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Some noisy nonlinear systems could be exploited to operate reliable logic operation in an optimal window of
noise intensity, which is termed as logical stochastic resonance (LSR). We investigated the LSR phenomenon
in bistable systems when internal noise and external noise are correlated. The LSR effect is evaluated by the
success probability of the obtained desired output with various combinations of logic inputs. It is shown that the
OR-NOR, AND-NAND, and Latch operations still can operate reliably with the correlated internal noise and external
noise. A positive correlation strength tends to enhance OR-NOR logic and suppress AND-NAND logic. The negative
correlation strength tends to suppress OR-NOR logic and enhance AND-NAND logic. The results provide possible
corroboration for implementing reliable LSR when internal noise and external noise are correlated.
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The dynamics of nonlinear systems has attracted great
attention during the last decades and it has been found that
the constructive interplay between noise and nonlinearity
can produce surprisingly rich behaviors. One of the most
prominent examples is stochastic resonance (SR) [1,2]. In
1981, Benzi et al. first proposed the concept of SR [3]. It has
been verified that the small periodic force can be amplified by
some nonlinear systems, due to the constructive role of noise.
Shortly after, Nicolis and Nicolis also independently proposed
the same mechanism for climate change [4]. Over the past
decades, the constructive interplay between noise and nonlin-
earity has been extensively explored. On the other hand, the
effect of noise correlation on the SR phenomenon has received
much attention. For example, Berdichevsky and Gitterman
verified that SR can even occur in linear systems subjected to
multiplicative colored noise [5]. Cabrera e al. investigated
logical stochastic resonance (LSR) in nonlinear oscillation
systems subjected to multiplicative Ornstein-Uhlenbeck noise
[6]. It has been found that there is a correlation time for the
optimal SR response. The interplay between the correlation
time and the system’s periodicity leads to the consequence.
These studies verify that the correlation of noise plays an
important role in the SR phenomenon.

Recently, the concept of logical stochastic resonance (LSR)
was proposed by Murali et al. [7,8]. It is verified that some
noisy nonlinear systems, in an optimal window of moderate
noise, can operate correct logical operations. The studies of
LSR have received much attention. The LSR phenomenon has
been realized in many scenarios such as electronic systems,
nanomechanical systems, optical systems, chemical systems,
and biological systems [9-14].

Most of the recent studies on LSR have taken the assump-
tion that the noise source is zero correlated. However, for many
cases this assumption is insufficient and real fluctuations are
always correlated. Recently, there has been a growing interest
in studying the effects of the correlation time of noise on LSR.
We studied the effects of external exponentially correlated
noise on LSR in a bistable system [15]. It is shown that reliable
logic operation cannot be obtained when correlation time is
in the intermediate or long range. Although the reliability of
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the system versus correlation time displays a nonmonotonic
behavior, the reliable logic operation cannot be realized by
increasing correlation time. Zhang et al. investigated the LSR
effect in triple-well potential systems under internal colored
noise and external colored noise [16]. It is verified that reliable
logic operation cannot be obtained under external colored
noise, but the reliability of the system can be enhanced by
adjusting the internal colored noise. Das investigated the
LSR effect in energetic and entropic systems under external
dichotomous colored noise [17]. It is shown that the input-
output logic correspondence can be controlled by an external
exponentially correlated dichotomous noise optimizing the
logical response, which exhibits a maximum at an intermediate
value of correlation time. Wang and Song investigated the
effects of colored noise on set-reset latch operation. It has
been shown that reliable latch operation can be obtained under
external colored noise [18].

However, recent studies mainly focused on the effects of
correlation time of internal or external noise independently.
The effect of the correlation between internal noise and
external noise on the LSR has not received much attention. For
many nonlinear systems, noise usually arises from different
sources that can be conveniently classified into the two cases:
internal noise and external noise. Internal noise describes
all the fluctuations generated by the nonlinear system itself.
External noise refers to any fluctuations, which come from the
extrinsic environment variation [19-21]. For traditional SR,
it has already been verified that internal noise and external
noise can affect each other to enhance the SR effect in many
nonlinear systems [22,23]. For many cases, the internal noise,
which usually arises from a noisy input, inevitably depends
on the extrinsic environment variation; i.e., the correlation
between internal noise and external noise plays an important
role in the interplay of noise and nonlinearity. In actual digital
logic circuits, it has been verified that LSR can occur for
the case of external noise (i.e., additive noise), as well as
internal noise (i.e., multiplicative noise) [12]. Internal noise is
fairly common due to the fluctuations in circuit parameters,
e.g., resistors. For biological LSR systems, internal noise
describes all the fluctuations generated from the gene activity
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TABLE 1. True table of logic operations.
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TABLE II. True table of Latch operations.

