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Resonant trapping: A failure mechanism in switch transitions
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Stochastic resonance in a time-modulated bistable system is shown to survive at modulation amplitudes
larger than the relevant dynamical bistability threshold. Residual stochastic resonance is related to a
synchronization-loss mechanisfresonant trapping which attains its maximum effect for noise-intensities
proportional to the excess modulation amplitude. Such a phenomenon provides an effective model of noise-
induced failures in switch deviceE51063-651X97)03401-4

PACS numbegps): 05.40+j, 85.40.Qx, 02.90tp

The notion of stochastic resonan®@R) was originally  clude that a noisy bistable system operating in the hysteretic
introduced 1] to describe a property peculiar to bistable sys-regime is characterized by entirely different synchronization
tems subjected to aweak periodic modulation A(t) properties.
=Aocos2t) embedded into a noise backgrouét): for a As in Refs.[1] and [2], we simulated by means of an
certain value of the noise intensify the fundamental peri- @nalog circuit the quartic bistable process
odic component of the system response gets amplified to an
optimal amplitude proportional té, [2]. Bistability is gen- X=—V'(X)+ &(t) +Agcoq Qt), (1)
erally deemed to be a key ingredient of $®-4]. In the
p_resent paper we explore the effectsstfong modglating with V(x) = —ax2/2+bx¥4. Here = x,,=\/alb denote the
signals Ag>Ay, where Ay, denotes the system bistability ,ential minima,AV=a2/4b is the potential barrier, and

:\r/]vroessrt];kl)(ljé v;lthalfehslsditsh; ng?? value &, where one of the Apn= 2ax./3\/3 is the static bistability threshold. Our noise
Bistable systems uspepd as éwitches are a fundamental co enerator pro_duces_ a rar_ldom SIgEL) with Zero mean
i ) . . alue, Gaussian distribution, and autocorrelation function
ponent of electronic and optical devicgs,6]. A detailed éf(t)ﬂo)):(D/Tc)eXp(—|t|/Tc)- The correlation timer, can

understanding of the role of spurious noises in the switchin .
) . . . e set so smallgr,=0.02) that(£(t)£(0)) approximates a
dynamics of a bistable system is thus of great technologica function (white noise limi).

interest. Hysteretic devicelectronic triggers have been For vanishingly weak noise intensiti&s=0 and modula-

long employed to simulate standard §8. However, in the . .

operating conditions investigated here, the switch device i&°" amplltqdels?;o larger thanAy, [f] th‘; procr:]eS$1) dev?I-_ |

driven by an above-threshold sinusoidal signal with®P ‘?'y”am'c"’.‘ ysteresis. Namely, when the external signa

Aqg> Ay, and noise is fed in to mimic unspecified weak dis- A(t) is periodically modulated, m;te_ad of bemg.adlab_atlc.ally

turbances, which are likely a cause of failure in the switchCh"’m_g?"d OIO)Z the system exhibits a delay in switching

performance. srt]ate, L.e., a ;wn;;h e\r:elr; occgrs for a vallueﬁcﬁtg Iarge_r |
o : ; than the static threshold,. Consequently, a dynamical

We anticipate the main conclusions of our studg) ethreshoIdAc(Q) may be defined as the critic#l, value

Resonant amplification of the periodic components of th above which deterministic switch events take place, driven
system response at optimBl values may be observed for AR : ’
Y P bl valu Y v by the periodic signal alone. The dynamical threshold

Ao> Ay too (residual SR). (b) The switch time distributions A(Q) depends on both the modulation frequency and the

show a peak structure with maxima located at the odd mul . N i
tiples ofphalf the modulation periodi,=2m/Q. All peaks wave form ofA(t). For the sinusoidal input signal of E€1L)
Q we predict that

but the first one attain their maximum fone value of the

noise intensity. This property may be attributed to a different

synchronization-loss(or failure) mechanism induced by A(Q)/Ap=1+ B(Q/a), 2

noise (resonant trappinyg (c) The trapping phenomenon is

strongly enhanced by color, whereas standard SR is supvhere 8=(2./3/7)g; and the smallest zerg, of the Airy

pressed by increasing the noise correlation time. We confunction Ai’(—Xx) is order unity[7]. Prediction(2) follows
immediately the analytical treatment of RES]. Our analyti-
cal estimatgB=1.10 compares very closely with the simula-

*Electronic address: marchesoni@perugia.infn.it tion fitting constant=1.05+0.10 [8]. Throughout our
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FIG. 1. x(D) (arbitrary unit3 vs D for the procesg1) with
a=4.8x10° s71, v, =102 Hz, and different values a{A,). Here
Z(Ag) =Ag/A(Q)—1 andA (Q)=1.157,.

