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Phase synchronization in an array of driven Josephson junctions
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Abstract

We consider an array of N Josephson junctions connected in parallel and explore the condition for
chaotic synchronization. It is found that the outer junctions can be synchronized while they remain
uncorrelated to the inner ones when an external biasing is applied. The stability of the solution
is found out for the outer junctions in the synchronization manifold. Symmetry considerations
lead to a situation wherein the inner junctions can synchronize for certain values of parameter.
In the presence of a phase difference between the applied fields, all the junctions exhibit phase
synchronization. It is also found that chaotic motion changes to periodic in the presence of phase

differences.
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Due to the application of chaotic synchronization in secure communication
to brain modeling a great deal of investigation has been done in this field. The
presence of even a small phase difference between the applied fields was found
to desynchronize a completely synchronized system. Also the phase difference
was found to have application in taming chaos in dynamical systems. Recently
it was observed that the end lasers in an array of three laser system was found
to synchronize while it remained uncorrelated with the middle laser which orig-
inally connected the two. In this work we study an array of Josephson junctions
in the presence a phase difference between the driving fields and its effect on

synchronization and suppression of chaos.

I. INTRODUCTION

Chaos in Josephson junction (JJ) has been studied extensively after its presence was
demonstrated using numerical simulation [1I]. When we treat JJs within the Stewart-
McCumber model, the equation describing the behaviour of JJ is identical to the equation
for a driven damped pendulum which has been studied theoretically for several routes to
chaos|2, 13]. Thus JJ becomes an ideal physical system to study chaos. The rf- biased JJs
find practical importance in the construction of devices like parametric amplifiers, volt-
age standards, pulse generators, SQUID for detection of very weak magnetic fields, etc.
[4,15,16]. For these devices, it is essential to avoid all types of noise, chaos etc. JJs consisting
of Superconductor-Insulator-Normal metal-Insulator-Superconductor (SINIS) showing non-
hysteretic I-V characteristics with high damping has been fabricated for programmable dc-
voltage standards [7] or ac-voltage standards based on synthesis of calculable wave forms|g].

Pecora and Carroll in 1990 reported that synchronization of chaotic systems [9] could
be achieved, since then different types of synchronization such as complete, generalized
and phase synchronization of chaotic oscillators have been described theoretically and ob-
served experimentally [10, [11]. Synchronized chaotic oscillations have been found in many
nonlinear systems like lasers, neural network, etc|12, [13]. Chaotic synchronization also find
application in communication. It was demonstrated using Rossler oscillators that during the
transmission of information about a stimulus through an active array, the stimulus created

the way to be transmitted by making the chaotic elements to phase synchronize [14]. The
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stability of synchronous state is analyzed by Lyapunov function method [15] and the mas-
ter stability approach [16]. Phase difference between the applied fields plays an important
role in suppressing chaos and the synchronization of chaotic systems. Duffing oscillator was
studied for the effect of phase difference on chaotic synchronization [17]. Josephson junction
has been investigated for both periodic and chaotic synchronization. Coupling between self
generated Josephson oscillations through a microwave transmission line was found to play
an important role in collective synchronization of JJ array [18]. In a system of two JJs in
parallel, the phase difference between the applied fields was found to bring chaotic motion
to a periodic one for a large range of parameter values [19]. A parallel array of coupled
short JJs linked together by inductors has been used to fabricate highly sensitive detectors
[20]. Although there is extensive work on synchronization of coupled JJs, studies on chaotic
synchronization of JJs is much less.

In this work we analyze a parallel array of N-coupled JJs with parameters lying in the
chaotic regime and study synchronization of the system. The paper is organized as follows.
In section II we discuss the model for an array of JJs linked in parallel with linking resistor
R, in between. Section III contains the study of the synchronization in such an array and
discuss the stability of the synchronous solution. The effect of phase difference between the
applied fields on synchronization and its role in suppressing chaos is also discussed. Results

are summarized in section IV.

