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Noise Sustained Propagation of a Signal in Coupled Bistable Electronic Elements
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We establish the constructive role of noise on the signal transmission properties of spatially extended,
metastable media. Our results are for an experimental system comprised of coupled, nonlinear
resonators. The system’s capability of reliable signal propagation is enhanced over a finite noise range.
We briefly address the reliability of signal detection as a function of system size and other parameters.
[S0031-9007(98)06298-X]

PACS numbers: 05.40.+j, 02.50.—r, 05.45.+b, 87.10.+e

The observation of stochastic resonance (SR) [1] in The experimental setup, shown in block diagram form
coupled and spatially extended systems has recently aa Fig. 1, is composed of a one-dimensional chain of 32
tracted much attention [2—4]. Spatiotemporal patternsymmetrically and locally coupled diode resonators; see
and signal processing properties of nonlinear systems ceRefs. [3] for details. The global, sinusoidal drive serves
be enhanced by applying uncorrelated, distributed noises a bifurcation parameter for the nonlinear elements,
Besides its fundamental appeal, spatiotemporal stochastichich individually follow the period-doubling cascade to
resonance promises important insights into the mechanisehaos [8]. By operating the drive in the stable period-
of information transferal in biological systems. While 2 regime and hence giving rise to two stable phases, the
most research has focused on the synchronization and noidede resonators act as coupled bistable elements. We
reduction characteristics of spatiotemporal SR, its role irbreak this phase symmetry by adding to the drive a second
communication by way of coupled, noisy elements remainsinusoidal signal at half its frequency. This bias renders
virtually unexplored. Up to date, the role of noise in theone phase more stable. We refer to the less stable phase
encoding and transmission of information by neurons reas the metastable state. The signal is an induced phase
mains an open and challenging question [5]. It has beenhange at one end of the chain and the detector outputs a
shown by Jungt al. [4] that noise can aid and optimize the phase change at the other end. Each resonator is coupled
spreading of spiral and single wave fronts in a numericato a different noise source, the fluctuations of which are
model of an excitable media. On the experimental sidepbtained by amplifying shot noise generated by a current
Kédaret al. [6] recently reported noise supported travel-through apnjunction diode.
ing waves in a chemical subexcitable medium. Here we Two major forces affect each individual element: local
demonstrate the constructive role of noise for the propagaandom fluctuations and the influence of its two next
tion of a signal in a metastable medium. neighbors. It is clear that in the absence of noise a local

The experiments are performed using coupled nonlinegshase jump will lead to a “domino effect” only if the
electronic resonators operated in a biased bistable stat®upling is strong enough. The energetically lower phase
with characteristics similar to that of excitable media.then propagates into the metastable phase in the form of a
The resonators are initially set in the metastable statenoving kink. The speed of this moving interface depends
and can be kicked into the more stable phase with a
sufficiently large perturbation. Unlike excitable elements,
which return to their quiescent state after “firing” via a
refractory period, the resonators in this setup are reset by a's
global bias after departure from the metastable phase. This @
arrangement supports single, nonrepetitive wave fronts ”
and provides a “very clean” experimental system for
studying the underlying mechanisms of noise sustained
wave propagation in subexcitable biological media [7].

The diffusive coupling and bias are chosen such that, in
the absence of random fluctuations, the system is unable to
sustain any sort of information transmission. We find that
the quality and speed of signal propagation can be greatly
enhanced by increasing the ambient noise level. Beyondl!G. 1. 32 diode resonators are placed in the period-2 state
some optimal level, the “channel” is quickly corrupted by PY the drive at frequency.  An f/2 bias serves to make one

. o . . ._....> phase more stable and to force that phase on to the first site.
noise, resulting In Spurious S'Qna's arld thus poor rellabllltyIndependent noise sources are applied to each site. Coupling is
We conclude with a brief discussion on the effects ofprovided by resistor.. The detector outputs the phase of the
system size, bias amplitude, and coupling strength. last site.
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on both the coupling strength and the amplitude of theandom forcing and the differences in the energy barriers
applied bias. If the latter two parameters are chosen lowf individual elements.
enough, kinks in discrete systems will fail to propagate Figure 4 displays, for four values of applied noise, the
[9]. Propagation failure of signals due to discreteness ointegrated probability of a phase change at site 31 as a
the supporting medium has previously been observed ifunction of time after an induced change at site 1. The
coupled chemical reactors [10] as well as in theoreticalletector emits a step function which, when averaged over
and experimental studies of cardiac tissue [11]. approximately 100 events, produces the smoothly rising
The kink speed for an intermediate coupling strengthcurves. In order to measure which part of the output is
[3] as a function of bias amplitude is shown in Fig. 2. due to noise nucleated spurious signals, we repeat the
No kink propagation could be observed for bias valuessame experiment without inducing a kink at the first site.
much less than about 1.0 unit. In the experiment, twolhese are shown as the dashed curves. For noise less
effects cause the finite cutoff: the discreteness of théhan 1.0 units no signal gets through to site 31. At 1.1
system and nonidentical elements. The resonators ateits the signal always arrives but travels slowly with
loosely matched based on their bifurcation sequence. The wide distribution of arrival times. At 1.5 units there
variation of important parameters such as energy barries a shorter transient time and a narrower distribution of
between the two period-2 phases, and the levels of tharrival times, but spurious signals begin to appear. By
noise generators, are within 10%. Since the parametefk8 units about half the signal is caused by the noise. By
differ from site to site, kinks get trapped or slowed down2.2 units the early arrival of spurious transitions—some
at some resonators. The measured kink velocities shouliucleated near the end of the chain—uvirtually always
therefore be taken as average values over the entire chapreclude the detection of the original input signal.
including local variations. Stronger coupling tends to The derivative of an individual curve in Fig. 4 gives the
smoothen out differences between elements. probability distribution of arrival events: the probability
We employed a bias value of 0.55 units, which isthat the 31st resonator changes phase at a certain time
roughly 1/2 of the corresponding threshold. In this after the system is placed in the metastable state. Two
parameter regime, the system is not capable of kinkcompeting effects corrupt the quality and reliability of
propagation in the absence of random fluctuations. Taignal detection in our system: for very low noise levels,
measure the effect of noise on signal propagation, wéhe chances of successful signal propagation are virtually
force the system to reside in its metastable state, i.e., in theero, while for very high noise intensities, noise-induced,
less stable period-2 phase. At the same time we inducgpurious events contaminate the output. We subtract from
the resonator at site 1 to switch phase and subsequently
measure the phase of all 32 elements as a function of time.
Figure 3 shows a staggered space-time plot of the entire
system with the addition of 1.3 units noise. The induced
phase kink exhibits local variations in speed due to the
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Kink Speed (sites per drive period)

