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INTRODUCTION

The study of synchronization of oscillations in
coupled dynamic systems is an important trend in
contemporary nonlinear dynamics [1]. The interest in
this phenomenon is due to its fundamental impor�
tance [1] as well as the possibility of application of its
various types in physiology, medicine, for concealed
information transfer, and in other fields of science and
engineering [2–4].

The regime of generalized synchronization (GS) is
one of the most interesting types of random synchro�
nization [5]. As a rule, it is considered for a system of
two unidirectionally coupled stochastic oscillators
(drive (master) oscillator x(t) and response (slave)
oscillator u(t)) and indicates the existence of the func�
tional relation

(1)

between their states. In recent years, attempts have
been made at generalizing this regime to mutually
coupled systems and a network of coupled nonlinear
elements [6–8]. However, analysis of this regime in
systems with unidirectional coupling is still topical.

One of the aspects that has not been studied com�
prehensively is the possibility of GS stabilization in the
case when the slave system is in a periodic regime. The
characteristics of the interacting system must obvi�
ously affect the stabilization of synchronization sub�
stantially. However, the methods for diagnostics of the
synchronous regime remain almost unchanged.

In this study, we analyze the location of the GS
boundary on the plane “frequency of the chaotic sig�
nal–coupling parameter” for various values of the
parameters of the slave system. As the objects of inves�
tigation, we choose both model systems (unidirection�
ally coupled Rössler oscillators [9]) and actual systems
of beam�plasma origin (unidirectionally coupled low�

u t( ) F x t( )[ ]=

voltage vircators [10]). It will be shown below that the
threshold for the emergence of the synchronous
regime changes abruptly1 upon a change in the param�
eters of the external chaotic signal, which makes it
possible to use such devices for concealed data trans�
mission based on GS [3]. We propose a modification
of this technique and consider its advantages over the
original method.

1. GENERALIZED SYNCHRONIZATION 
REGIME AND METHODS 

OF ITS DIAGNOSTICS

Before describing our results, let us briefly consider
the determination of the GS regime and the methods
of its diagnostics in unidirectionally coupled systems.
As mentioned in the Introduction, the synchronous
regime in this case implies the establishment of func�
tional relation (1) between the states of these systems.
An analogous definition is applicable for the GS
regime in the case of the interaction of a stochastic
oscillator with a system exhibiting periodic dynamics.

For GS diagnostics in two unidirectionally coupled
chaotic systems, the method of an auxiliary system
[11] or the method for calculating conditional
Lyapunov exponents [12] is traditionally used. Both
methods can be used for analyzing GS in the case of
action of a stochastic signal on a system with periodic
dynamics. In this case, the implementation of these
methods and the criteria for GS occurrence remain
almost unchanged.

In accordance with the method of an auxiliary sys�
tem, we consider, apart from slave system u(t), an

1 A sharp variation of the synchronous regime threshold implies a
considerable change in the threshold value of the coupling
parameter corresponding to the stabilization of the GS regime
for a weak variation of the control parameter.
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identical auxiliary v(t). The initial conditions for aux�
iliary system v(t0) are chosen so that they differ from
the initial conditions for slave system u(t0), but lie in
the attraction basin of the same attractor. In the
absence of the GS regime between the interacting sys�
tems (naturally, if a periodic regime in the slave system
differs from the limit cycle), the vectors of state u(t)
and v(t) of the slave and auxiliary systems belong to the
same attractor, but are different. In the GS regime, in
view of the relations u(t) = F[x(t)] and, accordingly,
v(t) = F[x(t)], the states of the slave and auxiliary sys�
tems must become identical after the completion of
the transient process (u(t) ≡ v(t)), which is the criterion
for the existence of GS between the master and slave
oscillators.

In view of the unidirectional coupling between the
systems, it is sufficient in the diagnostics of the GS
regime by calculating the spectrum of Lyapunov indi�

ces to calculate these indices  ≥ … ≥  for the slave

system alone (so�called conditional Lyapunov indi�
ces). The criterion for the existence of GS in this case
is a negative value of the higher conditional Lyapunov

index , which is initially zero since the slave system
is in the periodic regime. Clearly, in the case of weak
detuning of the natural frequencies of the interacting
systems, the GS regime is close to the phase locking
regime [13].