FIG. 1: Schematic representation of an array of JJ linked in parallel with a linking resistor R,. 1

and 2 are the driving fields.
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II. THE MODEL

The equation of a single Josephson junction represented by the resistively and capacitively

shunted junction (RCSJ) model can be written by solving Kirchoft’s law as

hCd*¢  h dp . L ,
e di? + %R dl + i.sin ¢ = i, + iy cos(wt) (1)

where ¢ is the phase difference of the wave function across the junction, i cos(wt’) is the
driving rf - field and 4/, is the dc bias. The junction is characterized by a critical current i,
capacitance C' and normal resistance R. The coupled JJ considered here consists of a pair of
such junctions wired in parallel with a linking resistor R [21]. A schematic representation
of an array of JJ wired in parallel with linking resistors is given in fig I The equation of

motion for an array of N coupled current driven JJs can be written in the normalized form

as
G+ By +singy = ige + igcos(Q) — a [¢1 - ¢2] (2a)
bi+ B+ sin gy = a, [dia + biy — 26i] (2b)
O + Bon +sin oy = ige + i cos(t) — a, [¢N — ¢5N—1] (2¢)

where ¢ varies from 2 to N-1 and the dimensionless damping parameter (3 is defined as

1 h
6_§\/ 2ei.

The normalized time scale is written as ¢t = wyt’ where wy; = (2€i./ hCl)%. The dc bias

current 4. and the rf amplitude i; are normalized to the critical current i.;. The actual
frequency w is re-scaled to €2 = w/w;; and the coupling factor is defined as a; = (Ry/R;) B

The Josephson junction is chaotic for the parameter values g = 0.3,i = 1.2,w = 0.6
and ig. = 0.3. We fix these parameter values for the numerical simulations. The junctions
are taken to be identical and for a coupling strength of a, = 0.37, the outer junctions
synchronize while the inner junction remain uncorrelated with the two outer ones. It can be
seen from Fig[2(a) that the outer junctions are synchronized whereas Fig[2(b) shows that it

is uncorrelated with the middle junction for an array of three JJs.
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III. STABILITY ANALYSIS

In order to perform the stability analysis for the synchronized state of N-coupled Joseph-
son junctions, we first consider three JJs linked in parallel. In the first order form the three

identical junctions can be written as

$1 = P (3a)
Uy = =By —sin gy + ige + i cos(Qt) — a [y — Yo

¢ = (3b)
e = —Pihy — sin gy + s [P + 5 — 20]

b3 = s (3¢)

3 = —Bis — sin 3 4 ige + g cos(U + 0) — v, [1hy — o]

From eqBal and Bd it can be observed that the outer junctions are identical and symmetric
with interchange of variables in the absence of a phase difference 6 between the applied fields.
Hence there exists an identical solution for the outer systems given by ¢; = ¢35 = ¢(t) and this
type of behavior where systems show identical behavior is called complete synchronization.
Due to asymmetry the middle junction may have different dynamics. The stability of the
synchronous solution of the outer junctions is analyzed by two methods.

We define the difference variables ¢35 = @ and ;3 = % and the approximate
dynamics transverse to the synchronization manifold is obtained by linearizing the corre-

sponding subsystem consisting of the outer junctions. The equation may be given as
b3 = Ui3 (4)
Uiy = —Bps — cos piysin gy — astpg

Linearizing eq. [ we get the approximate dynamics transverse to the synchronization man-

ifold. In terms of the Jacobian matrix we can rewrite the above equation as

ng,g _ 0 1 ¢1_,3

@Dl_,g cos 1 —f — a @Dl_,g

where sin ¢ ; & ¢ ; and cos ¢] 5 & cos ¢ as ¢; & ¢3 in the synchronization manifold. The

)

eigen values of the matrix are

(s + )
2

4 cos ¢y

SR VR Py

()

mio = —




The stability of the synchronous state is controlled by the eigen values my o [22]. If my
are complex conjugates with negative real part, the corresponding solution is stable. In the
above case the average of the term in the radical is found and it is a complex number with
real part greater than unity. The real part of the largest eigen value is thus found to be
negative and hence satisfy the criterion for stability of synchronization.