Logic inputs OR AND NOR NAND Set (1) Reset (1) Latch

0,0 0 0 1 1 0 0 No change (maintain previous state)
0,1 1 0 0 1 0 1 0

1,0 1 0 0 1 1 0 1

1,1 1 1 0 0

(e.g., transcription, translation, and degradation). External
noise refers to any random fluctuations, especially extrinsic
environmental variations, acting on biological systems [19].
For optical LSR systems, the source of internal noise is
electrical and due to feedback, while the source of external
noise is magnetic [13].

Because of the presence of the correlation between internal
noise and external noise, thorough research is needed on how
the correlation affects the LSR effect. In this paper, motivated
by recent studies, we simulate the LSR phenomenon in bistable
systems when internal noise and external noise are correlated.
The reliability of the logic system is measured by the success
probability of the logic operation, with various combinations of
inputs. Our focus will be the effect of the correlation between
internal noise and external noise on the LSR in bistable
systems. We will show that when certain conditions change
the correlation can enhance or suppress the LSR effect.

The system can be formally represented by the Langevin
equation,

x=-U'@)+1+b+xDy&@®)+ Dan(r). (1)

where U(x) is a symmetric two-well potential, I is the sum
of the two square pulses encoding two logic inputs, and b is a
bias parameter to control asymmetry of the two-well potential.
If the random term 7(¢) in the equation does not depend on
the state of the system [i.e., on x(¢)], we call it external or
additive noise. On the other hand, if the random term &(¢)
depends on the state of the system x(¢), then the noise term is
called internal or multiplicative. The external noise n(¢) and
internal noise £(¢) are the additive Gaussian white noise with
noise intensities D4 and D;,;. The correlation between internal
noise and external noise is represented as follows:

EEE)) =8 — 1),

(n(n(t")) = 8@t — 1), 2

(&) = (E@NE)) = C(t —1").
where C is the correlation strength with the value-1 < C < 1.

For OR-NOR and AND-NAND logic operation, the input signal

I is the sum of two aperiodic square waves, I = I} + I,. With
no loss of generality, the value of the two inputs /; and I,
is taken as 0.5 when the logic input is 1, and —0.5 when the
logic input is 0. The input / = I + I, is encoded as a three-
level square wave: —1.0 corresponding to input set (0,0), 0
corresponding to input set (0,1)/(1,0), and 1.0 corresponding
to input set (1,1). According to Table I which shows true
logic relationships, the output for the threshold value is O.
Representing the output x > 0 as logic 1, and x < 0 as logic 0
yields a clean OR-AND operation. Representing x > 0 as logic
0,and x < Oaslogic 1 yields a clean NOR-NAND operation. One
is able to obtain different logic gates OR-NOR or AND-NAND by
adjusting bias parameter b.

For the latch operation, we need to modify the encoding of
the input values, so that we can distinguish between (1,0) and
(0,1) states. The input encoding is represented as follows: The
first input /; takes the value —0.5 when logic input is 0 and 0.5
when the logic input is 1, while the second input /, takes the
value 0.5 when the logic input is 0 and —0.5 when the logic
input is 1. By applying a NOT operation to the second input 1,
one can obtain the true latch; see Table II. Representing the
output x > 0 as logic 1 and x < 0 as logic 0 yields a clean
latch operation [10]. We now explicitly demonstrate the LSR
phenomenon with the correlated internal noise and external
noise, in a cubic nonlinear system,

¥ =2x—4x + L+ L+b+xDy&@)+ Dan@®). (3)

The success probability P(logic) of obtaining the desired
output is calculated as follows: Each input set (I;,1,) drives
the system over some reasonably long time interval, and then
switches to another set; different input streams are fed to the
system and its output is checked according to the true table of
basic logic relationships, with each run being a permutation
of three or four such input sets. Only when the outputs of all
input sets in the run match the correct logic results, the run
is considered as a success, and a failure otherwise. Actually,
any partial success, where certain combinations of inputs fail to
output correct logic operation, yield P = 0, since reliable logic
operation means that all random combinations are correct.
From the viewpoint of real application, any success probability
below 1 is not meaningful, and the measurement reflects this
stringent requirement [3,16].We simulated the system for a
sequence of 1000 such runs.