Let us briefly consider the mechanisms for the
emergence of GS in the case when a chaotic signal acts
on a system exhibiting a periodic behavior. It was
shown in [9] that during the interaction between two
stochastic oscillators, irrespective of the type of their
coupling (dissipative or nondissipative), the emer�
gence of GS is determined by the balance between the
suppression of intrinsic chaotic dynamics in the slave
system and the excitation of stochastic oscillations in
it under the action of the external signal from the mas�
ter system. In the case under investigation, “intrinsic

λ1
r λNr

r

λ1
r

chaotic dynamics” is obviously absent in the slave sys�
tem and, hence, the master system can easily impose
its chaotic dynamics on it. In this case, the GS regime
must appear for lower values of the coupling parameter
as compared to the case of two coupled chaotic sys�
tems.

It would be interesting to analyze the behavior of
the GS threshold upon a change in the parameters of
the master system. In particular, it is known that the
behavior of the GS threshold for two unidirectionally
coupled stochastic oscillators on the plane “master
system frequency–coupling parameter” substantially
differs from the behavior of the thresholds of other
known types of chaotic synchronization: in the range
of considerable detuning of natural frequencies, the
synchronous regime threshold is almost independent
of the parameters of the master system, while in the
range of weak detunings, the GS threshold sharply
increases for some systems [14]. Let us consider the
behavior of the GS threshold in the case of the inter�
action of a stochastic oscillator with a system exhibit�
ing periodic behavior using some concrete examples.
We begin with analysis of the model system.

2. GENERALIZED SYNCHRONIZATION 
IN MODEL SYSTEMS

As the first example, we consider two unidirection�
ally coupled Rössler systems. We choose the values of
control parameters so that the master system exhibits
chaotic dynamics and the slave system is characterized
by periodic oscillations. This model is described in
dimensionless form by the following system of differ�
ential equations:

(2)

where ad = 0.15, p = 0.2, and c = 10 are the control
parameters and parameter ε characterizes the cou�
pling between the oscillators. Control parameter ωr =
0.95 of the slave system, which characterizes the fre�
quency of oscillations, was fixed, while analogous
parameter ωd of the master system was varied from
0.86 to 1.04 to set the detuning of the interacting oscil�
lators. When the control parameter of the slave system
is ar = 0.08, a cycle of period 2 takes place in the sys�
tem; analogously, a cycle of period 4 is observed for
ar = 0.09 and of period 8 for ar = 0.094.

Figure 1 shows the position of the GS threshold of
system (2) on the control parameters plane (ωd, ε).
Curves 1, 2, and 3 correspond to the GS threshold for
ar = 0.08, 0.09, and 0.094, respectively. The synchro�
nous regime threshold was determined from the
instant of transition of the zeroth Lyapunov exponent
to the range of negative values and was then refined
using the method of an auxiliary system. It can be seen
from the figure that the simpler the regime taking

x· d ωdyd– zd, x· r– ωryr– zr– ε xd xr–( ),+= =

y· d ωdxd adyd, y· r+ ωrxr aryr,+= =

z·d p zd xd c–( ), z· r+ p zr xr c–( ),+= =
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Fig. 1. Thresholds of the GS regime: a = 0.08 (1), 0.09 (2),
and 0.094 (3) for two unidirectionally coupled Rössler
oscillators (2) on the plane of parameters (ωd, ε).
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place in the system, the lower the threshold value of
the coupling parameter corresponding to the stabiliza�
tion of the synchronous regime. Moreover, the thresh�
olds of the synchronous regime in this case are much
lower than analogous thresholds in the case of interac�
tion of two coupled stochastic systems (cf. Fig. 1 and
Fig. 1 from [14], which shows the GS threshold in sys�
tem (2) with the same values of control parameters and
ar = 0.15); this confirms the theoretical argument con�
sidered in Section 1. At the same time, as in the case of
two coupled stochastic systems, the GS threshold in
all cases considered here in the range of strong detun�
ings of the natural frequencies is almost independent
of the parameter of the master system. However, an
intense dip observed in the range of relatively low val�
ues of frequency detuning is not typical of systems
exhibiting chaotic dynamics.