As a second test, we follow the method given by Landsman et.al [23] where the conditional
Lyapunov exponents are calculated with respect to the perturbation out of the synchroniza-
tion manifold. Eq. Blreduces to a set of four equations in the synchronized state as the outer
junctions may be represented by a single set of equations. In terms of the synchronous solu-
tions ¢(t) and ¥ (t), we can define variables Ap(t) = ¢1(t) — ¢(t) and A (t) = 1 (t) — ¥(t).

Linearizing transverse to the synchronization manifold, we have

dAg;
pum— A .
and
dAy;
— JAY;
U A )
where i=1,3 and J is the Jacobian matrix evaluated at A¢(t) and Ay(t). Thus we have
Aﬂgl,:a [0 1 Ay 3
AQL173 1 -8 —a, Ay 3

A¢y 5 and Ay 3 are the perturbations of the outer oscillators from the synchronous solution

{o(t), v(t)}.

The Wronskian of the linearized system can be related to the trace of the matrix by the

Abel’s formula [23]

A¢p A t

wio=| 00 = e ([ -y
Ao AY 0

where we have dropped the subscripts of the linearized variable. The Wronskian gives the

phase space dynamics of the system. Taking the natural log of the Wronskian we get

IV (0] = In |AoAd - Avad| = [ (o, + g)it (8)

which is a monotonically decreasing function of time. The sum of the conditional Lyapunov

exponents is given as,

M

1
ST = Jim | det(B(Ay 5, At ) (1) (9)
i=1
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where ® is the matrix solution of eqns. [0 and [l The sum of the conditional Lyapunov

exponents can be now approximated as
AL+ A =~ —(as + 0). (10)

The sum of the conditional Lyapunov exponents is negative indicating that the phase space
of the coupled system shrinks to a trajectory representing the synchronous solution. Thus

the two methods lead to the same conclusion.

L L L L
-2 -1 i} 1 2 3

FIG. 2: (a) The outer juntions are synchronized (b) Outer junction and middle junction is uncor-

related. The parameter values are § = 0.3,i9 = 1.2,w = 0.6, 44, = 0.3, a5 = 0.37.

Now we analyze the subsystem constituted by the outer and the middle junctions. We
define new variables ¢,, = @ and ¢;; = @ where ¢ = 1,3. As the outer junctions are
identical, it is enough to study any one subsystem. So considering the case with ¢ = 1, we

write,
O = Uiz (11)
. 1 3
U1y = —PBY1, — cos iy singpy + B lige + 1o cos(§2t)] — %(51/11_2)-

From Eq. [l we conclude that in the presence of an external applied field it is not possible

to synchronize all the three junctions due to the asymmetry induced by the applied fields.
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However in the absence of an external field, an identical solution can exist for all the three

junctions. Extending the symmetry analysis to a system of N JJs coupled in parallell with
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FIG. 3: (a) and (b) shows that the junctions are phase correlated. 8 = 0.3,i9g = 1.2,w = 0.6,i4. =
0.3, s = 0.37and 6 = 0.57.

nearest neighbour coupling, the second and the (N — 1) junction may have an identical
solution for certain parameter values. Similarly, the third and the (N — 2)"¢ junctions
may have identical solutions and so on. Thus in the case of an array, from symmetry
considerations we may deduce that N/2 solutions may exist if there are even number of

junctions in the array and solutions will be present for odd number of junctions. The

WS
time series plot for an array of 7 and 8 junction is plotted in Figll It can be observed
from Figll(a) that in an array of seven JJs the four solutions exists for the parameter range
considered. The fourth junction has an independent solution. In Figll(b) we have plotted
the time series for 8 JJs.

