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Experimental observation of stochastic resonance in a linear electronic array
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We report the experimental observation of array-enhanced stochastic resonance, spatiotemporal synchroni-
zation, and noise-enhanced propagation in a simple coupled linear array of bistable electronic triggers. In
addition, we highlight an analogy between charge density we@W) like conductivity and spatiotemporal
synchronization in stochastic resonances, several aspects of which are supported by the experimental evidence
presented here. This may prove to be important in the understanding of nonlinear conductivity in CDW solids.
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Stochastic resonan¢&R) has received a wealth of atten-  Nonlinear dynamical systems find a convenient experi-
tion since its introduction by BenZil] and co-workers to mental realization in electronic circuits by combining fast
study periodically recurrent ice ages. Its present applicationtkHz to MHz) dynamics with reliable methods for monitor-
embrace systems as diverse as laser cavities, electronic cing the variables. In effect, these atailor-made analog
cuits, superconducting quantum interference devices, angomputersto solve specific problems of coupled nonlinear
neural network$2], to name just a few. The basic underlying €quations in a lattice. The first experimental observation of
idea of SR issignal amplification via noiseand it turns out SR was, in fact, performed with an ac-driven electronic
that a myriad of systems in chemistry, physics, biology, andSchmitt trigger{14] (ST hereafter A bistable ST[15] is a
engineering respond to this princifig]. Despite the activity ~threshold system that has no true SR, in the sense that there
in this field, the areas of quantum and/or spatiotemporal SE§ NO intrinsic resonance.e., its response is frequency inde-

(STSR are relatively new. It is believed that some of the Pendent It has been argued 6] that noise-induced ampli-

features of STSR, which emerges in arrays of coupled norfication in a ST should formally be considered as ditaer-

linear (bistable oscillators, may be relevant for data trans- 'Eg effseét(v\y\?llr]knhqwn in gnalpg—tq—c:jlgnﬁl cor?vlzrtersather q
mission in noisy environments, a situation very often en-than . With this proviso in mind, threshold systems do

countered in biological systems. As a consequence, STSFaPtUre the Essentia(;l physics of SR_ar;d, whden c<|)upled ir}
may have interesting ramifications in the areas of informa—a_”aysl' (Ejan e uTe as 2;6 asic unit for wider classes 0
tion theory, computer science, and neural networks Whictl?'Sta € dynamica systenp36]. ) i
have only just begun to be explored. The majority of the The experlmgntal z_apparatus consists .O.f four_linearly
work in STSR consists of theoretical studies of noise en-C?“ph.Ed SE.S’ Wéth.pe”Odl'C boundqry c?ndltlcl)_ns. The cou-
hanced propagatior[4], spatiotemporal synchronization P'N9 IS achieved via analog operationa amplf(ep-ar_np_
[5—7], and coupled oscillators with both time deldig and adders['15]. A schematlc.wew of theth.cell of the chain is
nonlinear coupling$9]. This considerable theoretical input S1OWN in Fig. 1a). Theith ST (ST) is composed of an
has not been matched by similar progress in experimentgP-@mp(triangle with a voltage divider R, andR;). The
studies. Apart from recent work by ther and co-workers threshold of STis (ViR;)/(Ry+Ry), whereVs is the supply
[10], there are few or no data addressing the problem oY°ltage[15]. The noninverting input £) of the op-amp is
spatially distributed nonlinear arrays under the influence of€d With the sum of an external noise source, an ac signal,
noise. To some extent, the same can be said of spatiotemp8ld the output voltage of the € 1)th ST. In turn, the out-
ral chaog11,17. put of S1_} feeds STi+1)_- In this manner, the center of_ the
In this article, we demonstrate an experimental realizatiofysteresis loop of §Tis influenced by S§ 1), with a shift
of a system with STSR in a small cluster. Accordingly, we Proportional to its total output. Note that the coupling, whose
deal with an experimental realization of STSR in a lattice, agnagnitude is determined by an appropriate choice of resis-
opposed to continuum systems like chemical reactjdgg  torsin the adder, ignidirectionalin the sense that the output
Several of the effects theoretically predicted in the recenpf ST directly affects the dynamics of Ty, but not
literature are experimentally confirmed and, in addition, anS Ii-1)- A perturbation [nIEOQUC?d at.arly given site travels
analogy between coupled bistable oscillators in SR and th@nly in one direction. This “directionality” in the coupling is
physics of charge density wavé8DW's) is introduced. Ex-  Very useful for studying noise-enhanced propagation while

perimental evidence sustaining this analogy is also prek€eping periodic boundary conditions, as we shall show
sented. later. Furthermore, the coupling among sites is chosen to be