The success probability P(logic) is the ratio of the number
of correct runs divided by the total number of runs.

the number of correct runs

= . 4
p(success) the total number of runs )

We simulated the system in Eq. (3) by using the method
in Ref. [4] with the time step A7 = 0.01. The transience time
is chosen to be equal to 10% of each time interval when the
input is fed into the system. The output is measured over the
subsequent 90% of each time interval [3,4].

To obtain the potential function U(x), we use the
Stratonovich prescription to write the the Fokker-Planck
equation of the system as [15-17]

2

%P(x,r) _ —%[a(x)P(x,n] + % [b(x) P(x.1)]

ax2
0x
1 92

+ EW[D@XZ +2CDyDyx + D} ]P(x,1),
(%)

0 1 2
N (f(x) +7[2D3x + 2CDMDNX]>P<N>
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with the following drift and diffusion terms a(x) and b(x):

a(x) = 2x — 4x* 4+ }[2D};x + 2CDy Dyx],  (6)
and
b(x) = D3,x* +2CDy Dyx + D%. (7)
The steady state distribution is
Py(x) = N exp[-U(x)], ()

where N is a normalization constant. The potential U(x) can
be formed as

X
Ukx)= —2/ @dy + In[b(x)]. )
b(y)

It can be seen that the correlation strength C affects the
shape of the potential function.

For the OR-NOR logic operation, the system output under
different correlation strengths C is plotted (Fig. 1). For the neg-
ative correlation strength, it is observed that the particle never
overcomes the barrier and hops to the correct wells. When the
internal noise and external noise are uncorrelated, i.e., C = 0,
the trajectories can almost follow the rules of basic OR-NOR
logic operation. The internal and external noise are chosen
with relatively not-large values, and the particle sometimes
cannot overcome the barrier and hop to the correct wells. For
the positive correlation strength, the result evidently shows that
the trajectories can strictly follow the rules of basic OR-NOR
logic operation. The results suggest that the positive correlation
tends to enhance the OR-NOR logic operation and the negative
correlation tends to suppress the OR-NOR logic operation.

For the AND-NAND logic operation, the system output under
different correlation strengths C is plotted (Fig. 2). For the
negative correlation strength, it is observed that the particle
can always overcome the barrier and hop to the correct wells.
The trajectories can strictly follow the rules of basic AND-NAND
logic operation. When the internal noise and external noise are
uncorrelated, the trajectories can almost follow the rules of
basic AND-NAND logic operation, but the particle sometimes
cannot overcome the barrier and hop to the correct wells. For
the positive correlation strength, the result evidently shows
that the trajectories fail to follow any rules of basic AND-
NAND logic operation. The results suggest that the positive
correlation tends to suppress the AND-NAND logic operation
and the negative correlation tends to enhance the AND-NAND
logic operation.

The success probability as a function of noise intensity D,
is displayed with different correlation strength C .To obtain a
nonmonotonic resonance effect, we fix the noise intensity D4
at a relatively small value. For the OR-NOR logic operation,
the results show that the success probability P first increases
and then decreases with increasing Dy, (Fig. 3). For different
correlation strengths C, the reliable logic operation can be
obtained in an optimal window of noise intensity D,,. With
increasing C, the optimal noise window shifts towards the
right and becomes wider. For the AND-NAND logic operation,
the results show that the success probability P versus D), still
shows a nonmonotonic behavior (Fig. 4). With increasing C,
the optimal noise window becomes narrower.
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FIG. 1. For the OR-NOR logic operation, from top to bottom, panel
(a) shows the stream of input / = I, + I,; panels (b—d) show the
output of the system with different correlation C = -0.9, C = 0, and

C = 0.9, respectively. The parameter values Dy = 0.25, D4 = 0.3,
b = 0.5 are used.