The emergence of this dip can be explained as fol�
lows. If the frequency of external stochastic force is
close to the natural frequency of oscillations in the
slave system, frequency sticking (and, hence phase
locking) takes place. The slave system is in the periodic
regime; therefore, the master system can easily impose
its own chaotic dynamics on the slave system. In this
case, the phase locking and GS thresholds approxi�
mately coincide, and the GS threshold demonstrates a
“normal” behavior.2 An analogous conclusion can be
drawn proceeding from the theoretical considerations
in Section 1. In the range of relatively low values of
detuning, the phase locking regime is preceded by the
transition of the conditional zeroth Lyapunov expo�
nent to the region of negative values. Since this
Lyapunov exponent is the highest for the slave system,
the instant of its transition to the range of negative val�
ues corresponds to the GS threshold. Clearly, in the
range of relatively low values of detuning of the fre�
quencies of the coupled systems, these two thresholds
must be very close to each other.

However, in the range of relatively high values of
detuning of the natural frequencies, the emergence of
GS is governed by another mechanism. As in the case
of two coupled chaotic systems, the synchronous
regime appears due to suppression of intrinsic dynam�
ics of the slave system and excitation of random oscil�
lations in it under the action of the master system.

At the same time, in spite of a qualitatively different
behavior of the GS thresholds in the case of the inter�
action of two chaotic systems and a system demon�
strating a periodic behavior and experiencing the
action of a stochastic oscillator, the GS threshold
changes very sharply in both cases upon a slight varia�
tion of the parameters of the external chaotic signal (in
particular, upon a transition from the range of rela�
tively high values of detuning to the range of relatively

2 By “normal” behavior here we mean an increase in the thresh�
old value of the coupling parameter corresponding to stabiliza�
tion of the synchronous regime upon an increase in detuning
between the systems.

low values of detuning of the natural frequencies of the
coupled systems, the critical value of the coupling
parameter corresponding to the stabilization of the
synchronous regime changes more than twofold),
which makes it possible to use these systems for con�
cealed information transfer [2, 15, 16].

3. GENERALIZED SYNCHRONIZATION
IN SYSTEMS OF BEAM–PLASMA ORIGIN

As the second example, we consider the stabiliza�
tion of the GS regime in systems of the electron–wave
origin, viz., a chain of two unidirectionally coupled
low�voltage vircators [17].

A low�voltage vircator is a planar diode gap pierced
by an electron flow with a supercritical perveance [10].
The supercritical perveance is produced by applying a
decelerating potential to the output grid of the system;
upon an increase in this potential, a virtual cathode
(potential barrier reflecting a part of electrons back to
the plane of injection and modulating the transmitted
flow) is formed in the electron flow.

To simulate nonlinear transient processes in the
beam of charged particles with a virtual cathode, a 1D
model of the drift gap with a decelerating field was
used. The simulation was performed using the parti�
cle�in�cell method [18]. In accordance with this
method, the electron flow was represented as an aggre�
gate of coarse particles (charged sheaths) injected in
equal time intervals with a constant velocity into the
interaction space. For each coarse particle, the non�
relativistic equations of motion are solved, which can
be written in dimensionless variables in the form

(3)

where xi is the coordinate of the ith particle and E(xi)
is the field of the space charge at the point with coor�
dinate xi.

The field strength and the potential of the space
charge are determined on a uniform 3D mesh with a
spacing Δx that covers the intermesh space. The space
charge field potential in the quasi�static approxima�
tion is defined by the Poisson equation, which in the
1D approximation has the form

(4)

where α = ωpL/v0 is the Pierce parameter (ωp is the
plasma frequency, L is the length of the drift gap, and
v0 is the unperturbed velocity of the electron flow).
The boundary condition to the Poisson equation is the
condition imposed on the decelerating potential dif�
ference applied between the grids of the system: ϕ(0) =
0 and ϕ(1) = Δϕ. Field E of the space charge in this
case is determined by numerical differentiation of the
resultant values of the potential.

d2xi

dt2
������� E xi( ),–=

d2ϕ

dx2
������� α2ρ x( ),=
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The electron flux density is calculated by the parti�
cle�in�cell method, which involves the bilinear weigh�
ing of the charge of coarse particles on the mesh for
determining the space charge [18]. In this method, the
space charge density at the jth point of the 3D mesh
(xj = jΔx) is given by

(5)

where N is the total number of coarse particles, n0 is
the parameter of the computational algorithm, which
is equal to the number of particles per cell in the
unperturbed state, and

(6)

is the piecewise linear function determining the
weighing procedure for a coarse particle on the 3D
mesh with spacing Δx.

