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Noise exists widely in the nervous system, and plays a crucial role in the nervous system information processing. Noise can not
only enhance but also weaken the ability of the nervous system to process information. Neurons are in a complex and variable
electromagnetic field. Electromagnetic induction plays an important role in regulating the changes of neuronal membrane
potential. /erefore, this paper simulates the electromagnetic field environment of the nervous system with a memristor and
analyses the rich coherence resonance behavior of FitzHugh-Nagumo (FHN) neuron system under the drive of phase noise. By
taking the amplitude, period and noise intensity of phase noise as the main parameters and the parameters of memristor as
auxiliary parameters, the two-parameter changes are made from the angle of the amplitude and period of phase noise, the
amplitude and intensity of phase noise, and the noise intensity and period of phase noise, respectively. /e dynamic behaviors of
coherent resonance of FHN neuron system are analyzed from the amplitude and period, amplitude and intensity as well as
intensity and period of phase noise, respectively.When the amplitude and period of the phase noise and the intensity and period of
the phase noise are used as independent variables for the two-parameter analysis, the FHN neuron system shows rich dynamic
behaviors such as coherence mono-resonance, coherence bi-resonance and coherence multi-resonance. Especially when the
amplitude and period of phase noise change as two-parameter, the system presents a coherence resonance of discharge pattern
with period-adding cluster discharge at the valley. When the amplitude and intensity of phase noise are taken as independent
variables for two-parameter analysis, FHN neuronal system presents single or dual coherence resonance at any value of noise
intensity with the change of phase noise amplitude. /e simulated results show that the FHN neuron system demonstrates rich
coherence resonance behaviors under the drive of phase noise when the effect of electromagnetic induction in the nervous system
is simulated by memristor.

1. Introduction

/e nervous system is a complex network of huge numbers
of neuron cells. Neurons are the basic unit of the nervous
systemwhose dynamic characteristics play an important role
in the operation of the neuron system. /e discharging
modes of neuronal systems exhibit complex and contra-
dictory nonlinear dynamic phenomena such as bifurcation,
chaos, stochastic resonance, coherence resonance, and vi-
brational resonance [1–7]. Noise exists widely in the natural
system, therefore, as a huge neural network, the existence of
noise is inevitable. /e existence of noise in the nervous
system may cause the system to behave in ways that defy
common sense. Generally speaking, as a kind of system

interference factor, noise breaks the original stability of the
system, thus bringing adverse and harmful effects to the
system. However, studies at home and abroad show that the
introduction of noise in nonlinear systems improves the
information processing ability of the nervous system and
makes the system more stable [8–13].

Phase noise is a typical bounded noise which causes the
random fluctuation of the phase of the output signal. /e
nervous system is an extremely complex environment, and it
bears complex and variable random external input sources.
/erefore, the study of phase noise in nervous system is
significant. In recent years, experiments with sensory and
biological systems have demonstrated the existence of phase
noise [14–16]. In addition, phase noise is widely used to
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describe phase fluctuations in oscillators and circuits [17].
/erefore, it is of great value to introduce phase noise into
the nervous system to study the coherence resonance be-
havior of the nervous system under the action of random
forces. Considering the distance difference between sensory
neuron and signal source, the signal received by neuron
sensor has phase shift characteristic. In 1993, Hu et al. found
that in the absence of external weak periodic signal input, the
output of nonlinear system becomes ordered and exhibits
the behavior similar to stochastic resonance, which is known
as “uniform resonance”, “coherence resonance” (CR) or
“autonomous stochastic resonance” (SR) [18]. Since co-
herence resonance is closer to the natural environment than
stochastic resonance, so it has wider research significance
and has received more attention from scholars. Coherence
resonance refers to a phenomenon whereby addition of
certain amount of noise in excitable system makes its os-
cillatory responses most coherent. /us a coherence mea-
sure of stochastic oscillations attains an extremum at
optimal noise intensity, hence the word “resonance” [19, 20].
In recent years, the research on coherence resonance be-
havior of nervous system has become a hot issue, and a large
number of research results have been published. Ditzinger
et al. studied the response of two autonomous nonlinear
systems, one bistable and the other monostable, to additive
white noise in certain parameter regions numerically. /ey
show that the additive white noise can induce coherent
oscillations, and both autonomous systems show optimum
responses, represented by the maximum signal-to-noise
ratio under certain noise intensity. /is phenomenon is thus
termed as stochastic resonance without external periodic
force [21]. Liu et al. studied the effects of phase noise and
autosynapses on the resonance dynamics of improved
Fitzhugh-Nagumo (FHN) neurons in the electromagnetic
induction environment. It is found that phase noise can
cause double coherence resonance, and if the period and
feedback gain of phase noise are changed separately, the
behavior similar to resonance will also occur [22]. Ding et al.
studied the improvement of coherence resonance degree
caused by inhibitory self-feedback and the potential post
inhibitory rebound (PIR) mechanism in the Hodgkin-
Huxley (HH) model extend the inhibitory self-excitation
phenomenon to the stochastic system, and proposed po-
tential measures to adjust the degree of coherence resonance
and information processing [23]. Jia et al. studied the
counterintuitive phenomenon of inhibitory autosynaptic
enhancement of coherence resonance in HH neural net-
works, which was well explained by the peak of inhibition
rebound (Pir). /ey also introduced the Gaussian white
noise into the excitatory coupled HH neuron network, and
studied the coherence resonance dynamic behavior of the
system was studied in detail on a plane composed of every
two parameters such as noise intensity, adaptive intensity
and time delay [24]. Ryashko et al. studied the random
Hindmarsh-Rose (HR) neuron model of the toroidal canal
area in parameter space and demonstrated that noise can
transform the toroidal rod body into a torus with large
amplitude [25]. Wang et al. studied the coherence resonance
behavior of a two-dimensional Rulkov neuron system with

