stochastic resonance is an area under
the first peak in the resident time distribution of interspike
intervals [36]. We introduce here the area Ng under the region
from Ty, — Ty /2 to Ty, + T, /2 and its maximal amplitude Npax
in the interspike interval distribution as indicators for VR
in the ASN with a probabilistic character of the responses.

FIG. 8. Area under the peak Ny and the maximal amplitude Ny,
in this area as a function of the HF control amplitude for sine-wave
signals.

This area Ng centered at 7; (integrated from 7 — T /2 to
1. + 1. /2 or from 0.5 to 1.5 in normalized form) is shown
in Fig. 8(a) while the maximal amplitude Ny, is presented
in Fig. 8(b) as a function of the amplitude of the HF signal
at fixed values of the amplitude A;. One can see that both
indicators pass through the maximum as a function of the
amplitude Ay though the shape of the curves are different.
An increase of the amplitude A results in a decrease of the
optimal value of the control amplitude Ay which are different
for both indicators.

VII. CONCLUSIONS

To conclude, we have presented experimental evidence of
the phenomenon of VR in an optoelectronic artificial spik-
ing neuron based on a single photon avalanche diode and
a VCSEL. The phenomenon of VR manifests itself as a
strong amplification of very weak subthreshold sine-wave and
square-wave periodic signals at an optimal amplitude of the
additional HF modulation with the simultaneous rise of the
SNR leading to an improvement of the signal propagation
through the artificial spiking neuron. These results can be
important from the standpoint of the control of the information
transfer in spiking neural networks based on artificial spiking
neurons. We believe that the phenomenon of VR can be ob-
served with other types of artificial spiking neurons based on
other physical principles [37].
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