For different correlation strength C, the success probability
P which is equal to 1 is displayed with noise intensity Dy,
and bias b (Fig. 5). For the OR-NOR logic operation, it can be
seen that the optimal parameter region with P = 1 becomes
larger with increasing C. For the AND-NAND logic operation,
it is observed that the optimal parameter region with P =
1 becomes smaller with increasing C. Compared with the
case when internal noise and external noise are uncorrelated,
the positive correlation strength C tends to enhance the OR-
NOR logic and suppress the AND-NANd logic, and the negative
correlation strength C tends to suppress the OR-NOR logic and
enhance the AND-NAND logic.
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FIG. 2. For the AND-NAND logic operation, from top to bottom,
panel (a) shows the stream of input / = I; + I,; panels (b—d) show the
output of the system with different correlation C = -0.9, C = 0, and
C = 0.9, respectively. The parameter values Dy, = 0.25, D4 = 0.3,
b = —0.5 are used.

We also investigated the latch operation in the bistable
system (Fig. 6). It is shown that the latch operation can
even operate with a large bias, due to the coexistence of the
internal noise and external noise. For a given noise intensity
Dy, the optimal window of bias moves towards the right
with increasing C. The system can robustly operate the latch
operation when the internal noise and external noise are
correlated. The change of the correlation strength C only
slightly affects the range of the optimal bias.

Internal noise and external noise usually coexist in many
nonlinear systems. For classic SR theory, it has been verified
that internal noise and external noise can affect each other
to enhance the SR effect. In this paper, we have studied the
LSR phenomenon in a bistable system when internal noise
and external noise are correlated. We demonstrated that the
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FIG. 3. The success probability P of the OR-NOR logic versus
noise intensity Dy, are plotted with different correlation C. The bias b
is setto 0.475 (C = -0.9),0.5(C = 0), 0.525(C = 0.9), respectively.
The parameter value D4 = 0.1 is used.

OR-NOR, AND-NAND, and latch operation still can exist robustly
with the correlated internal noise and external noise. However,
the correlation strength plays a different role in operating the
OR-NOR and AND-NAND logic. Positive correlation strength
tends to enhance OR-NOR logic and suppress AND-NAND logic.
Negative correlation strength tends to suppress OR-NOR logic
and enhance AND-NAND logic. The results provide possible
corroboration for implementing reliable logic operation when
internal noise and external noise are correlated.

Our results verify that the presence of such correlation
between internal noise and external noise can enhance or
suppress the LSR effect. The effect of the correlation intensity
is not the same for different logic functions. There are two
particular cases: When C ~ 0, the internal noise and external
noise are completely irrelevant; when C ~ 1, the internal
noise and external noise actually originate from the same
source. Actually, internal noise and external noise are more
or less correlated [12]. In actual digital logic circuits, the

FIG. 4. The success probability P of the AND-NAND logic versus
noise intensity D), are plotted with different correlation C. The
bias b is set to —0.525 (C = -0.9), 0.5 (C = 0), -0.475 (C = 0.9),
respectively. The parameter value D, = 0.1 is used.
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FIG. 5. Points marking where the OR-NOR logic (red) and AND-
NAND logic (blue) are obtained with probability 1 for different
correlation strengths: (a) C = -0.9, (b) C =0, and (c) C = 0.9. The
parameter value D, = 0.1 is used.

internal noise and external noise are commonly subjected to
the same source. The exterior envionment variation inevitably
affects the internal noise. For a biological LSR system, Dari
et al. realized LSR in genetic networks [19]. In such a
system, the correlation between internal noise and external
noise can be traced to two processes: when the production of
genetic networks dynamics acts back on its input, or when
a molecule is produced to the detriment of other molecules
influencing the input signal. For a quantum system, Pfeffer
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FIG. 6. Points marking where the latch operation (green) are
obtained with probability 1 for different correlation strengths: (a)
C =-0.9,(b)C =0,and(c) C = 0.9.The parameter value D, = 0.1
is used.

et al. realized LSR by coupling two quantum dots [24]. The
cross correlation between internal noise and external noise
also plays an important role in a quantum LSR system.
Actually, for most cases, the internal and external noise are
inevitably correlated. From the viewpoint of LSR, the results
can find wide applications in digital logic circuits, biological
systems, and optical systems, as well as quantum systems,
etc.

052203-5



LEI ZHANG, WENBIN ZHENG, FEI XIE, AND AIGUO SONG

The work was supported by the National Natural Sci-
ence Foundation of China (Grants No. 61203237 and No.
61601228), Natural Science Foundation of Jiangsu Province

PHYSICAL REVIEW E 96, 052203 (2017)

(Grant No. BK20161021), and the Industry-Academia Coop-
eration Innovation Fund Projects of Jiangsu Province (Grant
No. BY2016001-02).