Site Number

> N ' M N b FIG. 3. Staggered snapshots (every 32 drive cycles) of a

bias (arb. units) phase kink moving under the influence of noise across 32

resonators. Local variations in its speed are clearly visible, due

FIG. 2. Kink speed as a function of applied bias. Kinks will to both spatial inhomogeneities and the random forcing. The
not propagate for bias values less than approximately 1.0 unit.bias amplitude is 0.55 units and the noise intensity 1.3 units.
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10 Important information can be gathered from the distri-
05 butions that include an induced kink at the first site. The
00 -] \ . —Llunits nose skewed distribution functions shift towards shorter times
with increasing noise intensity, indicating a higher speed
10— of information transmission. A noise-dependent propa-
05 ] L gation speed was also found in Ref. [4]. In the absence
. - T T T B units noise of noise the kink would arrive at site 31 after approxi-

o0 T ' ' ! mately 1050 drive periods, as indicated by extrapolating
to— _ the line in Fig. 2 down to a bias of 0.55 units. In Fig. 6
A B we plot the mode (probability maximum) as a measure

] - of the arrival times to illustrate the dependency on noise.

00 o ' B Also plotted in Fig. 6 are the full widths at half maxi-
o mum value. The distributions become narrower, denoting
Co == a smaller spread or variance in arrival times.
%7 o Previous studies of spatiotemporal SR in a similar ex-
00 I . L 7o perimental setting [3] are of a fundamentally different na-
0 'll'oi?;e (drive periozggg 3000 ture. While ea_rlier the system—at Iea_st in principle'—was
translationally invariant, here this spatial symmetry is bro-
FIG. 4. Probability of a signal at site 31 with (solid line) and ken by the application of constant bias and appropriate
without (dashed curves) induced kink at site 1, for four noiseinitial conditions. The resulting unidirectional informa-
levels increasing from top to bottom. The noise level of 1.1jon flow allows us to define the boundaries as “input” and
units is too weak to nucleate any transitions. “output,” regarding the system as a one-way communica-
tion channel. Furthermore, previous work [2,3] concen-
the distribution with an induced kink the distribution trated on synchronization, i.econcurrentnoise-induced
without an induced kink to obtain the probability (as ahopping of the entire array. Here, the stochastic events
function of time) that the signal arriving at site 31 is are strictlysequential The most evident consequence is
due to the input signal. The integral of this quantity,a greatly different scaling behavior: unlike the former ex-
while positive, gives the probability of successful signalamples, in which the coupling entails partial noise can-
transmission. This quantity, which is plotted in Fig. 5, cellation and improved signal-to-noise ratios, the quality
displays a SR-like sharp rise and subsequent fall behavioof signal transmission in our setup in fact deteriorates for
The peak of this curve is assumed at noise intensitiea higher number of elements. The sequential nature of
between 1.0 and 1.5 units, at which values the informatioithe process leads to error accumulation instead of noise
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flow is optimized by the presence of noise. suppression.
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FIG. 5. Maximum of the difference between the probability

distributions with and without signal vs noise intensity for FIG. 6. Mode (circles) and width (crosses represent full width
thirty coupled diode resonators. The maximum informationat half maximum) of the probability distribution of arrival
transmission is assumed for noise levels 1.0—1.5 units. events vs noise intensity.
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. The ob ? f noi ined . The probability that an unperturbed resonator escapes
cessing. e observation of noise-sustained waves In during the timek;' is equal toP = K,K;'. If the

experimental setting might provide a new understanding  ink has propagated sites, there areN — i — 1) sites
of the impact of intrinsic noise on biophysical and bio- left to escape. Thus, after thh site is phase flipped,
chemical processes. the probability that the remainingg — 1 sites nucleate
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