FIG. 2. Switch time distributionsl(T) for A;=1.03A,(Q2) and
different values ofD. Other parameter values are the same as in
Fig. 1. Inset: the fitting parametessand é as a function oD. The

. . . envelope curve exp{aT) is dotted for the reader’'s convenience.
simulation work the modulation frequenay,=Q /27 was P plaT)

kept constant, well within the range of validity of E@).

We started our investigation by plotting in Fig. 1 the am- nentially decreasing probability, by an integer multiple of the
plitude x(D) of the fundamental periodic component of the forcing period. As a consequence, a failure occurs in the
proces(t) as a function of the noise intensity at increasingsSwitching dynamics, resulting in the local minimum in the
A, values. ForA,<A.(Q) the curvex(D) exhibits the well- ~ X(D) curves. On further increasing the trapping mecha-
known SR profile with one absolute maximum. On raisinghism becomes ineffective: the noise itself allow) to be
A, larger than the dynamical threshoii(Q) and keeping Swept into the instantaneously stable potential well. Such a
D very small, the switch events are mostly driven by thedesynchronization mechanism is termed hesonant trap-
external driving signal as testified by the overshoot ofPing (RT). Trapping in a metastable potential well was ad-
x(D) atD=0. However, a residual SR mechanism is apparvocated in Refs.10—12 to explain why the relevant nonsta-
ently still at work: a SR peakrelative maximum continues  tionary escape times attain a maximum for an optimal value
to exist forA, larger than but close t8.() and eventually ~of D.
merges into the decaying background branch of driven A deeper insight into RT was gained by monitoring the
switches for even large, values. On looking at the posi- switch time distributionN(T). HereT denotes the time in-
tion and magnitude of the SR peaks one is led to concludéerval between two subsequent switches barrier cross-
that SR and driven switching dynamics coexist in the regimdngs) in opposite direction$3,9]. All N(T) curves in Fig. 2
of dynamical hysteresis, at variance with common wisdonfre characterized by a peak structure with maxima at
that bistability is a necessary SR ingredient. One might inTh=(n—1/2)T. The peak heightN(T,) decrease to a
terpret residual SR as due to the fact that over one forcingood approximation according to the exponential law
cycle the system alternates time intervals when dynamicaN(Tn+1)/N(T,)=exp(—aTg) with & a function ofD. More-
bistability is preserved, i.eA(t)<A.(£), and shorter tem- over, for Ay close to the dynamical thresholi;((2) the
poral windows when, foA(t)>A.(Q), switches are driven profile of each individualN(T) peak fits well a Gaussian
deterministically by the forcing signal. In the former casefunction with standard deviatiod proportional toT,D?, y
random interwell switches can be activated by the noise= 0.15= 0.05. Thus thenormalizedswitch time distribution
£(t) alone, on an intrinsic time scal (D) [whence comes N(T) is determined by the two phenomenological param-
the synchronization condition of standard SR9] etersa and 8, both D dependen{3]. The differences be-
Tw(D)=#/2Q]. Such a naive explanation was disproved bytween residual and standard SR are remarkable indigeit.
replacing the sinusoidal signal(t) of Eq. (1) with a square very low noises, only the firs(T) peak is detectable for
wave with equal amplitude and period. The releva®)  Ao>Ac({)), as expected, since the system is driven by a
curves generated by our analog simulator are indistinguishiweakly noisy above-threshold signal. Note that for
able from those reported in Fig. 1, the only difference beingAo<A.({2) and low noise, a large number of peaks would
a lowering of the dynamical threshol,(Q) [with 8=0.3  be visible with envelope constant proportional to\D [3].
in Eqg. (2)]. (i) On increasind® we reach a resonance condition when all