stable sub-thresholding properties and found that noise
induced neurons to generate coherence bi-resonance [26].
Liu et al discovered the coherence resonance behavior of
nonlinear neuron system under the action of color corre-
lation noise, and mainly analyzed the influence of additive
and multiplicative color noise on the coherence resonance of
neuron system [27]. Jia et al. studied the coherence bi-
resonance behavior of FHN neurons induced by phase noise,
and explained that the reason for coherence bi-resonance is
that the period of phase noise is much larger than the in-
ternal firing period of neurons [28, 29]. José M. Casado. et al
studied the coherence resonance behavior of the simplified
FHN neuron model [30, 31].

In 1971, when studing the classical electromagnetic field
theory, professor Cai Shaotang predicted the fourth largest
physical and electronic component in addition to resistance,
capacitance and inductance: memristor [32]. After that,
when HP Lab studied the properties of titanium dioxide, it
happened to find the existence of memristor [33], which
triggered a wave of memristor research. Although the
memristor itself has a nanoscale size, it has a very strong
storage capacity, and is not easy to lose information when
losing power [34–37], so it is applied in various fields. In the
study of biological nervous system, the characteristics of
memristors are very similar to those of synapses, so the
research on memristor self-synapse and memristor coupling
synchronization has become a hot spot. Zhang. et al
designed the Josephson junction circuit with memristor,
discussed the dynamic response and potential mechanism of
behavior selection, and studied the chaotic encryption of the
Josephson junction circuit with memristor coupling [38].
On the basis of HR neuron model, Ma et al. considered the
effect of electromagnetic induction on the coupling phase
synchronization of neurons and found that the external
electric field could induce the phase synchronization of
neurons [39]. Ge et al. used an improved FHN neuronmodel
of electromagnetic induction to study the vibrational res-
onance of single FHN neuron and the vibrational resonance
of feedback neural network system under different elec-
tromagnetic induction and pre-feedback [40]. Because of the
extremely special nature of memristor, it is of great sig-
nificance to introduce it into the nervous system.

HH neuron model was first proposed by Hodgkin and
Huxley, and in recent years, the HH neuron model has been
studied in detail from multiple dynamics respects such as
bifurcation, synchronization and resonance. FitzHugh [41]
and Nugumo [42] proposed a two-dimensional simplified
FHN neuron model with rich dynamic characteristics
[43, 44]. /is paper simulates the electromagnetic envi-
ronment of the nervous system with a memristor and an-
alyses the rich coherence resonance behavior of the FHN
neuronal system driven by phase noise. In the second part,
this paper mainly introduces the random FHN neuron
system model, the value of system parameters, the type of
random force and the measurement standard of coherence
resonance./e third part mainly takes the amplitude, period
and noise intensity of phase noise as the main change pa-
rameters, and takes the parameter change of the memristor
as the auxiliary condition. And it analyzes the dynamic
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behavior of the coherent resonance of the FHN neuron
system under the two-parameter variation from three per-
spectives: the amplitude and period of the phase noise, the
amplitude and noise intensity of the phase noise, and the
noise intensity and period of the phase noise./e fourth part
summarizes the interesting coherence resonance behavior of
FHN system with memristor regulator driven by phase
noise.

2. Model introduction

To analyze the random dynamic behavior of a non-linear
neuronal system under the influence of magnetic flux var-
iation and phase noise, this paper introduces flux-controlled
memristor and phase noise into FHN neuron model, and
analyzes the coherence resonance behavior of FHN neuron
system. /e model is established as follows:

ε
dx

dt
� x −

x
3

3
− y + kρ(φ)x, (1)

dy

dt
� x + a + B sin(z(t)), (2)

dz

dt
�
2π
T

+ ξ(t), (3)

dφ
dt

� k1x − k2φ. (4)

In Eq. (1)-(2), as the fast variable of the system, the
membrane potential is represented by x ; as the slow variable
of the system, the recovery variable is represented by y . x

and y are distinguished by time ratio constant ε , and ε≪ 1 .
To ensure the rapid evolution of the membrane potential
with the change of time, let ε � 0.01 . Parameter a deter-
mines the dynamic behavior of the system. When |a| > 1 ,
FHN neurons show resting state or subthreshold oscillation
state. When |a|< 1 , FHN neurons are in the nerve pulse
discharge state [28, 29].

In (1), ρ(φ) denotes memductance of flux-controlled
memristor, and ρ(φ) � α + 3βφ2 . Where in kρ(φ)x repre-
sents the feedback current of electromagnetic induction on
the membrane potential, and regulates the excitability of the
cell membrane potential. It is expressed as:

i′ �
dq(φ)

dt
�
dq(φ)

dφ
dφ
dt

� ρ(φ)x � kρ(φ)x.

(5)

In (2), B sin(z(t)) represents the phase noise, B and
sin(z(t)) represent the amplitude and phase of the phase
noise respectively. Specifically, z(t) � 2πt/T + W(t) ,
wherein T represents the period of phase noise, and W(t)

represents the Wiener process. /en the derivative of z(t) is
shown in (3).

In (3), D represents the noise intensity of Gaussian white
noise ξ(t) which meets the following statistical properties, as
shown in (6):

〈ξ(t)〉 � 0,

〈ξ(t)ξ t′( 〉 � 2 Dδ t − t′( .
(6)

In (4), φ represents the magnetic flux across the
membrane, k1x represents the magnetic induction change
induced by the membrane potential, and k2φ represents the
flux leakage.

