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Experimental evidence of characteristic relations of type-I intermittency
in an electronic circuit
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We experimentally observe the characteristic relations of type-I intermit{ghel!. Kim et al, Phys. Rev.
Lett. 73, 525(1994)] in an inductance-resistance-diode circuit. Near a bifurcation point, the reinjection prob-
ability distribution is of the formx~2, and the characteristic relations are of the fdtire e~ and constant
when the lower bounds of the reinjection are at and above the tangent point, respectively. The results agree
well with theoretical predictiond.S1063-651X%97)01009-X]

PACS numbg(s): 05.45:+b, 07.50.Ek

I. INTRODUCTION acteristic relations have various critical exponents according
to the RPD such that when the RPDs are uniform, fixed, and
One of the well-known routes from stable orbits to cha-of the form x 2, the characteristic relations are
otic state(or vice versais intermittency which is character- —Ine, e 2 ande 4, respectively. The general form of the
ized by the appearance of intermittent short chaotic burstgharacteristic relations of type-I intermittency was also ob-
between quite long quasireguléaminay periods. So far, tained for that of the local Poincamap and the RPD by
four kinds of intermittency have been reported; crisis in-USing renormalization group analy4@]. The characteristic
duced intermittency 1], on-off intermittency[2], and one- relations of type-ll and -lll intermittencies were also ob-

[3—6] and two-dimensional intermittenciég]. Among them  t@ined according to the RPRLO]. But, there has been no

one-dimensional intermittency is again classifed into foureXPerimental observation of the effect of the RPD on the

scaling properties of intermittency. In this paper we report an

types(types-l, Il, lll, [3-5], and V[6]) according to the local ; il ob i ¢ the ch terist lati ¢
Poincaremap. Each type has its own characteristic relation EXPermental observation ot thé characteristic refations o

. . . type-| intermittency due to the RPD. We use the well-studied
The local Poincarenaps of type-l, -ll, and -lll intermitten-

simple nonlinear electronic circuit, which is a series con-
nected inductanck, resistancé, and junction diode, driven
by an oscillator with bias voltage such ¥gsin(2mit)+V.

cies, as reported by Pomeau and Manne\ilg arey,
=yptayate (a,€>0), Yna=(l+ey,tayi(aey,
>0), and y,,1=—(1+¢€)y,—ay(e,a>0), respectively
[8]. The characteristic relation of type-I intermittency(I$
xe Y2 where(l) is average laminar length and is the
channel width between the diagonal and the local Poincare The electronic circuit can be easily set up in a laboratory
map. The characteristic relation of type-Il and -lll intermit- and such features of the chaotic behavior have been studied
tencies igl)= e~ where 1+ € is the slope of the local Poin- as crisis[11], Feigenbaum’s universality12], noise effects
caremap[4]. So the importance of the local Poincanap in  [13], intermittency of which critical exponent is 1/2 [14],
the characteristic relations has been well recognized, whilend Hopf bifurcationd15]. Effects from a system with a
the role of the reinjection probability distributigRPD) little slow reverse recovery time diode have been analyzed many
considered: the RPD was assumed to be uniform. ways: by Huntet al. on the basis of the effect of the reverse
Recently, however, it was found that the reinjectionrecovery time[16]; by Brorsonet al. on the basis of total
mechanism is another important factor on the scaling propronlinearity of the junction and diffusion capacitarid&];
erty of the intermittency{5] and that various characteristic by Kim et al. on the basis of the nonlinear junction capaci-
relations appear in type-l intermittency according to the RPCrance in the case of fast recovery diddé]. In the studies,
for a given local Poincaremap such as—Ine and the authors have varied the amplitude of the external oscil-
eV (0=v=1/2). When the lower bounds of the reinjection lator by fixing the bias voltage to be 0. But the system also
(LBR) are below and above the tangent point the criticalgenerates various chaotic phenomena as the bias voltage is
exponent is always-1/2 and 0O, respectively, regardless of varied when the amplitude and frequency of the external os-
the RPD. But when the LBR is at the tangent point the charillator are fixed. In our experiment, therefore, the amplitude
and frequency of the external oscillator are fixed/gt=5 V
and v=24 kHz, respectively, and the bias voltage is varied
*Electronic address; chmkim@woonam.paichai.ac.kr for its easier controllability.

Il. EXPERIMENTAL SETUP
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FIG. 2. The bifurcation diagrarta) from —0.75 V to 2.0 V, and
enlarged diagrarth) around hysteresis crisis near period-3 window,
FIG. 1. Schematic diagram of experimental setup. and(c) near period-5 tangent bifurcation point.