Residual SR has nothing to do with the bistable dynamicpeaks of N(T) with n=2 (Fig. 2) attain their maximum
of the undriven stochastic systeih), but is rather the signa- height simultaneously or, equivalentlg(D) approaches a
ture of a failure mechanism in the driven switching dynam-lower bound. Due to the normalization constraint, such a
ics. Chances are tha(t) is retarded by noise with respect to condition corresponds to a minimum of the first peak. We
its deterministic trajectory and that the relevant delay time igemember that standard SR requires that the N{st) peak
of the order ofT/2: x(t) thus gets trapped in the unstable dominates over both the remaining peaks and the random
potential well and the switch event is postponed, with exposwitch background9]. (iii) On further increasingD the
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FIG. 3. P,(D) for different values of(A). Inset:P,(D) with
1<n=<4 for A;=1.03A.(L2). Other parameter values are the samelation period; on imposingt= 7/Q for Ag=A.({), simple

as in Fig. 1. algebraic manipulations yield our estimate®gr,
peaks withn=2 disappear again. Correspondingly, and at Drr 1(2\3%a
odds with standard SR, the first peak in Fig. 1 recovers, W:;(§ ﬁZ(AO)’ (4)

broadens, and overlaps with an exponential background that
eventually washes out the entire peak structure.
Properties(i)—(iii) are summarized in Fig. 3, where the
peak strengttP, (D) (i.e., the integral oN(T) over the in-
terval [T,—Tqo/4, T,+Tq/4]) is plotted as a function of
D for different values ofA,: the resonance condition for all
P,(D) with n=2 is established d = Dgy, simultaneously,
in coincidence with a minimum d®,(D). Most importantly,
the maxima ofP,(D) shift towards higheD rt values with
an increase in the modulation amplitude and a decrease
magnitude. On comparing Figs. 1 and 3 we notice gt
closely locates the dips that separate the maximB al

with z(Ag)=Ay/A(Q)—1. The slope of the linear fit in
Fig. 4 is thus reproduced within a 10% accuracy.

We know from Fig. 2 that foA,=A.((2) the switch time
distribution N(T) can be modeled as a sum of Gaussian
functions centered at T,,, that is, N(T)=(1
—w)Zr_u"IG(T-T,,8), where u=exp(aTy)
andG(x, 8) denotes a normalized Gaussian distribution with
#ero mean and variana#. The experimental evidence that
all N(T) peaks withn=2 hit their maximum for the same
value of Dgy of the noise intensity implies that with increas-
from the residual SR peaks in thkéD) curves. The quanti- ing D the envelope constaat decreases down to an opt_imal
ties Dy and P,(Dgy) are plotted versus,—AJ(Q) in Fig.  Value a(Dgy), such thata(Dgrr)To>— In2, and then in-

4 for the purpose of a quantitative analysis. creases again fdd>Dgy. Correspondingly, the strength of

Far from attempting to develop a full analytical theory for the second peak read®,=u(1—-u) and P5(Dgr)<0.25
the process under study, we limit ourselves to a qualitativé13]; ) ] »
interpretation of the simulation results of Figs. 3 and 4. First Finally, we observed that RT is quite sensitive to the
of all, we derive a heuristic law for the dependenceDgf; ~ NOise correlation timer; . Thls conclusion |s.weII supported
on A,. Since we are working just above the dynamicalPy the P>(D) curves for different color regime@nd fixed
thresholdA,(Q) we can follow the approach of Rgs]. The ~ Modulation amplitude [13]. The resonant behavior of
effective potentiaM(x) —xA(t) develops a horizontal flex- P2(D) is eénhancedy increasingr. and the RT condition is

ural point atxy= —x;,/\3 and the time evolution ok(t) achieved at higher noise intensities. The shift of ygeaks
around this point is approximated by towards largeD values follows immediately the perturba-

tion result[14] that color-induced dynamical effects in pro-
. — cess (1) are reproduced by simply rescalin® into
y=(alxp)y*+Asin(Qt) + £(1), (3 D/(1+ar); hence estimaté4) for Dgr must be corrected

by the multiplicative factor *ar., in quantitative agree-

_ _ N2 p2_ p2 ; ment with the outcome of our analog simulat{dr3]. For the
wherey(t) =x(t) ~ X, A"=Ap—Ac(2), andQl is assumed sake of comparison, we mention here that, at odds with the
present case, standard SR is depressed by cbbgrin con-
clusion, noise-induced failures of a switch device driven by
an above-threshold signal are interpreted in terms of a reso-
nant mechanism, named here resonant trapping, whose prop-
erties, in many ways, are opposite to those of standard SR.

to be much smaller than the intrinsic rgt¢”(0)|=a. An
estimate of the trapping time, i.e., the delay time of
y(t), can be obtained by equating tfree diffusioninduced
by noise in the vicinity of the horizontal flexural poin,
and the squarballistic displacement driven by the effective
forcing term (3) with amplitude A, that is,
2D 7= (A/Q)%sir(Q7). At resonance the total delayn We wish to thank P. Jung for useful discussions on the
both temporal direction®27; comes close to the half modu- subject of Ref[5].
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