To extract the power of microwave oscillations in
the virtual cathode in the low�voltage vircator, the seg�
ment of the spiral slow�wave structure (SSWS) was
used, which was simulated by the equivalent circuit
method [19]. In accordance with this method, an
SSWS segment is described by the telegraph equations
supplemented with the term describing the excitation
of electromagnetic waves by a beam:

(7)

where Uout is the output signal from the low�voltage
vircator (integrated quantity characterizing the state
of the system). The telegraph equations were solved
numerically under the assumption of matching of the
transmission line at the left (x = 0) and right (x = l)
ends of the SSWS segment. The charge distribution
q(t, x) of the beam exciting electromagnetic waves in

ρ xj( ) 1
n0

���� Θ xi xj–( ),
i 1=

N

∑=

Θ x( )
1 x /Δx, x– Δx<

0, x Δx>⎩
⎨
⎧

=

∂I
∂t
���� 1

L
���
∂Uout

∂x
����������,

∂Uout

∂t
���������� 1

C
��∂I
∂x
����– 1

C
��∂q
∂t
�����,+=–=

the transmission line was taken from the solution of
the problem by the particle�in�cell method (see
above).

To study the GS in a chain consisting of two unidi�
rectionally coupled low�voltage vircators, we simu�
lated numerically the dynamics of the master (with
subscript 1) and slave (subscript 2) oscillators in accor�
dance with the above equations (3)–(7). The unidirec�
tional coupling between the low�voltage vircators was
realized by applying a microwave signal from the out�
put of the master oscillator to the input of the slave
oscillator [17]. The signal was introduced into the
beam in the slave oscillator by modulating the flow
entering the diode gap by the segment of the spiral
located between the electron gun and the input grid of
the interaction space to which the output signal from
the master vircator was supplied. The communication
channel between the oscillators contained an attenua�
tor that was used for controlling the power of the
microwave signal acting on the slave oscillator. In the
model under investigation, this was taken into account
by supplementing the equations for the slave oscillator
with additional equations describing the modulating
spiral:

(8)

with the boundary condition

(9)

where ε is the coupling coefficient in the system,
which is introduced as the ratio of the power of the sig�
nal supplied to the modulator to the output power of
the master oscillator.

The control parameters in the system of coupled
low�voltage vircators are the decelerating potential
difference Δϕ1,2 between the grids of the drift gap,
beam current α1,2, and coupling coefficient ε. By vary�
ing the decelerating potential of the output grid and
the Pierce parameter, it is possible to change the
dynamics of the electron beam in the oscillator and the
regime of oscillations in the virtual cathode.

As in the case of the model systems considered in
Section 2, the master oscillator characterized by out�
put signal x(t) = Uout1(t) was tuned to the chaotic
regime, while the slave oscillator characterized by out�
put signal u(t) = Uout2(t) was tuned to a complex�peri�
odic regime. The values of the control parameters in
this case were chosen as follows: decelerating potential
Δϕ2 = 0.6 of the slave system and beam currents α1,2 =
0.9 were fixed, and the decelerating potential of the
master system was varied in the range Δϕ1 ∈ [0.48;
0.58] ensuring chaotic oscillations in the system.

Figure 2 (curve 1) shows the GS threshold in the
plane “decelerating potential Δϕ1 of the master sys�
tem–coupling parameter ε” for fixed values of all
remaining control parameters. The same figure (curve 2)
shows the analogous threshold for Δϕ2 = 0.525 and for
the same values of the remaining control parameters,