3. Numerical simulation

In this system, in order to make the system in the state of
subthreshold oscillation, make the value of system param-
eter a near the Hopf bifurcation point. /e amplitude B ,
periodT and noise intensityD of phase noise are taken as the
noise variables affecting the system, which are used to an-
alyze the coherence resonance behavior of the system. And
their measurement intervals are B ∈ [0, 0.8], T ∈ [0, 40] and
D ∈ [0, 0.8], respectively. /e electromagnetic field feedback
gain coefficient k , the memristor parameters k1 and k2 of the
flux-controlled memristor are used to simulate the elec-
tromagnetic field environment in which the system is.

In order to quantitatively describe the degree of order of
the neuron system under the action of random noise, we can
measure the intensity of coherence resonance of the system
by calculating the value of coherence resonance coefficientR,
which is specifically defined as follows:

R �

�����������

〈T2
0〉 −〈T0〉

2


〈T0〉
,

�

�������
var T0( 



〈T0〉
,

(7)

Where in T0 represents interspike intervals sequence of the
system, 〈T0〉 represents the mean value of interspike in-
tervals sequence, var(T0) represents the variance of the
interspike intervals sequence, which represents the fluctu-
ation degree of T0. /e smaller the coherence resonance
coefficient R is, the stronger the discharge regularity of the
neuron system is. Otherwise, the weaker. In order to
eliminate the interference of random results on the degree of
system coherence resonance, take longer interspike intervals
as possible. And average the results of the same group of
parameters several times to ensure that the measurement
standard reflects the system state more accurately.

/is paper, analyzes the random dynamic behavior of
FHN neurons by variable-step fourth-order Runge-Kutta
algorithm, and the initial state of the system is made (0.1, 0.1,
0.1, 0.1). In order to eliminate the influence of the phase
noise and the flux-controlled memristor, the amplitude of
the phase noise is set as B � 0 and the feedback adjustment
parameter of the flux-controlled memristor is set as k � 0 .
Figure 1 shows the bifurcation diagram of FHN neuron
deterministic system under the change of parameter a .
When |a| > 1, FHN neurons shows resting state or sub-
threshold oscillation state; when |a|< 1, FHN neurons were
in the state of nerve pulse discharge. In order to study the
stochastic dynamic behavior of FHN neurons driven by
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phase noise under the action of memristor, parameter a was
taken as the control parameter of the initial state of FHN
neuron system discharge, and the value near Hopf bifur-
cation point was taken as the initial state of FHN neuron
coherence resonance. Figure 2 shows the different dis-
charging states of the FHN neuronal system when the
control parameter a takes the value before the bifurcation
point, at the bifurcation point and after the bifurcation point
respectively. Figure 2(a) shows when parameter a � 0.8 ,
FHN neurons show peak discharge rhythm of period 1.
Figure 2(b) shows when parameter a � 1.0 , FHN neurons
show dense subthreshold oscillating discharge state.
Figure 2(c) shows when parameter a � 1.0005 , compared
with Figure 2(b), the amplitude of the subthreshold oscil-
lation discharge of FHN neurons decreases gradually with
the increase of parameter a . Figure 2(d) shows when pa-
rameter a � 1.05 , remove the initial unstable discharge state
of the system, FHN neurons show a discharge state of a
smooth line parallel to the time axis, namely the resting state.
In this section, the value of system control parameter a is set
to 1.05, that is, FHN neurons show a resting state, which is
used to study the coherence resonance behavior of FHN
neurons.

3.1. Coherence Resonance Behavior of FHN Neurons with
Variations of Amplitude B and Period T of Phase Noise.
To investigate the coherence resonance behavior of FHN
neuronal systems when the phase noise amplitude B and
period T take different values, this section sets the flux-
controlled memristor parameters as k � 0.1 , k1 � 0.2,
k2 � 0.8, α � 0.4 and β � 0.02, and sets the noise intensity of
phase noise D � 0.1. By setting the phase noise amplitude
B ∈ [0, 0.8] and the period value T ∈ [0, 40] in the FHN
neuron system, it is found that the FHN neuron system
exhibits coherence multi-resonance dynamic behavior.
Figure 3 shows temporal evolution of membrane potential x

in FHN neuron system after the addition of flux-controlled
memristor. During the evolution of membrane potential x ,
random spikes with minimal amplitudes appear, but the
neuronal system is still in a resting state of discharge.

In Figure 4, when the phase noise amplitude B ∈ [0, 0.8]