The presence of a phase difference between the applied fields changes the scenario com-
pletely. On the application of a small phase difference between the applied fields, the outer

junctions desynchronize and all the three junctions are thus uncorrelated. But for sufficiently

large values of phase differences, all the three junctions are found to be in phase synchro-
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FIG. 4: (a)shows the time series plot for an array of 7 JJs and (b) for 8 junctions. 5 = 0.3,ip =
1.2,w =0.6,74. = 0.3, a5 = 0.37and 6 = 0.57.

nization. Considering the difference variables ;2,1 3,132 as defined earlier, we explain
the phenomena as follows. Due to the asymmetry that arises between the outer junctions in
the presence of the phase difference we need the extra variable 13 o to analyze this situation.

The equations for the three difference variables may be written by substituting eq3] as

) 1 -
Y, = —0igy — cos ¢y sin ¢, + 5 [ige + i cos(§2t)] — QS(% + 13,) (12a)
) 0

Uiy = —0igz — cos ¢y sin ¢y + ig sin(Qt + 5) — (V3 — ay) (12Db)

V3

%‘2 = — [z, — COS Pay Sin 3y + % [ide + i cos(2t + )] — 048(7 + Up,), (12¢)

where i, = i sin g. Thus each subsystems experiences a different driving field with the same



frequency but different phases. Due to the phase relationship between the driving fields, a
definite phase relationship is found to exist between all three junctions.

The level of mismatch of chaotic synchronization can be given quantitatively by taking
the similarity function S(7) as a time averaged difference between the variables 1; taken
with time shift 7 |11]

52(7_) _ <[¢1(t + T) B ¢2(t)] > (13)

[(W2(6)] w3 ()]

and

([t +7) — ¢3(t)]2> '
(3 (0)] [(w3 (1))

and searching for its minimum o = min,S(7). If ¢, (t) = ¥5(t), then S(7) has a minimum

value ¢ = 0 for 7 = 0. If both ¢4 (¢) and ¢5(¢) are independent then S(7) ~ 1 for all the

§*(r) = (14)

time. Line 1 in Fig. Bl shows complete synchronization between the end junctions and line
2 shows that the outer and middle junctions are desynchronized when no phase difference
is present. A minimum of S(7) indicates the the existence of a time shift between the two
variables related to the phase shift. The amplitudes are uncorrelated in this regime, but
phase correlation is present as indicated by lines 3 and 4 in the presence of a phase difference

between the applied fields. On the application of a phase difference of 7/2 the dynamics

s@)

s @

FIG. 5: (1) is S(7) for variables ¥ &3 , (2) for 11&1)y. Line (1) shows complete synchronization
while the other is not synchronized. Both these lines are plotted with no phase difference applied
(3) and (4) gives the similarity function for the variables ;&3 and ¥1 &2 in the presence of

phase difference § = 0.57. The second figure shows line 4 where the dip can be observed clearly.

changes to periodic one as can be observed from Fig.
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FIG. 6: The variables corresponding to the three JJs are ploted against time which indicates the

periodic behavior.

IV. RESULT AND DISCUSSION

We consider a parallel array of JJs with linking resistor R; and the conditions for synchro-
nization is discussed. The outer junctions being symmetric, can possess identical solution
and hence may synchronize depending on the parameter values. Linear stability analysis is
done to find the stability of the synchronous solution of the outer junctions. The sum of
conditional Lyapunov exponents calculated for the outer sub-system is found to be negative
indicating stable synchronous state. From symmetry considerations we show that all three
junctions could be synchronized only in the absence of an external field. Similarly in an

array of N Josephson junctions, N/2 identical solutions may exist if the number of junctions

N+1

is even and 5

solutions may exist if the number of junction is odd. In the presence of
a small phase difference, the system desynchronizes due to the asymmetry induced by the
phase difference. As the phase difference is increased, in the case of three junctions all the
three junctions act as if they are driven by different driving fields having the same frequency,
but different phases. A phase synchronization is observed between all the three junctions
and the motion becomes periodic. Thus, suppression of chaos can be obtained in Josephson

junction systems in the presence of a phase difference between the applied fields and this

property may find applications in the working of devices constructed using JJs.
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