In the experiment, a 100 mH inductor (183 of dc re-  hysteresis crisis occurs, and when the LBR is at the tangent
sistance and a DSDI12-16A silicon junction diode which Point, one of the stable fixed points collides with the chaotic
has a heat sinker are connected to a function genefBetr  band at the top or down end of the chaotic band. Figufes 2
tronix, FG 501A in series. The bias voltage is varied by and Zc), which show the windows clearly are the enlarged
using the offset of the function generator and the voltagdifurcation diagrams around the bifurcation points of the
generated from a digital to anal@®-A) converter which is ~ period-3 and -5 window, respectively.
controlled by a personal computer. All the external forces are Hysteresis crisis appears clearly in Figh2 When the
added by using operational amplifiers. We measure the redias voltage increases, the stable fixed point suddenly jumps
tified voltage across the diode and each rectified voltagglown to the chaotic band at the bifurcation poiut=V,
pulse is integrated by using an integrating circuit to obtainand when it decreases, the chaotic band jumps up to the
experimental data. Through the experiment we guarantegtable fixed point at the crisis poin/=V.. In the region
that the peaks of the rectified pulses correspond to those #fetween the two points\i>V,), there are two coexisting
the integrated pulses. We add 0.6 V dc voltage to the rectiattractors, the stable and the chaotic. And Fi) Zlearly
fied pulses before integration because the voltage drop of trghows that a stable orbit collides with the top end of the
silicon diode is— 0.6 V when it is conducting. The peaks of chaotic band. In the figure when the bias voltage decreases
integrated pulses are stored in the 40-Mbyte memory of thé&om the bifurcation point of the period-5 window, we can
Pentium Computer by using expanded memory manage®bserve a chaotic bursts between quasiregular period-5
(EMM) through a 12-bit analog to digitd/A-D) converter.  pulses. And when the bias voltage increases from the bifur-
All the systems are synchronized to one another. The digication point, we can observe a very narrow region of the
tized time of the A-D converter is 12sec. The digitized period-5 window. When we increase the bias voltage more
value of 2048 correspond ta=5 V, respectively. In the from the window, we can observe the transition from the
integration of the rectified pulses, whéfy is higher than 5  periodic orbit to the chaotic band. To obtain the enlarged
V, the highest integration pulses are distorted because tHafurcation diagram, we reduce the voltage from the D-A
peak of the rectified pulse is higher than 15 V. So in theconverter to be 1/50 using series connected resistors and
experiment we fixXV, = 5 V. The chaotic outputs of the roughly adjust the bifurcation point first controlling the off-
rectified and integrated pulses are also monitored by using g€t of the function generator. In addition, we cannot find a
digital storage oscilloscop@eCroy 9310. The noises from hysteresis crisis around the period-5 window when we ob-
the power sources are reduced by using bypass capacitof£rve the bifurcation diagram by increasing and decreasing

The schematic diagram of the experimental setup is given ifh€ bias voltage. This means the stable orbit collides with the
Fig. 1. chaotic band.

To show the intermittent behaviors of the system we have
obtained the temporal behaviors of the system around period
3-tangent and period 5-tangent intermittencies. Figus 3

In this system, we observe various transitions from chashows period 3-T intermittency at abowit=0.64 V after cri-
otic bands to stable fixed points as we vary the bias voltagsis. It shows short laminar phases. When we decrease the
V. Figure 2a) is the bifurcation diagram obtained in the bias voltage to about=0.62 V the intermittency is abruptly
range of the bias voltage from abou0.75 V to about 2.0 V. changed to a stable 3-T period because of the hysteresis cri-
In the figure, we can see a wide period-3 window in thesis. The shape is given in Fig(l8. The temporal behaviors
range from about-0.01 V to about 0.63 V. At the end of the of period-5 intermittency are also obtained. Figurés and
window, one of the stable fixed points does not collide with3(d) show short laminar phases at abdgt0.815 V and
the chaotic band, which is the so-called hysteresis diddis  longer laminar phases at abouit0.82 V, respectively. On
And around 0.82 V we also observe a narrow period-5 win-this window we cannot find hysteresis crisis.
dow although it does not appear in this figure because of the To obtain the return map, the bias voltage is fixed at the
resolution. In this window, one of the stable fixed pointspoint of V<V, or V>V, near the bifurcation point where
collides with the top end of the chaotic baftP]. What we  period-5 intermittency appears. Figureds)dand 4b) arex,
are interested in here is the intermittency appearing in theses x,,, 5 return maps before and after the tangent bifurcation,
windows since when the LBR is above the tangent pointespectively. Figure (&) shows that the maximum point at

Ill. RESULTS AND DISCUSSION
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FIG. 5. RPD near period-5 window. The dots are experimental
data and the solid line is the fitting of the data wWh¥R,.,— V. is
small. The slope of the solid line is 1/2 so the RPD is approxi-
mately of the formx ™2,

—ay2
FIG. 3. Temporal behaviors of intermittency near hysteresis criurve has the form ok,.;=ax;+X,+ €.