and the period value T ∈ [0, 40], the FHN neuron system
shows coherence multi-resonance behavior. It is found in
Figure 4(a) that when the phase noise amplitude B is de-
termined to be a certain value, the FHN neuron system
exhibits the dynamic phenomenon of coherence multi-
resonance with the gradual increase of the period value T . It
can be easily found from the figure that when phase noise
period T ∈ [0, 6.5), with the gradual increase of phase noise
period, FHN neuron system has changed from the first valley
to the first peak, then from the first peak to the second valley,
then from the second valley to the second peak, and then
from the second peak to the third valley. /at is, there is a
coherence multi-resonance phenomenon in the system. In
this process, the coherence resonance coefficient R un-
dergoes two valleys. When the coherence resonance coef-
ficient R is in the valley, R obtains the minimum value in the
local range, and then the discharge regularity of the system is
the strongest. /e optimal discharge state of FHN neuron
system is found around phase noise period T ∈ [0, 6.5) and
T ∈ [6.5, 40], and the degree of regularity is relatively op-
timal. When phase noise period T ∈ [6.5, 40], with the
gradual increase of phase noise period T, the FHN neuron
system experienced 7 peaks and 8 valleys successively, and
showed concentric circle diffusion. By comparing the phase
noise periods T ∈ [0, 6.5) and T ∈ [6.5, 40], it is found that
values of coherence resonance coefficients at two valleys in
the interval T ∈ [0, 6.5) are much smaller than those at eight
valleys in the intervalT ∈ [6.5, 40], And from the perspective
of the interval T ∈ [0, 40] as a whole, the value of coherence
resonance coefficient R at the valley shows an overall upward
trend, indicating that with the increase of the period value of
phase noise, the degree of system regularity gradually de-
teriorates when coherence resonance occurs. It is observed
in Figure 4(b) that coherence resonance occurs in the system
within the interval T ∈ [3, 5.5), T ∈ [5.5, 10) and
T ∈ [13.5, 16.5) of phase noise period as the phase noise
amplitude B changes. When T ∈ [3, 5.5), the system shows
coherence mono-resonance, while when T ∈ [5.5, 10) or
T ∈ [13.5, 16.5), the system shows more obvious coherence
multi-resonance behavior, with the smallest coherence
resonance coefficient value R at the first valley. In conclu-
sion, under the variation of phase noise amplitude B and
period T, FHN neurons show coherence multi-resonance
behavior, in which the coherence resonance phenomenon is
themost obvious and the system discharge is more orderly in
the local region.

In order to verify the correctness of the above conclu-
sions, set phase noise amplitude B � 0.76 and phase noise
period were selected as the system variation parameters to
analyze the coherence multi-resonance behavior and the
change of discharge regularity degree of FHN neuron sys-
tem. Figure 5(a) shows the relationship between the co-
herence resonance coefficient R and the period of phase
noise T. When the period of phase noise T ∈ [0, 7), the
coherence resonance coefficient R experienced two valleys
T � 3 and T � 5.5, that is, the two states with optimal
neuronal membrane potential discharge regularity, which is
shown in Figure 5(c) and (e). Figure 5(c) shows the most
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Figure 1: /e bifurcation diagram of FHN neuron deterministic
system with parameter a.
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Figure 2: /e temporal evolution of neuronal membrane potential in FHN with different parameters of a. (a) a � 0.8; (b) a � 1.0;
(c) a � 1.0005; (d) a � 1.05.
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Figure 3: Temporal evolution of membrane potential x in FHN neuron system after the addition of flux-controlled memristor.
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Figure 4: /e parameters of the flux-controlled memristor are determined, a three-dimensional surface of FHN neuron system with
coherence resonance coefficients R varying with phase noise amplitude B and period T. (a) Top view; (b) Back view.
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Figure 5: Continued.
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regular change in FHN neuron membrane potential, similar
to the discharging rhythm of period 1 peak discharge. In
Figure 5(e), the change of FHN neuron membrane potential
was accompanied by the alternating transition between
resting state and peak discharge state, that is, the neurons
showed cluster discharge behavior similar to period 1 at this
time. As shown in Figure 5(b) and (d), when the phase noise
period T � 2 and T � 4, the degree of discharge regularity
shown by the FHN neuron membrane potential is poor
compared with that at the two valleys T � 3 and T � 5.5. As
shown in Figure 5(e) to (h), it is found that as the period
number of phase noise increases, the FHN neuron system
shows periodic cluster discharge rhythms corresponding to
period 1, period 2, period 3 and period 4 respectively when
the period value T of the relevant resonance coefficient R at

the trough is selected as T � 5.5, T � 7, T � 11 andT � 15.5 .
At the valleys not shown in the figure, the number of periods
of the cluster discharge rhythm of the FHN neuron system
increases successively by 1.

Similarly, set the phase noise period T � 8.5, and select
the phase noise amplitude B as the system variation pa-
rameter to analyze the coherence bi-resonance behavior and
the change of the discharge regularity degree of FHN neuron
system. As shown in Figure 6(a), two valleys appear with the
increase of phase noise amplitude B, and the coherence
resonance coefficient value R at the first valley is significantly
smaller than that at the second valley. As shown in
Figure 6(b), when the phase noise amplitude B � 0.05, the
system changes from the resting state or subthreshold os-
cillation state to the nerve pulse discharge state. With the
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Figure 5:When phase noise amplitude B � 0.76, the plot of the coherence resonance coefficient R varying with phase noise periodT and the
time evolution diagram of the system membrane potential x. (a) Variation of R with T; (b) T � 2; (c) T � 3; (d) T � 4; (e) T � 5.5; (f ) T � 7;
(g) T � 11; (h) T � 15.5.
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evolution of time, the system appears random and relatively
irregular pulse discharge. As shown in Figure 6(c), when the
phase noise amplitude B � 0.11, the system is in the dis-
charge mode of period 1, the discharge is more regular, and
the degree of coherence resonance is the best. As shown in
Figure 6(d), when the phase noise amplitude B � 0.19, the
second relatively small valley appears in the curve of co-
herence resonance coefficient R, and coherence resonance
behavior occurs again in the neuronal system. Compared
with B � 0.11, the discharge regularity of the system is
relatively poor, showing a dischargemode similar to period 2
but slight burr in the discharge process, causing a small
difference in the interval of neuronal discharge spikes.
/erefore, the value of coherence resonance coefficient R is
greater than that at the first valley, and the degree of dis-
charge regularity is relatively poor.