[1] L. Gammaitoni, P. Hénggi, P. Jung, and F. Marchesoni, Rev.
Mod. Phys. 70, 223 (1998).

[2] A. R. Bulsara and L. Gammaitoni, Phys. Today 49, 39
(1996).

[3] R. Benzi, A. Sutera, and A. Vulpiani, J. Phys. A: Math. Gen. 14,
L453 (1981)

[4] C. Nicolis and G. Nicolis, Tellus 33, 225 (1981).

[5] V. Berdichevsky and M. Gitterman, Europhys. Lett. 36, 161
(1996).

[6] J. L. Cabrera, J. Gorrofiogoitia, and F. J. De La Rubia, Phys.
Rev. E 66, 022101 (2002).

[7] K. Murali, S. Sinha, W. L. Ditto, and A. R. Bulsara, Phys. Rev.
Lett. 102, 104101 (2009).

[8] K. Murali, I. Rajamohamed, S. Sinha, W. L. Ditto,
and A. R. Bulsara, Appl. Phys. Lett. 95, 194102
(2009).

[9] J. Zamora-Munt and C. Masoller, Opt. Express 18, 16418
(2010).

[10] D. N. Guerra, A. R. Bulsara, S. Sinha, W. L. Ditto, K. Murali,
and P. Mohanty, Nano Lett. 10, 1168 (2010).

[11] P. 1. Fierens, S. A. Ibaifiez, R. P. J. Perazzo, G. A. Patterson, and
D. F. Grosz, Phys. Lett. A 374, 2207 (2010).

[12] A. R. Bulsara, A. Dari, W. L. Ditto, K. Murali, and S. Sinha,
Chem. Phys. 375, 424 (2010).

[13] K. P. Singh and S. Sinha, Phys. Rev. E 83, 046219 (2011).

[14] A. Dari, B. Kia, A. R. Bulsara, and W. L. Ditto, Europhys. Lett.
93, 18001 (2011).

[15] L. Zhang, A. G. Song, and J. He, Phys. Rev. E 82, 051106
(2010).

[16] H. Q. Zhang, Y. Xu, W. Xu, and X. C. Li, Chaos 22, 043130
(2012).

[17] M. Das and D. S. Ray, Phys. Rev. E 88, 032122 (2013).

[18] N. Wang and A. G. Song, Phys. Lett. A 378, 1588 (2014).

[19] A. Dari, B. Kia, A. R. Bulsara, and W. L. Ditto, Chaos 21,
047521 (2011).

[20] P. Hanggi and P. Jung, Adv. Chem. Phys. 89, 239 (1995).

[21] P. Hanggi, T. J. Mroczkowski, F. Moss, and P. V. E. McClintock,
Phys. Rev. A 32, 695(R) (1985).

[22] M. Y1, Y. Jia, Q. Liu, J. Li, and C. Zhu, Phys. Rev. E 73, 041923
(2006).

[23] T. Aihara, K. Kitajo, D. Nozaki, and Y. Yamamoto, Chem. Phys.
375, 616 (2010).

[24] P. Pfeffer, F. Hartmann, S. Hofling, M. Kamp, and L. Worschech,
Phys. Rev. Appl. 4, 014011 (2015).