“negative” in the sense that it favors an “antiparallel” con-
figuration for neighboring sites. If we call the two possible
*Email address: p.etchegoin@ic.ac.uk states of a STeft (L) andright (R), the coupling favors a
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AF ground statdo refer to this configuration favored by the '°os,..
coupling in the absence of noise. The “mechanical equiva- Yop, < R
lent” is schematically shown in Fig.(), and the tilt of the
bistable potential at each site is achieved through the cou- FIG. 2. (8) SNR atw,, for four different sites in the chain as a
pling. function of the noise amplitude. The ac signal is applied tq ST
The circuit is implemented in practice with Quad- only. Note that the further away from $The faster the SNR de-
TLOB4CN op-amps for both the ST’s and the adders, and thé'€ases as a function of noige) Normalized intensity(to that at
signals are monitored with both a four-channel 300 MHzST1) for the different sites as a function of noise amplitude. Note
bandwidth digital scope and a dual spectrum analyzer. Th@at the higher the noise,_the more localized the perturbgtion at the
noise inputs can be either uncorrelatémm site to sité or first site. For noise amplitudes _betweerO.S and 2 V(slightly _
correlated(global nois, and the spectral characteristics of 220V€ the threshold for SRhe signal propagates along the entire
the noise can be either Gaussian, logarithitierma), or array.
flat (uniform). We shall concentrate here on uncorrelatedas shown in Fig. @). From~0.8 to 2 V the ac signal propa-

Gaussian noise only. gates through the whole array with almost the same SNR as
Noise-enhanced propagatiom Figs. 4a) and 2b), we ST, but at higher noise amplitudes the SNR can be seen to
show the results of the f0||0Wing experiment: one of the ST,Sbe concentrated around §6n|y This noise-assisted travel-
only (STy) is perturbed with an ac -signal of 300 mV peak to jng wave isnoise-enhanced propagatidn one dimension,
peak (pp) at wac=1 kHz. The amplitude is not enough to as predicted in Ref4].
flip ST, and the system remains locked in the ground state. Array-enhanced SRVe now compare the SNR profiles of
Noise of increasing amplitude is now applied to every sitethe array for different excitation conditions. First, one of the
Above a certain threshold, $Btarts responding ab,. and  ST's is isolated and its SR profile is measured by driving it
displays SR. Most importantly, the dynamics of ;Sare  with a 1 kHz ac -signalbelow threshol@iof 300 mV pp, the
linked to the rest of the lattice via the couplings and the agesults of which are shown in Fig.(@ as “single” (open
response of Sfis partly transmitted to its neighbors. There triangles. The SNR is then measured at one site in the fully
is a range of noise amplitudes within which the perturbationcoupled lattice under two different external ac excitatidns:
can travel through the whole array. Below this range, thawith the same ac signals at each gib@en squares in Fig.
system has no ac response, and is locked into an AF grourgia)], and(ii) with ac signals of the same amplitude at each
state as a result of the couplings. Above it, the noise domisite, but with 180° phase shifts fronto (i + 1) (full circles).
nates and long range temporal correlations are rapidly supn the latter case, the external ac signal has the same spatial
pressed. This is shown in Fig(a, where the signal-to-noise modulation as the AF ground state of the lattice so the inter-
ratio (SNR) at w,. is measured for the four sites simulta- action is maximum and this is shown as “coupled” in Fig.
neously. We observe a typical SR profilj at each site with  3(a). In the former case, however, the coupling of the exter-
a maximum at-1.8 V. The response is smaller the farther nal excitation with the ground state is poor, and this is shown
away is the site with respect to §Tand at~7 V the signal  as the “out of phase” curve in Fig.(8). This experimental
is essentially confined to §Tonly. Another way of looking result reveals several features, to wit, the coupled and
at this effect is to plot the normalizg@vith respect to SJ)  single SNR profiles have differing thresholffearked with
SNR intensity for each site as a function of noise amplitudevertical arrows in Fig. @)], as expected from the additional
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FIG. 4. Jcd ¢/ dt of the coherent flipping of the AF ground state
induced by a constant dc potential. Note that the smaller the noise
amplitude the larger the threshold fd# 0. Above the threshold]
increases continuously.