∂I2in

∂t
��������� 1

L
���
∂U2in

∂x
����������,

∂U2in

∂t
����������– 1

C
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Fig. 2. GS thresholds in a system of two unidirectionally
coupled low�voltage vircators on the plane of parameters
(Δϕ1, ε) for Δϕ2 = 0.6 (complex�periodic regime, curve 1)
and Δϕ2 = 0.525 (chaotic regime, curve 2).
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which corresponds to realization of chaotic oscilla�
tions in the slave system. The synchronous regime
threshold in both cases is determined using the auxil�
iary system method. Both thresholds are represented
in a wider range of variation of parameter Δϕ1 ∈ [0.37;
0.7], which corresponds to various regimes of oscilla�
tions in the master system (see [10] for details); the
domain of chaos is shown by gray. It can be seen from
the figure that the behavior of the GS threshold in this
case is qualitatively analogous to that for model sys�
tems (see Fig. 1). The natural frequency of oscillations
in the master system is close to the frequency of the
slave oscillator in the entire range of variation of Δϕ1 ∈
[0.48; 0.58]; in view of the arguments given in Section 2,
this indicates the closeness of the thresholds of the GS
and phase locking regimes. In both cases, the thresh�
old of occurrence of the synchronous regime changes
sharply upon a slight variation of parameter Δϕ1; this
makes it possible to use unidirectionally coupled low�
voltage vircators for concealed information transfer
based on GS [15]. This question will be considered in
greater detail in the next section.

4. PRACTICAL APPLICATIONS OF GS

As mentioned above, concealed information trans�
fer is one of the most important practical applications
of the GS regime. Several methods of concealed infor�
mation transfer based on this phenomenon have been
developed (see, for example, [3, 16, 20–22, 25]), and
the method developed in [22] and its modifications
[15, 16] have the greatest advantages as compared to
their analogs based in the GS regime as well as other
types of synchronous behavior (phase locking and full
synchronization; see review [3] for details). The main
advantages of these methods are their high stability to
noise and fluctuations in the communication channel
and a simpler technical implementation, and the
methods developed in [15, 16] are also characterized
by a higher confidentiality in information transfer. At
the same time, these methods have some drawbacks
one of which is associated with instability of operation
of these methods in the case when the parameters of
the transmitting and receiving oscillators are not iden�
tical and cannot be eliminated completely. Like in the
familiar analogs, these methods employ two identical
stochastic oscillators, but in contrast to them, these
oscillators are located on one side of the communica�
tion channel, which permits their adjustment.

The adjustment of the generators of chaotic oscil�
lations is not always possible. Moreover, this problem
is complicated during long�term operation of the
devices, which renders the above methods inoperative
in the long run. At the same time, as was established
above in Sections 2 and 3, the GS regime can be
observed not only in the case of action of a chaotic sig�
nal on stochastic generators, but also during the action
of the same chaotic signal on generators of periodic
oscillations. The development of identical generators

of periodic oscillations is a less complicated problem
than designing of chaotic oscillators. Moreover, the
instability in the operation of oscillators with different
parameters in the given case is manifested less strongly
than in the case of chaos oscillators, which renders this
scheme stable and operative for a long time. The qual�
ity of information transfer is higher in this case.

The circuit diagram for the implementation of the
proposed method of information transfer is shown in
Fig. 3. The concealed information transfer can be
described as follows. Useful information signal m(t)
(1) is encoded in the form of a binary code. One or sev�
eral control parameters of the transmitting (first)
oscillator x(t) (2) is modulated by the information sig�
nal in such a way that the characteristics of the signal
being transmitted change insignificantly, but the pos�
sibility of emergence/disappearance of the GS regime
depending on the binary bit being transferred still
exists. For implementing this feature, the GS thresh�
old on the plane “modulation parameters–coupling
strength” must have a singularity: upon a small change
in the control parameter, the synchronous regime
threshold must change sharply. The signal generated
by the transmitting system is transferred along com�
munication channel 3 in which it is affected by noise
and distortions that are inevitably present in actual
devices. The receiver is on the other side of the com�
munication channel. It consists of two identical gener�
ators of periodic oscillations (second oscillator u(t) (4)
and third oscillator v(t) (5)) that can be in the GS
regime with transmitting oscillator 2. The principle of
operation of the receiver is based on the diagnostics of
the GS regime with the help of the auxiliary system
method. The signal from the communication channel
is fed to the oscillators of the receiver. The signals at
the output pass through subtracter 6 and then recon�
structed useful signal 7 is detected, and this signal has
the form of an alternating sequence of segments with
asynchronous and synchronous behavior from which
the initial information signal can easily be detected.