052203-6


https://doi.org/10.1103/RevModPhys.70.223
https://doi.org/10.1103/RevModPhys.70.223
https://doi.org/10.1103/RevModPhys.70.223
https://doi.org/10.1103/RevModPhys.70.223
https://doi.org/10.1063/1.881491
https://doi.org/10.1063/1.881491
https://doi.org/10.1063/1.881491
https://doi.org/10.1063/1.881491
https://doi.org/10.1088/0305-4470/14/11/006
https://doi.org/10.1088/0305-4470/14/11/006
https://doi.org/10.1088/0305-4470/14/11/006
https://doi.org/10.1088/0305-4470/14/11/006
https://doi.org/10.3402/tellusa.v33i3.10710
https://doi.org/10.3402/tellusa.v33i3.10710
https://doi.org/10.3402/tellusa.v33i3.10710
https://doi.org/10.3402/tellusa.v33i3.10710
https://doi.org/10.1209/epl/i1996-00203-9
https://doi.org/10.1209/epl/i1996-00203-9
https://doi.org/10.1209/epl/i1996-00203-9
https://doi.org/10.1209/epl/i1996-00203-9
https://doi.org/10.1103/PhysRevE.66.022101
https://doi.org/10.1103/PhysRevE.66.022101
https://doi.org/10.1103/PhysRevE.66.022101
https://doi.org/10.1103/PhysRevE.66.022101
https://doi.org/10.1103/PhysRevLett.102.104101
https://doi.org/10.1103/PhysRevLett.102.104101
https://doi.org/10.1103/PhysRevLett.102.104101
https://doi.org/10.1103/PhysRevLett.102.104101
https://doi.org/10.1063/1.3245318
https://doi.org/10.1063/1.3245318
https://doi.org/10.1063/1.3245318
https://doi.org/10.1063/1.3245318
https://doi.org/10.1364/OE.18.016418
https://doi.org/10.1364/OE.18.016418
https://doi.org/10.1364/OE.18.016418
https://doi.org/10.1364/OE.18.016418
https://doi.org/10.1021/nl9034175
https://doi.org/10.1021/nl9034175
https://doi.org/10.1021/nl9034175
https://doi.org/10.1021/nl9034175
https://doi.org/10.1016/j.physleta.2010.03.026
https://doi.org/10.1016/j.physleta.2010.03.026
https://doi.org/10.1016/j.physleta.2010.03.026
https://doi.org/10.1016/j.physleta.2010.03.026
https://doi.org/10.1016/j.chemphys.2010.06.015
https://doi.org/10.1016/j.chemphys.2010.06.015
https://doi.org/10.1016/j.chemphys.2010.06.015
https://doi.org/10.1016/j.chemphys.2010.06.015
https://doi.org/10.1103/PhysRevE.83.046219
https://doi.org/10.1103/PhysRevE.83.046219
https://doi.org/10.1103/PhysRevE.83.046219
https://doi.org/10.1103/PhysRevE.83.046219
https://doi.org/10.1209/0295-5075/93/18001
https://doi.org/10.1209/0295-5075/93/18001
https://doi.org/10.1209/0295-5075/93/18001
https://doi.org/10.1209/0295-5075/93/18001
https://doi.org/10.1103/PhysRevE.82.051106
https://doi.org/10.1103/PhysRevE.82.051106
https://doi.org/10.1103/PhysRevE.82.051106
https://doi.org/10.1103/PhysRevE.82.051106
https://doi.org/10.1063/1.4768729
https://doi.org/10.1063/1.4768729
https://doi.org/10.1063/1.4768729
https://doi.org/10.1063/1.4768729
https://doi.org/10.1103/PhysRevE.88.032122
https://doi.org/10.1103/PhysRevE.88.032122
https://doi.org/10.1103/PhysRevE.88.032122
https://doi.org/10.1103/PhysRevE.88.032122
https://doi.org/10.1016/j.physleta.2014.04.003
https://doi.org/10.1016/j.physleta.2014.04.003
https://doi.org/10.1016/j.physleta.2014.04.003
https://doi.org/10.1016/j.physleta.2014.04.003
https://doi.org/10.1063/1.3660159
https://doi.org/10.1063/1.3660159
https://doi.org/10.1063/1.3660159
https://doi.org/10.1063/1.3660159
https://doi.org/10.1103/PhysRevA.32.695
https://doi.org/10.1103/PhysRevA.32.695
https://doi.org/10.1103/PhysRevA.32.695
https://doi.org/10.1103/PhysRevA.32.695
https://doi.org/10.1103/PhysRevE.73.041923
https://doi.org/10.1103/PhysRevE.73.041923
https://doi.org/10.1103/PhysRevE.73.041923
https://doi.org/10.1103/PhysRevE.73.041923
https://doi.org/10.1016/j.chemphys.2010.04.027
https://doi.org/10.1016/j.chemphys.2010.04.027
https://doi.org/10.1016/j.chemphys.2010.04.027
https://doi.org/10.1016/j.chemphys.2010.04.027
https://doi.org/10.1103/PhysRevApplied.4.014011
https://doi.org/10.1103/PhysRevApplied.4.014011
https://doi.org/10.1103/PhysRevApplied.4.014011
https://doi.org/10.1103/PhysRevApplied.4.014011



