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Coherence resonance in excitable electronic circuits in the presence of colored noise
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We give evidence of coherence resonance in an excitable electronic circuit whose dynamics obeys the
FitzHugh-Nagumo model system, under the application of different noise sources, ranging from Gaussian
white noise to colored 17 noises. The resonance behavior can be significantly reinforced when experimental
parameters are tuned in order to place the stable fixed point closer to the excitability threshold of spiking
behavior, as well as when the time scales of the circuit are properly modified. A quantitative description of the
effects of noise correlations in inducing the resonant behavior is provided.
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In nature, most systems have inherent noise, or they aneeturn to the fixed point occurs by executing a large excur-
subjected to the action of external noisy sources. In severalion in phase space, thus generating a pulsing or spiking
cases, such noise acts as a disturbance to the system dynagehavior in the time evolution of the system’s variables. An
ics, yielding a more complicated and ambiguous behavior. IEES can therefore be locally regarded as a potential well,
nonlinear systems, however, noise in some cases can givghere large enough perturbations can kick off the system
rise to _Countel’lntUItlve and constructive effeCtS, as, e.d., |h'om the We”, inducing a Sp|k|ng return to it a|0ng a pu'sed
can activate a resonant response of the system. excursion orbif17]. In these systems, CR has been predicted

In particular, in threshold systems, noise may play a conynq verified, when a noise forcing is considered. CR indeed
structive role through stochastic resonaf®B) [1] or coher- is a phenomenon by means of which the cohereocede-
ence resonand€R) [2]. In SR, noise optimizes the system's 0" of reqularity of noise-induced pulses shows a maxi-
r(_espoln[scjz aﬂd enhhancgs synchrcl)lnljat_mn to a} vv_eakl exterr%hm for a certain optimal noise amplitude. The coherence
signal [1] when the noise-controlled time scale is close to S . ' o
that of the external sour¢8-5|. In CR, pure noise alone can c_an_be maximized by the lnterplay_betv_veen two characteris

: tic time scales, namely, the activation tirfyeand the excur-
generate coherent motion. C o AT . .
sion timet,. The activation time is the time needed to excite

CR was originally predicted in excitable syste . : Lo
[2], and later a?lso dyer%onstrated in bistafsé a>r/1d cﬁgc the system from the stable fixed point; the excursion time is

systemg7,8]. Recently, it has been also shown theoreticallythe time needed to return from the excited state to the fixed

that a mechanical time-delayed bistable system exhibits CIROINt. The interspike intervd|s is the time duration between

in the presence of noise, due to the interplay between thBvO consecutive firings and is given by the sum of the two

internal time scale imposed by the time delay and the extercharacteristic time$s=t,+t.. The role of noise is therefore

nal time scale imposed by the noi§@,10. Furthermore, twofold: in the stable region it modulates the escape time

evidence of CR has been given in an electronic experimerftom the fixed point, and in the excitable region it modulates

based on a monovibrator circiit1], and in an optical sys- the return orbit.

tem consisting of a laser diode with feedbdd®]. The degree of coheren€of such motion can be defined
Only recently were resonant effects of colored noise apas follows:

proached. Precisely, SR in sensory neurons forced by 1/

and 1/ noise was demonstratéd3], and resonant behav- C= (i) (1)

iors induced by Ornstein-Uhlenbeck processes were reported a(lig)’

in integrate-and-fire model44], as well as in excitable units ] o

[15]. Furthermore, Ref[16] claims that CR effects in excit- Where(lis)[o(lis)] is the averagéstandard deviationof the

able systems persist in the presence of correlations in th@istribution of interspike intervals. The mechanism leading

noise source. to CR can be understood as follows. The activation time
In this paper we show CR in excitable electronic circuits,decreases rapidly with increasing noise amplitude. Thus, for

under the application of a class of colored noise, whose speémall noise, where,>1,, |, is dominated by the activation

tral distribution scales as 19, with 0<a=<2 being a tun- time l;s=t,, and the noise-inducelgs fluctuations are rela-

able real parameter. By varying we quantitatively assess tively large. On the contrary, for large enough noise, the

the effects of noise correlation in the resonant process, an@pntribution of the activation timg, to I;s is negligible, and

compare the scenario with the case of a Gaussian whitée excursion time dominatéss~t.). If the motion in the

noise. In all cases, CR can be properly enhanced by expergxcited state is nearly uniforn{ts) depends only weakly

mentally modulating the distance to the excitation thresholdupon the noise amplitude, so that thefluctuations grow as

or the time scales of the system’s dynamics. the noise amplitude increases. In these conditions, CR ap-
A system is called excitable when it has a stable fixedpears if the threshold of excitation is small and the excursion

point with a finite basin of attraction. When a finite pertur- time is large. The maximum o€ corresponds to a large

bation allows one to overcome a given threshold value, thenough noise intensity to determifge<t,; not, however, so
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FIG. 1. Sketch of the electronic circuily,l,, integrators;
R;,R»,R3,R4,Rs5,Rs, resistors; Cq,C,, capacitors; Mult, Mult,,
multipliers; G, noise generatol, bias generator.
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large as to prevent the fluctuations of the excursion time FiG. 2. Output voltage of the circuik variable when subjected
from becoming relevant. to 1/f noise(a=1), for two different values of the rms noise level:

The used apparatus is schematically reproduced in Fig. 1a) low noise, no coherencéb) intermediate noise, high coherence.
It consists of an electronic analog simulator implemented

using common semiconductor devices. The architecture ofyrm of the signal is realized. The obtained digital signal is
the circuit has been implemented to simulate the FitzHughpassed through an analog converter driving the variable gen-
Nagumo excitable systefd8]. The model equations govern- eraiorG. By the Wiener-Khintchine theoreiii9], the auto-

ing the circuit dynamics are therefore correlation function of the noisy sourdthe inverse Fourier
. 1, transform of the noise power spectruim divergent in all the
X=cC X—§X -y range G<a<2. This is at variance with previous studies

with Ornstein-Uhlenbeck processgd4,15, where the
- Gaussian features in the noise power spectra induced a
y=ex+alV|-bg, 2) Gaussian scaling in the correlation function, thus allowing
where the variables andy are the output voltages from the for introducing a characteristic time scale for the noise cor-
first and second integratotg and |,, respectively,¢ repre-  relation properties.
sents an external noise voltage applied by means of a vari- When such a noise source is added to the circuit, a typical
able generato, and the parameteis,b,c,e are linked to  time series for the output variableconsists of a sequence of
the values of resistors and capacitors in the circuit by thepikes on top of a noisy backgrourisee Fig. 2 By care-
relationsa=1/RsC,, b=1/RsC,, c=1/R,C,, ande=1/R,C,. fully selecting a thresholdwhose value must be such that
While C, will be used as a variable capacitor, the other val-the noisy fluctuations close to the fixed point are washed
ues of resistors and capacitors &e=33 nF, R;=R;=R,  out), and by monitoring the instants at which the output sig-
=100 K2, R,=300 K2, R;=90 k(2, andR;=125 K). The in-  nal overcomes such threshold with a positive derivative, one
tegratorsl; andl, have been implemented using linear tech-can reconstruct the correspondingsequence, whose distri-
nology LT1114CN four-quadrant operational amplifiers,bution allows us to calculate the coherence factor according
while the multipliers Mulf and Mult, are MLTO4 analog to Eg.(1). Furthermore, in order to reduce the measurement
devices. The acquisition of the experimental data has bee@frors, in all cases the experiment has been run in several
performed by means of a LeCroy digital oscilloscope and byeplicas, and the obtained values @fhave been averaged
means of a real time acquisition board connected to a pePut.
sonal computer provided withhBVIEW software. We start now by considering the case of white ndiae
Noise is applied to the circuit by means of the variable=0), and by reporting a series of experimental observations
generatoiG. In order to produce a class of correlated noisesand characterizations of CR in our system, obtained by
we started by analogically acquiring a long time series ofmodulating both the distance to threshold and the character-
Gaussian white noise. The signal is then digitally filteredistic time scales of the dynamics. The distance to threshold
with a high bandpass cutoff positioned fat40 Hz. This is  can be operationally adjusted by modulating the bias genera-
done to avoid low frequency forcings, which have the effecttor V. In the absence of noise, the circuit begins to behave as
of driving the system from the excitable to the self- a self-sustained oscillator &.=-756 mV, while forV<V,
oscillatory regime. The Fourier spectrum of the filtered sig-the system is in an excitable state. As for the time scale of the
nal is then manipulated to impose an amplitude distributiordynamics, this is accounted for by the parameter Eq. (2),
scaling as 17* (with 0< «a<2 being a tunable parametén  and it can be experimentally adjusted by changing the circuit
the remaining frequency range. In the very same spirit of theapacitorC,.
surrogate signal technique, the phases of each Fourier com- We start from investigating the system response to noise
ponent are further randomized, and an inverse Fourier transvhen the bias voltage parameter is modulated. To this pur-
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. . . . FIG. 4. Value[(a) Cyay and position[(b) D4, of the coher-
0 2 4 0 2 4 ence resonant peak vs the parameterfor V=-800 mV andC,
D D =3 nF.