3.2. Coherence resonance behavior of FHN neurons under the
variation of phase noise amplitude B and noise intensity D.
In order to analyze the coherence resonance phenomenon of
FHN neurons under the variation of phase noise amplitude B

and noise intensity D, we still set the flux-controlled mem-
ristor parameters k � 0.1, k1 � 0.2, k2 � 0.8, α � 0.4 and
β � 0.02, set the phase noise period T � 8, the phase noise
amplitude B of the FHN neuron system B ∈ [0, 0.8] and the
noise intensity D ∈ [0, 0.8] in this section. It is found that the
FHN neuron system shows dynamic behaviors of coherence
mono-resonance and coherence bi-resonance. After the ad-
dition of the flux-controlled memristor, FHN neurons still
remain in a resting state, and the time evolution of their
membrane potential x is the same as that shown in Figure 3.

In Figure 7, when the phase noise amplitude B ∈ [0, 0.8]

and the noise intensity D ∈ [0, 0.8], the FHN neuron system
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Figure 6: When phase noise period T � 8.5, the plot of the coherence resonance coefficient R varying with phase noise amplitude B and the
time evolution diagram of the system membrane potential x. (a) Variation of R with B; (b) B � 0.05; (c) B � 0.11; (d) B � 0.19.
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shows coherence mono-resonance and coherence bi-reso-
nance behaviors. As shown in Figure 7(a), when a certain
noise intensity D is selected as the reference point, the value
of the coherence resonance coefficient R decreases sharply at
first and then reaches the valley as the the phase noise
amplitude B gradually increases within the value range. After
passing through the valley in a small area, the value of R

increases sharply and finally shows a slow upward trend.
Similarly, when a certain phase noise amplitude B is selected
as the reference point, as the phase noise intensity D

gradually increases in the value range, calculate the coher-
ence resonance coefficient R of FHN neuron system. It can
be seen that when the phase noise amplitude B is small, FHN
neuron system has obvious coherence resonance behavior;
when the phase noise amplitude B is large, the coherence
resonance coefficient tends to increase smoothly, that is,
there is no coherence resonance behavior in FHN neuron
system. As shown in Figure. 7(b), when the phase noise
intensity D ∈ [0, 0.03) and the phase noise amplitude B

increases successively, only one valley appears in the co-
herence resonance coefficient R, that is, the curve of co-
herence resonance coefficient R firstly decreases to the valley
and then increases. /erefore, when the noise intensity
D ∈ [0, 0.03), FHN neuron system only shows coherence
mono-resonance behavior. When the phase noise intensity
D ∈ [0.03, 0.8], the coherence resonance coefficient R drops
sharply to the first valley, then climbs rapidly from the valley
to the first peak, then drops slowly to the second valley, and
then rises slowly from the valley. From an overall per-
spective, in the region of the first valley, with the gradual
increase of the phase noise intensity D, the coherence res-
onance coefficient R at the valley also shows a gradual in-
crease trend. Similarly, the second valley also shows a slow
increase trend. When the phase noise intensity
D ∈ [0.03, 0.8], the FHN neuron system shows coherence bi-
resonance. Take the phase noise amplitude B as the inde-
pendent variable, with the increase of the noise intensity D,
the distance between the two valley of coherence bi-reso-
nance increases gradually, and the discharge regularity
degree of the system is lower than that of small noise in-
tensity. When the phase noise amplitude B ∈ [0.5, 0.7), the
system also shows coherence resonance behavior. When the
amplitude B is in other interval, no obvious coherence
resonance phenomenon appears in the FHN neuron system.
In conclusion, with the phase noise intensity D as the ref-
erence, the coherence resonance or coherence bi-resonance
phenomenon of FHN neuron system becomes more obvious
with the gradual increase of phase noise amplitude B.

In order to verify the correctness of the above conclu-
sions, as shown in Figure 8, the phase noise intensity was
selected as D � 0.02 and D � 0.6. With the change of phase
noise amplitude B, FHN neuron system shows coherence
mono-resonance and coherence bi-resonance. As shown in
Figure 8(a), when the phase noise intensity D � 0.02, the
coherence resonance coefficient R increases with the phase
noise amplitude B, and a valley appears, that is, the co-
herence mono-resonance phenomenon appears in the sys-
tem. As shown in Figure 8(b), when the phase noise
amplitude B � 0.05, the membrane potential of FHN neuron

system shows irregular random discharge rhythm with the
evolution of time, and the regularity of the system is the
worst at this time. As shown in Figure 8(c), when the phase
noise amplitude B � 0.14, the value of amplitude B is just at
the valley, that is, the value of coherence resonance coeffi-
cient R is the smallest. At this time, the system discharge
pattern is the most regular, and the neuronal system shows a
cluster discharge rhythm similar to period 1. As shown in
Figure 8(d), when the phase noise amplitude B � 0.7, FHN
neurons show a cluster discharge rhythm similar to period 2.
Because the calculation of coherence resonance coefficient R

is closely related to the interval of discharge spikes, that is,
the cluster discharge regularity of period 2 is weaker than
that of period 1. As shown in Figure 8(e), when the phase
noise intensity D � 0.6, the coherence resonance coefficient
R increases with the phase noise amplitude B, and two
valleys appear, that is, the coherence bi-resonance phe-
nomenon occurs in the system. /e discharge state of the
system at the beginning of pulse generation, the discharge
state at the first valley and the discharge state at the second
valley are analyzed respectively. As shown in Figure 8(f),
when the phase noise amplitude B � 0.04, the system starts
to generate discharge pulses due to the action of noise. At
this time, the discharge state of the system is extremely
unstable with strong randomness. As the phase noise am-
plitude increases, as shown in Figure 8(g), and when the
phase noise amplitude B � 0.08, the coherence resonance
coefficient R is in the first valley, that is, the minimum value
of R is obtained. At this time, the neuron system shows a
cluster discharge rhythm similar to period 1, so the discharge
pattern is the most regular. As shown in Figure 8(h), when
the phase noise amplitude B � 0.21, it was found that al-
though the discharge rhythm of the neuron system was
similar to that of period 2, it includes some irregular dis-
charge spikes. /erefore, the discharge regularity of the
neuron system was inferior to that when the amplitude
B � 0.08.

