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Abstract—In this study, a ring of coupled simultaneousresearches clarifying the basic mechanism of the simulta-
oscillators with twd_C resonators is investigated. By com-neous oscillations except [6][7].
puter simulations, asynchronous oscillations of double- In our past study, we investigated synchronization phe-
mode andN-phase are confirmed to be stably generatechomena observed from two or more coupled hard oscilla-
Careful observation reveals various interesting synchraers [8]-[10]. In those studies, we could observe various
nization phenomena which have not reported before. interesting nonlinear phenomena including asynchronous
double-mode oscillations and wave propagations.
In this study, we investigate a ring of simultaneous os-
1. Introduction cillators with two LC resonators coupled by inductors.
By computer simulations, asynchronous oscillations of
In the natural ﬁeldS, various SynChronization phenomerﬁbu}ﬂe-mode anm-phase are confirmed to be Stab|y gen-
exists. For example, firefly luminescence, swing of penerated. Careful observation reveals various interesting syn-

dulums, cardiac heartbeat, and so on, are well known gronization phenomena which have not reported before.
synchronization phenomena. Oscillators containing a non-

I!near resistor vv_hose —i charagte_nstms are described byg Circuit Model
fifth-power nonlinear characteristics are known to exhibi

hard excitation [1][2]. Namely, the origin is asymptotically  The circuit model is shown in Fig. 1. In the circult

stable and an proper initial condition, which is larger than 8imultaneous oscillators with twbC resonators are cou-

critical value, is necessary to generate the oscillation. Sugped by inductord_¢ as a ring. Each simultaneous oscil-

an oscillator is often called as hard oscillator or said to havgtor consists of a nonlinear negative resistor, whosei

hard nonlinearity. characteristics are described by a fifth-power polynomial
Two identical oscillators with hard nonlinearities cou-function as

pled by an inductor [3] are investigated by Datardina and

Linkens. They have confirmed that nonresonant double- R(Y) =91V = 9V’ + 05V (G Gs. U5 > 0). @)

mode oscillations, which could not occur for the case oind two resonators with different natural frequencies
third-power nonlinearity, were stably excited in the cou(+/[;C; and vL,C,). The equations governing these cou-

pled system. They have also confirmed that four differeffied oscillators are described by the followingteiential
modes coexist for some range of parameter values; zegquations.

two single-modes, and a double-mode.

In 1954, Schaffner reported that an oscillator with two Clm = —ip-igj—icj+icj1
degrees of freedom could oscillate simultaneously at two d(\j/t-z
different frequencies when the nonlinear characteristics are Co—= = —ijp —irj—icj+icj-1
described by a fifth-power polynomial function [4]. Ku- dﬂtl (2)
ramitsu also investigated the simultaneous oscillations for Llﬁ = Vj1
three or more degrees case theoretically and confirmed the dip _
generation of simultaneous oscillation with three frequen- LZE = Vp2 (j=1,2,---,N),

cies by circuit experiments [5]. The simultaneous oscilla- ) ) o

tions are definitely one of the most common nonlinear phd¥Nereico = icn. The currents through the coupling induc-
nomena observed in various higher-dimensional systemsfSicj are given as

the natural science fields. However, after their pioneering o La(ijn —ijeaa) + La(i = ij412) 3
works, as far as the authors know, there have not been many Icj = Lo 3
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whereinsix = i1k (K = 1,2). The currents through the
nonlinear resistori; are given as

irj = Ir(VjL + Vj2) 4)

By using the following variables and parameters,

Y LTIV Y I L
Vik 595X1k, Ik 50 Llyjk,
Cj_ I—l

Ly

ac=_—, aL=—, y=—, (5)

C C2’ L2’ LC
/L1 36 [0
e= —, =— _[—, t= +LCyt,
01 c, B R V6LiCy

thenormalized circuit equations are given as follows.

dxjy Figure 2: Typical example of obtained results from 5 coupled
4 =Yir — f(Xj1 + Xj2) = Ycj + Yej-1 oscillators forac = 0.8, = 1.0,y = 0.3, = 0.3, andg = 3.5.
dx: (a) Attractors observed at 10 resonators. Horizontal: Ver-

12 _ ac{-Yip — (X + X2) = Yei + Ye.i-1} tical: y. (b) Phase relationship between horizontally adjacent
dr ! ! ) J ! (6) resonators. Horizontakj, 1 k. \{ertical:xjk. .(c) Phase relation-
del ship between two resonators in each oscillator. Horizomgal:
a4 X1 Vertical: X;;.
dyjz .
d_ = a XJZ (J = 152""aN)9

-

whereyco = yen. Ycj corresponds ta:j and is given as shows the phase relationship between two resonators in
each oscillator and that upper and lower resonators are not
) synchronized, namely asynchronous simultaneous oscilla-
tions occur.
Figure 3 shows the time waveforms of the voltages of 10
whereyn.1x = Yi (k = 1,2). The nonlinear functiorf()),  resonators. Figure 3(b) is the horizontally magnified figure
which corresponds to the- i characteristics of the nonlin- ¢ Fig. 3(a). From these figures we can observe that the

Yi2 — yj+l,2)

aL

Ycj = V(le —Yjr11 +

ear resistors, Is given as upper resonators generate double-mode oscillations with
1 their envelopes synchronized in 5-phase. Further, oscilla-
f(x) = 8()(_ B 34+ = )é) (8) tions themselves of the upper resonators are synchronized