sis on period-3 window and near period-5 wind¢ay after crisis In the return map, although it is not clear that the local
and (b) before crisis on period-3 window an@) short and(d) Poincare map near the bifurcation point is of the form
longer laminar phases of period-5 intermittency. Xn+1=Xn+ax,2+ €, it has been shown elsewhere that the

bifurcation diagram is quite similar to the local Poincarap

the right side of the return map is just below the diagonal. Itof the logistic map, and that the first return map has a single
means the LBR is very close to the tangent point. In thequadratic maximum in the limit of sufficiently large resis-
figure, the return map consists of two curves which merge atanceR. In accordance with these approximations, we con-
the maximum point of the right hump, and form a continuoussider that the local Poincaraap around the tangent point is
curve. So the curve is imperfectly folded and it is doublequadratic. Figure @) shows that the return map crosses over
valued. This behavior also appearsxinvs x,;1 as well as  the diagonal line when the bias voltage is slightly higher than
Xn VS Xp+m return maps for an arbitramy. This phenomenon the bifurcation point. The two figures clearly show the char-
has already been observed in Rdfk0,13,2Q, and the au- acteristics of the return maps before and after the tangent
thors have attributed it to the higher-dimensional property obifurcation.
the circuit. Although the map exhibits higher-dimensional To obtain the RPD, we first measure the maximum digi-
property, we believe that the local Poincarep of each tized value of the chaotic bani,,,=934. And we let the
lower gate beV.=830. In the theoretical predictions, the
gate size is not essential in obtaining characteristic relations.
We count the total numbers of reinjections at each pdipt,
in the gate. Figure 5 is a log-log plot of the total numbers of
reinjections at each point V&/,.—V,d. As given in the
figure, the slope of the RPD turns out to be abett/2 if
|Vmax— Ve is small, which means that the reinjection prob-
ability distribution is of the form X. In the figure, the
—1/2 line matched the experimental data well within less
than 1% of deviation and the form of the RPD is the same as
that of Ref.[5]. To recapitulate, if the local Poincaraap
around the tangent point is of the forq, ; =X, +ax,>+ €
and the RPD is of the form {k, the characteristic relation is
of the form <|>x¢e Y4 And in the case of the period-3
window, the characteristic relation is constant regardless of
the RPD since the LBR is above the tangent point.

Figure 6 is a log-log plot of the average laminar phase
lengths vse obtained at the period<dine B) and -5 windows
(line A), wheree=|V,;—V|. In the figure the dots are experi-

Vhis

® v mental results and the solid lines are obtained by fitting the
dots whenV—V| is less than 1 mV. The slopes of the solid
FIG. 4. The return map near period-5 windgay before andb) lines are the critical exponents of the characteristic relations.

after the tangent bifurcation point. In this measurement, we also reduce the bias voltage from
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tween regular periods. And at each bias voltagé,latinar
phases are obtained and 220 steps of total step size are varied
which correspond to about 11 mV of total variation. We note
here, if 1> e>|x gr— X;| Wherex gg is the lower bound of

the reinjection point, we can obtain 1/4 of critical expo-

nent.

In the figure, line A shows well that the characteristic
relation is of the form(l)e|V—V,|~" with approximately
v~0.25 when|V—V,| is small enough. The error deviation
of line Ais less than 7%. The figure also shows a rapid decay
of the average laminar phase lengths whér V,| is large.

The critical exponent, wherg/—V,| is small, is—1/4 the
same one previously obtained theoretically when the LBR is
at the tangent point. And the average laminar phase lengths
00 - ; Y s of line B are constant whetV—V,| is small. The results
IV-V; 1 (Log) again agree well with the theoretical predictions when LBR
is above the tangent point. The two lines clearly show the

FIG. 6. The average laminar phase length$Ws Vi|. The fig-  characteristic relations due to the RPD in the experiment.
ure shows well that the critical exponents aré/4, and 0, when the

Average Laminar Length (Log)

LBRs are at(line A) and aboveline B) the tangent point, respec- V. CONCLUSION

tively. The dots are experimental data and the solid lines are the . ) . o

fitting of the data with the slope of 1/4 and 0, respectively, when In summary, the inductance-resistance-diode circuit
|V-V,| is small. shows not only hysteresis crisis when the LBR is above the

tangent point but also that the stable periodic orbit collides
the D-A converter to be 1/50 for a fine tuning efafter with the top end of the chaotic band when the LBR is at the

adjusting the offset of the function generator near to the bif2ngent point. In these regions where intermittency appears,

- —1R2 o
furcation point in the window. The step size of the bias voit-t€ RPD is of the formx™*%. So two critical exponents ap-
age from the D-A converter is about 0.05 mV. As the biasP€@"—1/4 and O, when the LBRs are at and above the tan-

ent point, respectively. The results experimentally verify

voltage reduces the length of the longest laminar phase i b . . :
counted and if the length of the longest laminar phase is les%'® characteristic relations of type-I intermittency due to the

than 1d, the data begin to be stored in the computer. werPD.
assume that the last point where the length of the longest
laminar phase is larger than L& the bifurcation point. In

the experiment, if the length of the longest laminar phase is This study was supported by Nondirected Research Fund,
larger than 1t, we cannot observe the chaotic bursts be-Korea Research Foundation.
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