3.3. Coherence resonance behavior of FHN neurons under the
variation of noise intensity D and period T of phase noise.
In order to analyze the coherence resonance phenomenon of
FHN neurons under the variation of noise intensity D and
period T of phase noise. /is section readjusts the parameter
values of flux-controlled memristor to k � 0.08, k1 � 0.2,
k2 � 0.8, α � 0.4 and β � 0.02. In FHN neuron system, set
the phase noise amplitude B � 0.05, the phase noise intensity
D ∈ [0, 4] and the period T ∈ [0, 40]. It is found that FHN
neural system exhibits dynamic behaviors of coherent
mono-resonance, coherent bi-resonance and coherent
multi-resonance. As shown in Figure 9, after setting D �

0.001 and T � 0.1 on the basis of the above parameter values
and adding the influence of the flux-controlled memristor, it
can be found from the time evolution diagram of membrane
potential x that FHN neurons still maintain the state of
resting discharge.

As shown in Figure 10, the FHN neuron system exhibits
coherence bi-resonance and coherence multi-resonance
behaviors when the phase noise intensity D ∈ [0, 4] and the
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Figure 8: Continued.
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period T ∈ [0, 40]. As shown in Figure 10(a), in the two-
parameter variation process of noise intensity D and period
T of phase noise, FHN neuron system exhibits different
coherence resonance behaviors in different parameter re-
gions. Firstly, with the phase noise intensity D as the ref-
erence analysis, FHN neurons show rich dynamic behaviors
such as coherencemono-resonance, bi-resonance andmulti-
resonance with the gradual increase of phase noise period T.
When noise intensity D ∈ [0, 0.3), FHN neurons show co-
herence mono-resonance behavior in the change process of
phase noise period T, and the value of coherence resonance
coefficient R at the valley of the system is relatively small in
the whole measurement range of noise intensity D, which
shows that the coherence resonance behavior of FHN
neuron system is more obvious and the regularity of the
system discharge is higher. When the phase noise intensity
D ∈ [0, 0.3), with the change of period T, the coherence
resonance coefficient R of FHN neuron system shows a
smaller value in the larger range of period T, and the range of
wave valley is the largest. When the noise intensity
D ∈ [0.3, 1.9), FHN neuron system shows coherence bi-
resonance and coherence multi resonance behavior with the

gradual increase of phase noise period T. Most of the value
ranges of noise intensity show coherence bi-resonance be-
havior, that is, the curve of coherence resonance coefficientR

has two valleys. /e coherence multi resonance behavior
occurs intermittently when the noise intensity D ∈ [0.3, 1.9).
For example, when the phase noise intensity D � 0.5 and
D � 0.7, with the gradual change of the phase noise periodT,
the system has three valleys. /e value of the coherence
resonance coefficient R at the first valley is greater than that
at the second and third valleys, indicating that the order of
the system is poor at this time, the values of the coherence
resonance coefficients R at the second and third wave valleys
are basically the same and relatively small. /e smaller the
value of R, the higher the regularity and order of the neuron
system. /at is, when the coherence resonance coefficient R

of the system is at the wave valley, the value of the phase
noise period T is larger, and the coherence resonance be-
havior of the system is more obvious. When the noise in-
tensity D ∈ [1.9, 4], the FHN neuron system shows
coherence bi-resonance and coherence multi resonance
behavior. Specifically, when the noise intensity
D ∈ [1.9, 3.3), and is set different values, the system
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Figure 8: When the phase noise intensity changes, the plot of the coherence resonance coefficient R varying with phase noise amplitude B

and the time evolution diagram of the system membrane potential x. (a)When D � 0.02, variation of R withB; (b) D � 0.02, B � 0.05;
(c) D � 0.02, B � 0.14; (d) D � 0.02, B � 0.7; (e)When D � 0.6, variation of R withB; (f ) D � 0.6, B � 0.04; (g) D � 0.6, B � 0.08;
(h) D � 0.6, B � 0.21.
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increases a discontinuous valley when the phase noise period
T is small. /at is, the system has two or three obvious
valleys, which appear alternately and discontinuous. When
the noise intensity D ∈ [1.9, 3.3), with the change of the
phase noise period of the independent variable T, the system
shows complex dynamic behavior. When the noise intensity
D ∈ [3.3, 4], the system has three obvious valleys, at this
time, the system shows coherence multi resonance behavior,
in which the value of coherence resonance coefficient R at
the first valley is relatively smaller than those at the second
and third troughs; then, take the phase noise period T as the
benchmark for analysis, it is found that with the gradual
increase of the phase noise intensity D, FHN neurons show
the dynamic behavior of coherence mono-resonance and no
obvious resonance. When the phase noise period T ∈ [0, 3)

and T ∈ [15, 40], the curve of coherence resonance coeffi-
cient R basically shows an upward trend, and there is no
obvious valley, that is, within the value range of the period,