At a noise amplitude of 0.9 V, the ST's display some re-
sponse in the form of AF correlations, but their period is
irregular and only sporadically equal to the external ac driv-
ing potential period1 ms, shown ag in Fig. 3b)]. At 1.4 V
Position [maximum of the SNR curve in Fig.(8], the system dis-
fea— plays clear AF correlations with a period matchingd=inally,
Noises= 0.9V LAy 2.8V at 2.8 V the noise dominates and no AF spatial correlations
FIG. 3. (@ SNR as a function of noise amplitude for a single are observed. The central window in FighBis an experi-
isolated ST(open trianglek a linear array with the same ac signal mental example o$patiotemporal synchronizatiofThis in-
applied to all sitegopen squarésand with the ac signal properly terplay between nonlinearity, noise, and coupling, is at the
coupled to the AF ground statsolid circles. Note (i) the shiftin  heart of the enhanced SNR response of the array in Fay. 3
the thresholds between the coupled and single cdgeghe en-  [4,5].
hanced SNR in the coupled case, gii) the suppressed SNR in CDW-like conductivityConsider the following situation:
the out-of-phase curvéb) Three spatiotemporal patterns over a 20 @ small amount of nois¢below the thresholdis introduced
ms period for three different noise amplitudes. Vertical gray areagéind the array remains in the AF ground state. In addition, a
separate the responses of each of the triggers for clarity. The pericgmall dc voltage in one direction, sayto R, is applied to
of the ac driving potential is shown & Note the appearance of €ach site of the array. The dc potential therefore decreases
spatiotemporal synchronization in the middle plot with the same(increasepthe threshold for those sites that were onlth&®)
period asT. state. The simultaneous action of noise and the DC potential
can, accordingly, produce a flip of some sites above a certain
presence of the coupling in the former with respect to thehreshold. The neighbors can now follow this flip because the
latter; (i) an enhancement of the SNR profile through linearcoupling favours an overall flipped configuration with re-
couplings can be achieved only if the external excitation respect to the original ground state. The process can be re-
spects the spatial distribution of the ground state, as seen jpeated, and an oscillation of average frequeriey is
the comparison between the coupled and out-of-phasestablished—the system goes through a phaseobérent
curves; andiii) the SNR in the coupled system is largby ~ spatial flipping of the AF ground statnduced by the dc
roughly a factor of 2 than in the single ST configuration. voltage. The larger the dc potential, the more likely the flip-
This is an experimental realization of array-enhanced SR iping, and the larger th€. We can very easily observe this
one dimension as predicted in Rd6] where the exact effect in our array; i.e., it is an experimental fact that spa-
amount of enhancement can be varied by changing the cotiotemporal synchronization can be induced by a dc field.
plings. The experiment allows in principle the exploration of This effect has not been predicted theoretically, even though
a wide variety of situations in real time. the recent theoretical work by Zheng and co-workgsé
Spatiotemporal synchronizatiorkigure 3b) shows the shows that it is possible to obtain collective directional trans-
spatial correlations in the dynamics of the four ST's duringport in a circular array of unidirectionally coupled oscilla-
20 ms snapshots at differing noise amplitudes under the santers. It would be very interesting, in our opinion, to extend
experimental conditions as those labeled “coupled” in Fig.their studies to the case of asymmetric potentials. We would
3(a). We use the convention that §TST,) and ST (ST,) like to draw an analogy between the phenomena here and a
are displayed as whitdight gray) if they are in thel state.  very similar situation in the physics of CDW's, where the
By using alternating conventions forand (+ 1), we ob- coherent condensate forming the CDW is moved by the ac-
serve fringes of the same color if the system is AF correlatedtion of an external dc potential. In fact, a rigid displacement
Figure 3b) shows three windows. Each of them is horizon- of the CDW leads to an electric curreitpywed¢/dt, where
tally divided into four vertical strips of the same width, cor- ¢ is the phase of the CDW order parameterpk (Ut then
responding to each of the ST’s, and time evolves verticallyjcpw>{). This is easily measured in our experiment by
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monitoring the averag@ induced by a given dc bias in the treated agphase transitionsn the thermodynamic sense in
AF ground state, and it is shown in Fig. 4. In the analogysome specific cas¢47]. In fact, noise spectra different from
with CDW-like conductivity, the noise amplitude plays the Boltzmann that preserve the general structure of the thermo-
role of temperature, the threshold for conductivity in Fig. 4dynamic potentials are known as Tsallis statisfiCg, but it
plays the role of the gap in the Pierls instability, and the AF'S MOt clear whether thermodynamic concepts can be applied
ground state is the CDW condenséteth its amplitude and n syst?m_s SUbJeCt. to Gaussllan orhflat noise spectra. .
phase. The threshold in real CDW systems, however, is In closing, spatiotemporal synchronization in arrays dis-

. . T playing SR can be observed experimentally in our system
mainly governed not by the gap, but by impurity pinning. A 34 this allows for widespread investigation of the effect of

more accurate analogy with CDW's is also achieved byjitferent parameters in real time. In addition, an analogy be-
changing the spectral characteristic of the noise from Gaussween the physics of CDW’s and SR has been established.
ian to logarithmic(therma). This also brings out the inter- We are presently investigating the equivalent effects in SR of
esting question of whether the transition to a ground state igurrent oscillations and Shapiro steps in the dc conductivity
SR can be thought of as a phase transition. It is well knowrof CDW'’s [18], as well as fault tolerance in noise-enhanced

that noise-induced transitions in nonlinear systems can be propagatiorf19].
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