1

x(t)

2
x(t)

u(t)

v(t)

m(t)

7
6

5

4

3

m(t)

Fig. 3. Circuit diagram of concealed information transfer
based on GS in the case of action of a chaotic signal on
periodic oscillators: 1—useful binary signal m(t); 2—first
(transmitting) oscillator; 3—communication channel;
4—second (receiving) oscillator; 5—third oscillator identi�
cal to second oscillator 4 as regards the control parameters;
6—subtracter; and 7—reconstructed useful signal (t).m̃
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Let us illustrate the operability of the proposed
method of information transfer using specific exam�
ples. As the oscillators of the transmitting and receiv�
ing devices, we choose the Rössler systems considered
in Section 2 with the same values of control parame�
ters ad, p, c, and ωr (low�voltage vircators considered
in Section 3 with the same values of control parame�
ters α and Δϕ2).3 We will choose coupling parameter
ε = 0.06 (ε = 0.1). For the modulation parameter, we
choose the frequency ωd of the master oscillator
(decelerating potential difference Δϕ1); if binary bit 1
is transmitted during the preset time interval, we have
ωd = 0.95 (Δϕ1 = 0.52) over this interval; if binary bit 0
is transmitted, parameter ωd (Δϕ1) assumes the value
0.96 (0.54).

The operability of the proposed method of infor�
mation transfer is illustrated in Fig. 4 (Fig. 5). Here,

3 Here and below, we will indicate the values of parameters for the
Rössler system and will give analogous values for low�voltage
vircators in the parentheses.

information signal m(t) is represented by a simple
sequence of binary bits 0/1 (Fig. 4a, 5a); signal s(t) in
the communication channel is the signal generated by
transmitting chaos oscillator (Fig. 4b, 5b); recon�
structed signal (t) = u(t) – v(t)2 before (solid line)
and after (dashed line) the transmission through a
low�frequency filter and the selection of threshold val�
ues (Fig. 4c, 5c). It can be seen from Figs. 4b and 5b
that the modulation of control parameters in both
cases does not noticeably change the characteristics of
the signal produced by the transmitting chaos oscilla�
tor, which rules out the decoding of the information
signal by a third party. At the same time, the quality of
information reconstructed in the receiver is quite high.
It can easily be seen that the signals shown in Figs. 4a
and 5a (initial information signal) and the dashed line
in Figs. 4c and 5c (detected information signal) coin�
cide almost exactly, indicating the high quality of
information transfer. An analogous situation is
observed in the presence of noise in the communica�
tion channel, the ratio Eb/N0 of the energy per bit to

m̃
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Fig. 4. Illustration of operability of the method for GS�based concealed information transfer in the case of Rössler systems used
as the oscillators of the transmitting and receiving devices: (a) information signal m(t) represented by a simple sequence 0/1 of
binary bits; (b) s(t) signal transmitted via the communication channel, and (c) reconstructed signal (t) (solid curve). The figure
also shows the detected information signal (dashed line) after passing lower frequencies through the filter.
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the spectral density of noise power [23] for which the
method becomes inoperative being much lower (mod�
ulo higher) than in the case when chaos oscillators are
used in the receiver.4 

Thus, the method of information transfer proposed
here solves the problem of instability of operation in
the case when the parameters of the transmitting and
receiving devices are not identical (moreover, these
devices can be in basically different regimes of oscilla�
tions) and makes it possible to improve the noise sta�
bility and the quality of information transfer.

CONCLUSIONS

We have observed generalized synchronization dur�
ing the action of a chaotic signal on a system in a peri�

4 It should be mentioned for comparison that the method of
information transfer based on GS of chaotic oscillations with
the Rössler systems as oscillators of the transmitter and receiver
becomes inoperative when Eb/N0 = –10.01 dB, while the
method proposed here and using the same Rössler systems with
control parameters of receiving oscillators corresponding to
periodic oscillations with a period of 8 in them effectively oper�
ates up to Eb/N0 = –22.75 dB.

odic regime. It is shown for two different systems (uni�
directionally coupled Rössler systems and low�voltage
vircators) that the synchronous regime threshold is
lower than for two coupled chaotic systems. We have
analyzed the location of the GS threshold on the
plane “detuning frequency–coupling strength” and
explained the mechanisms of occurrence of the syn�
chronous regime in the range of relatively high and rel�
atively low values of detuning of natural frequencies.
The possibility of using the observed regime for con�
cealed information transfer has been demonstrated. It
is found that the use of generators of periodic oscilla�
tions in the receiver solves the problem of instability of
operation of the method in the case of different con�
trol parameters of the coupled systems and makes it
possible to improve the noise stability and information
transfer quality.
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