3 5 in in-phase even though their amplitudes fluctuate periodi-

cally. Moreover, we can see that the lower resonators gen-
erate 5-phase synchronizations with almost constant am-
3. Simulation results for five coupled oscillators plitudes. We should also note that the fundamental oscil-
lation frequencies of upper and lower resonators dferdi
In this article, we show only several computer simulationt namely they are asynchronous. As far as we know, this
results because of the limitation of page space. Firstly, thﬁ)mplicated phenomenon has never reported before. We
resu_lts obtained from 5 coupled oscillators are given in thiggjieve that revealing the generation mechanism and con-
section. _ _ditions of such unknown phenomenon is important to un-
A typical example of the observed results is shown iRjerstand highly nonlinear phonomena in natural fields and

Fig. 2. Figure 2(a) shows attractors observed at 10 regspioiting them for future engineering applications.
onators. Upper figures correspond to the attractors ob-

served from upper resonators and_ they have a shape;jqi. Changing coupling strength

torus, namely upper resonators exhibit double-mode oscil-

lations. On the other hand, lower figures correspond to Next, we investigate theffect of changing the coupling
lower resonators and they seem to have single frequensjrengthy. The other parameters are fixed as the same in
Figure 2(b) shows the phase relationship between hoffrigs. 2 and 3.

zontally adjacent resonators. Upper figures show that up- Figure 4 shows how the time waveforms of the voltages
per resonators are almost synchronized at in-phase. Whaé 10 resonators change @adncreases. The beat oscilla-
lower figures show that lower resonators are also almosbns of the upper resonators become weaker and resulted
synchronized but with some phaséfdiences. Figure 2(c) in simple in-phase synchronizations as Fig. 4(c). While
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Figurel: Ring of coupled simultaneous oscillators with two resonators.
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Figure3: Time waveforms of the voltages of 10 resonators for
ac =08, =10,y =0.3,6 =0.3, ands = 3.5.

the lower resonators become to show weak double-mode i e
as Fig. 4(b), but resulted in almost oscillation-death as s
Fig. 4(c). (c)

3.2. Changing ratio of natural frequencies Figure4: Time waveforms of the voltages of 10 resonators as
changing coupling strength. (g)= 0.35. (b)y = 0.4. (c)y = 0.5.
Next, we investigate the effect of changing the ratio of
the natural frequencies of the resonaie¢s The other pa-

rameters are fixed as the same in Figs. 2 and 3. ) ) )
goltages observed from the ring of 15 simultaneous oscilla-

Figure 5 shows how the time waveforms of the voltage A g d ob h il
of 10 resonators change ag increases (equivalentig, tprs. f;XDSICte ’Zlve.coﬁ observe async ronouhs oscilia-
becomes closer 18;). The beat frequency of the upper res-f[IonS of double-mode in the upper_resonators byl ase

1 the lower resonators from both rings. We also confirmed

onators changes according to the ratio of natural freque h | ¢ the doubl q i de 7
cies. While the 5-phase oscillations of the lower resonatofgat the envelopes of the dou €-mode osCl ations made /-
ase and 15-phase synchronizations.

are not affected by the change of the ratio of the naturB
frequencies.
5. Conclusions

4. Extension to larger rings of oscillators ] ) ) ) )
In this study, we investigated a ring of simultaneous

Finally, we show some simulation results observed fromscillators with twoLC resonators coupled by inductors.
larger rings of oscillators. By computer simulations, asynchronous oscillations of
Figure 6 shows a typical example of asynchronous ostouble-mode andN-phase were confirmed to be stably
cillations observed from a ring of 7 coupled simultaneougenerated. We also investigated the effect of changing

oscillators. While, Fig. 7 shows time waveforms of thesome important circuit parameters.

- 461 -



@)

BlLAlLa|LalralLe
¢iredtedredred4d

(b)

RO i R e

TR Bt e B |

U

(b)

o

gigure 6: Asynchronous oscillations of double-mode and 7-

phase obtained from 7 coupled oscillatorsder= 0.8, ¢ = 1.0,

(©) ac = 0.85 y = 03, = 03, andg = 3.5. (a) Attractors observed at 14
T resonators. (b) Phase relationship between horizontally adjacent

resonators. (c) Phase relationship between two resonators in each

oscillator. (d) Time waveforms of the voltages of 14 resonators

Figure5: Time waveforms of the voltages of 10 resonators a
changing ratio of natural frequencies. (&) = 0.5. (b)ac = 0.7.

We could not introduce some statistical analysis of the
observed phenomena, because of the limitation of the page

space. They will be presented at the conference, if ac-[7] M. Matsuki and S. Mori, “Asynchronous excitation phenomena in nega-
ted tive resistance oscillatory circuit containing periodically operating analog
ceptea. switch,” IEICE Technical Report on NLP, Vol. 94, pp. 51-58, May 1994.

Our future works include the investigation for the case of . - I
. . . ., [8] Y. Nishio, Y. Yang and Y. Uwate, “Synchronization phenomena in simulta-
three or more resonators in each oscillator and the circuit” ™ neous oscillators coupled by an inductor,” Proceedings of NCSP'11, pp. 147-

experiments. 150, Mar. 2011.

[9] S. Fujioka, Y. Yang, Y. Uwate and Y. Nishio, “Double-mode simultane-
ous oscillation in three coupled hard oscillators,” Proceedings of NCSP’12,
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