there is no obvious coherence resonance phenomenon with
the change of phase noise intensity D. When the phase noise
period T ∈ [3, 15), with the gradual increase of the phase
noise intensity D, the coherence resonance coefficient R has
mass valley, and there is only one valley, that is, the system
has only coherence mono-resonance behavior in this period.
From the overall point of view, when the phase noise in-
tensity is used as the benchmark to analyse, with the gradual
increase of the phase noise intensity, the first valley basically
does not appear in the first half of the region. Similarly, the
second valley also shows the same behavior, while the third
valley shows special phenomena. Firstly, when the noise
intensity D is small and the curve of coherence resonance
coefficient R appears a wide range of valley with the increase
of phase noise period T, the corresponding period T of phase
noise is the largest and the coherence resonance behavior is
more abundant; Secondly, when the noise intensity D in-
creases gradually, the curve of coherence resonance
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Figure 9: Temporal evolution of membrane potential x in FHN neuron system after the addition of flux-controlled memristor.
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coefficient R appears valley with the increase of phase noise
period T, and the corresponding phase noise period T

decreases successively. When the noise intensity D exceeds
2, the periodic values T of the system entering the trough are
basically consistent. When the phase noise period T is used
as the benchmark for analysis, the coherence resonance
behavior of the system is relatively simple./at is, only in the
interval where the periodT is small, the coherence resonance
behavior of the system appears; when the period T is large,
the original order degree of the system is destroyed, then
there is no obvious coherence resonance behavior. In
conclusion, the FHN neurons exhibit rich coherence reso-
nance behavior during the two-parameter variation of noise
intensity D and period T of phase noise.

In order to verify the coherence resonance behavior of
FHN neuron system under the variation of noise intensity D

and period T mentioned above, Figure 11 takes the value of
the discrete phase noise intensity D and gives the curve of
the coherence resonance coefficient R with the increase of
the period T respectively to verify the coherence mono-
resonance, bi-resonance and multi-resonance behaviors of
the FHN neuron system. Similarly, Figure 12 takes the
period value T of discrete phase noise, and shows the curve

of coherence resonance coefficient R changing with the
increase of noise intensity D to verify the coherence reso-
nance behavior of the nervous system in some regions of the
parameter. In Figure 11, when the phase noise intensity
D � 0.05, D � 0.5 or D � 3.45, the coherence resonance
coefficient R of the system changes with the increase of the
period T, as shown in Figure 11(a), (e) and (i) respectively.
By comparing the three figures, it can be seen that the
corresponding period value of themass coherence resonance
phenomenon in the neuron system decreases with the in-
crease of the noise intensity D. However, the corresponding
coherence resonance coefficient R increases with the in-
crease of noise intensity D. And with the increase of noise
intensity D, the coherence resonance behavior of the FHN
neuron system becomes more complex, and the regularity of
the discharge decreases when the coherence resonance
phenomenon occurs. Figure11(a) shows that the FHN
neuron system exhibits obvious coherence resonance be-
havior from the variation curve of coherence resonance
coefficient R. Figure 11(b), (c) and (d) show the time evo-
lution sequence of membrane potential x of FHN neuron
system when coherence resonance coefficient R is valued
before the valley T � 9, at the valley T � 17 and after the
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Figure 11: When the phase noise intensity varies, the variation of coherence resonance coefficient R with period T of phase noise and the
time evolution diagram of the system membrane potential x. (a)When D � 0.05, variation of R with T; (b) D � 0.05, T � 9; (c) D � 0.05,
T � 17; (d) D � 0.05, T � 35; (e)When D � 0.5, variation of R with T; (f ) D � 0.5, T � 3; (g) D � 0.5, T � 4; (h) D � 0.5, T � 11.5; (i)When
D � 3.45, variation of R with T; (j) D � 3.45, T � 1; (k) D � 3.45, T � 2.5; (l) D � 3.45, T � 8.5.
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valley T � 35. Before the valley, T � 9, the system discharge
is sparse and irregular; At the lowest valley, T � 17, the
system discharges uniformly and regularly, and the neuronal
system shows a cluster discharge rhythm similar to period 1;
After the valley, T � 35, the system shows the chaotic dis-
charge rhythm where cluster discharges occur crosswise in
period 2 and period 3. And at this time, the regularity and
stability of the system discharge are lower than that of the
neurons at the valley. As shown in Figure 11(e), it is found
from the variation curve of the system coherence resonance
coefficient R that the FHN neuron system has coherence
multi-resonance. Figure 11(f ) (g) and (h) respectively rep-
resent the time process diagram of the membrane potential
of the FHN neuron system when the periodic value T of the
phase noise at the three valleys of the coherence resonance
coefficient curve are determined. /e period values at the
three valleys are T � 3, T � 4 and T � 11.5, respectively. And
the coherence resonance coefficient R at the first valley is
significantly greater than those at the second and third
valleys, indicating that the discharge regularity degree of the
neuronal system at this time is worse than that at the other
two valleys. As shown in Figure 11(f ), the system discharge is
sparse and irregular, with a wide range of alternate resting
state and pulse discharge state. In the second and third wave
valleys, the coherence resonance coefficients R are basically
consistent, indicating that the system is in a relatively regular
and orderly discharge state. As shown in Figure 11(g), the
system presents the peak discharge rhythm of period 1, but a
small part of irregular discharge appears in the discharge
sequence. While in Figure 11(h), the system shows a cluster
discharge mode similar to period 1, and the time interval of
discharge peaks is more uniform, so the phenomenon of
coherence resonance of FHN neuron system is better. As
shown in Figure 11(i), it is found from the variation curve of
the system coherence resonance coefficient that the FHN
neuron system has coherence multi resonance, mainly in the
form of two large valleys and multiple small valleys.
Figure 11(j) and (l) respectively represent the time evolution
process of the system membrane potential at two large

valleys. With period value T � 1 and T � 8.5 the value of the
coherence resonance coefficient R at the valleys is relatively
small, and the system discharge is more orderly. Figure 11(k)
shows the time evolution diagram of the system membrane
potential at a small valley. With the period value T � 2.5, the
regularity of the system discharge is significantly worse than
those of the former two. In conclusion, by discretely
selecting the value of the phase noise intensityD, it is verified
that the neuron system exhibits rich coherence resonance
behavior with the increase of the period T.