FIG. 3. Coherence resonance effects of a forcing white n@ase. . L
Coherence facto€ as a function of the rms noise amplituBefor described above. In order to quantitatively assess the effects

C,=3 nF andV=-800 mV (curve with diamonds V=-900 mV of increasing noise correlatiofincreasing values ofr) on
(curve with squares and V=-1,000 mV (curve with circleg. (b)  the system, we fixed the system parameterg=at800 mV
Coherence facto€ as a function of the rms noise amplitubefor ~ @and C;=3 nF, and we performed a series of CR measure-
V=-800 mV andC;=1 nF (curve with circley, C;=3 nF (curve ~ ments for various values of the parameterin all cases a
with squares and C;=6 nF (curve with diamonds In all cases, Well shaped resonant curve has been observed in theCplot
data refer to ensemble averages over five different realizations ofs D. For each measurement, the maximum coheré&hcg
the noisy forcing. reached by the system at the resonant pbBipt, has been
recorded. In Fig. 4, botl, .« [Fig. 4a)] andD . [Fig. 4b)]
pose, we measure the coherence faCtas a function of the are shown as functions of the parameter The resonant
noise intensityD for various values ofV. Results are re- effect is progressively deteriorated, as correlation in the
ported in Fig. 3a). noisy source increases. This is reflected by the almost linear

CR is found, which is significantly enhanced as the biasdecrease irC,,,, shown in Fig. 4a), which is, however, ac-
voltage increases to approach the excitability threshMll  companied by a monotonic decreaseDif., [Visible in Fig.
—756 mV. Precisely, Fig.(@) shows that, as we increase the 4(b)], witnessing that noise correlations actually produce
bias voltage, the resonant behavior can occur for lower valresonant behaviors for lower forcing noise amplitudes.
ues of the noise intensitl) and gives rise to higher reso- It is known that the phenomenon of coherence resonance
nance peaks, meaning that CR becomes more evident aren be induced also by properly tuning parameters other than
enlarged. It is worth mentioning that similar resonant effectghe noise intensity. This was proven numerically by studying
at different excitation thresholds were reported experimeneoherence resonance as a function of the noise correlation
tally in Ref. [11]. time for an Ornstein-Uhlenbeck noise proc¢&6]. In our

Another relevant parameter of systé#) is ¢, governing case, we performed a series of measurements in which the
the ratio in the characteristic time scalgsandt,. Precisely, noise intensityD was fixed and the correlation parameter
if c>1, the trajectory moves very rapidly along thexis in  was varied. The results are shown in Fig. 5, where the co-
phase space, while excursions along yheis are relatively
slow. Making c~1 implies that the two excursions take 31— . .
place with similar time scales, and this in its turn yields a
deterioration of the resonant behavior.

A modulation of thec parameter in our experiment can be =N
achieved by gradually changing the value of the capacitor / S me
C;. This is because has an inverse relation with the capaci- ©2 o / "\:zgz'f.f'
tance ofC,, and therefore higher values 6f provide lower s o
values for thec parameter. By changin€,; we can then /
properly modulate the time spent by the trajectory during the
spiking orbit. 11— : :

In Fig. 3(b) we report the coherence factGras a function 0 1 2
of the rms noise amplitude for various values@f As ex- «
pected, larger and larger values©f [lower and lower val- FIG. 5. Coherence resonance effects due to a forcing colored

ues of the parameterin Eq. (2)] make the two time scales noise. Coherence fact@ as a function of the parameter for D
of the dynamics closer and closer to each other, thus induc=1.2 (curve with squarésand 0.8(curve with circle$. Other pa-

ing a progressive deterioration of the resonant behavior.  rameters as in the caption of Fig. 4. In all cases, data refer to
The very same qualitative behavior has been observed famsemble averages over five different realizations of the noisy
the whole class of colored noise produced with the procedur®rcing.
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herence factoC is reported as a function af for D=1.2  reinforced when experimental parameters are tuned in order
(curve with squaresand 0.8(curve with circles. For a com- to place the stable fixed point closer to the excitability
parison with the results of Fig. 4, in both cases the othethreshold of spiking behavior, or when the time scales of the
parameters have been kept\at-800 mV andC;=3 nF.  circuit are properly adjusted. We have furthermore shown
From Fig. 5 it is evident that coherence resonance is induceghat increasing noise correlations produce a twofold effect:
in our system also when properly tuning the correlation propfrom one side they progressively deteriorate the quality of
erties of the forcing noisy source. coherence resonance; from the other side they anticipate the

In conclusion, we have given evidence of coherence resqpgonant effect, insofar as they yield a resonant peak occur-
nance in an excitable electronic circuit whose dynamlcsring at lower forcing noise amplitudes.

obeys the FitzHugh—Nagumo model system, under the appli-

cation of a class of colored noise sources, whose spectral The authors acknowledge L. Fronzoni for his help in con-
distributions scale as 1. The resonance behavior appearsstructing the experimental circuit, and E. Allaria for many
to be a generic feature of excitable systems under modulationseful discussions on the subject. The work was partially
of the main dynamical parameters, and regardless of the spsupported by the Korea Science & Engineering Foundation
cific properties of the stochastic process acting on the sysKOSEBP, and MIUR-FIRB Project No. RBNEQ1CW3M-
tem. In particular, coherence resonance can be significanti§01.
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