Similarly, in Figure 12, this section takes the period T of
discrete phase noise and gives the curve of coherence res-
onance coefficient R changing with the increase of noise
intensity D. FHN neuron system only shows coherence
mono-resonance behavior. In this part, when the phase noise
period T � 3.5 and T � 9.5, the curves of the coherence
resonance coefficient R of the system changing with the
increase of the noise intensity D are respectively shown. As
shown in Figure 12(a) and (e), there is only one large valley
in this curve, that is, the system only shows coherence mono-
resonance behavior. Figure 12(b) (c) and (d) show the noise
intensity D � 0.4, D � 1.7 and D � 3, which are taken re-
spectively from Figure 12(a), the time course of the system’s
membrane potential x discharge shows different discharge
regularity. When the noise intensity D � 0.4, the coherence
resonance coefficient R is at the peak of the curve, and the
discharge state of the system is relatively unstable and less
regular. When the noise intensity D � 1.7, the coherence
resonance coefficient R is at the valley of the curve, and the
system shows orderly discharge state except for small-range
irregular discharge. When the noise intensity D � 1.7, the
greater noise intensity value after the valley is selected as a
comparison, and the degree of irregularity of the system
increases, indicating that the system has the optimal dis-
charge state when the coherence resonance coefficient
reaches the minimum value. In Figure 12(f ) (g) and (h),
when the noise intensity D � 0, D � 0.75 and D � 3.5, which
are taken from Figure 12(e) respectively, the system
membrane potential x discharge sequence changes from
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Figure 12: When the period of phase noise varies, the variation of coherence resonance coefficient R with the phase noise intensity D and
the time evolution diagram of the system membrane potential x. (a)When T � 3.5, variation of R with; (b) T � 3.5, D � 0.4; (c) T � 3.5,
D � 1.7; (d) T � 3.5, D � 3; (e) When T � 9.5,variation of R with D; (f ) T � 9.5, D � 0; (g) T � 9.5, D � 0.75; (h) T � 9.5, D � 3.5.
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irregular to regular, and then from regular to irregular.
When the noise intensity D � 0, the coherence resonance
coefficient R is at the peak of the curve, and there is no phase
noise in the system. Under the influence of the memristor
regulator, the neuron system generates sparse pulse dis-
charge. When the noise intensity D � 0.75, the coherence
resonance coefficient R is at the valley of the curve. At this
time, the system presents a cluster discharge mode of period
1, and the discharge regularity of the system is the highest
and the system is more stable. When the noise intensity
D � 3.5, the larger noise intensity value after the valley is
selected as the comparison. And it is found that the time
interval of the system discharge peak is irregular, and the
discharge order becomes worse. In conclusion, by discretely
selecting the period value T of phase noise, it is verified that
the neuron system exhibits coherence resonance behavior
with the gradual increase of noise intensity D.

4. Conclusion

In this paper, the FHN neuron system induced by elec-
tromagnetic field driven by phase noise is used as the
analysis model, with the memristor parameters determined,
and the amplitude, period and noise intensity of phase noise
as the parameters. /e dynamic analysis of coherence res-
onance behavior of FHN neuron system under two-pa-
rameter variation is made from three perspectives:
amplitude and period of phase noise, amplitude and noise
intensity of phase noise as well as noise intensity and period
of phase noise. When the amplitude and period of the phase
noise are changed as two-parameter, the FHN neuron
system shows coherence multi-resonance behavior. And
when the amplitude and period parameters are small, the
coherence resonance behavior of the neuron system is the
most obvious; when the amplitude and period increase si-
multaneously, the coherence resonance coefficient appears
as a ripple-like rise state. And the system evolves with the
increasing number of periodic cluster discharge periods at
the valley. When the amplitude and intensity of phase noise
are changed as two-parameter, the FHN neuron system
exhibits coherence mono-resonance and coherence bi-res-
onance behavior. It is found that when the system is analyzed
with the amplitude as an independent variable within the
measurement range of the noise intensity, the change of the
system shows the same change tendency. /at is, with any
value within the range of the noise intensity and the change
of amplitude, the system can show the coherence resonance
behavior. /e FHN neuron system exhibits coherence
mono-resonance and coherence multi-resonance behavior
when the phase noise intensity and period are changed as
two-parameter, and the neuron system is dominated by a
large range of coherence resonance. When the phase noise
intensity and period are small, several coherence resonances
of narrow areas appear. /ere is noise similar to phase noise
in the nervous system, and there is electromagnetic in-
duction in the nervous system. /erefore, it is of great
significance to study the coherent resonance behavior of
neuron system under the influence of phase noise by using
memristor as the electromagnetic induced current, which is

generated by nerve cells under the influence of electro-
magnetic field and plays a regulation role on the membrane
potential. /e study also has important reference value for
analyzing the stochastic dynamic behavior of neuron system.
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