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Abstract.Nonlinear complex systems are widely used in various industries, and the complexity and dynamism
of the systems pose enormous challenges to data synchronization and interaction. This study proposes a method
based on signal synchronization for data synchronization and interaction in nonlinear complex systems. The
synchronization interaction path of data was analyzed, and signals were used as the carrier for data
synchronization. The data synchronization interaction was carried out by combining the main synchronization
signal and the auxiliary synchronization signal. Furthermore, mean filtering was introduced for signal filtering,
and the main synchronization process was divided into two parts: coarse and fine tuning. The experimental
results showed that the main synchronization frequency deviation of the research method was 303Hz when the
main synchronization completion rate was 100% in a�15 dB signal-to-noise ratio environment. In the analysis of
data synchronization success rate, the research method achieved a highest success rate of 99.7% when the data
transmission density was 50 pieces per minute. The experiment shows that the research method can effectively
improve the quality and efficiency of data synchronization and interaction in nonlinear complex systems.

Keywords: Nonlinear complex systems / data synchronization / signal synchronization / mean filtering /
frequency offset
1 Introduction

The continuous development of science and technology has
led to the widespread application of nonlinear complex
systems (NCS) in many fields, such as communication,
control, bioinformatics, etc. [1,2]. In these systems,
synchronous interaction of data (SIoD) is a key factor in
achieving efficient operation. However, due to the dynamic
characteristics and uncertainty of NCS, data synchroniza-
tion and interaction face many challenges [3]. In practical
applications, NCS usually has a high degree of dynamism
and uncertainty, which makes SIoD very difficult. For
example, in communication systems, due to the time-
varying characteristics of the channel and noise interfer-
ence, the data at the receiving end often experiences
distortion and delay, which affects the normal operation of
the system [4]. Common SIoD methods include direct
synchronization and sliding window based methods. The
former has convenience in implementation, but has
performance bottlenecks when dealing with complex
business. The latter has high complexity in window
selection [5]. Signal synchronization technology (SST)
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can utilize the relationship between the sender and receiver
to achieve synchronous interaction of data, but there is a
certain level of noise interference. Mean filtering (MF) can
eliminate noise effects through data smoothing. In this
context, this study attempts to propose a SIoD method
based on SST and introduces MF for optimization. It is
expected to propose an innovative NCS hierarchical data
synchronization interaction (HDSI) method, improve the
quality of data synchronization, and provide a certain
technical reference for the communication industry.

The research content is mainly divided into four parts.
Section 2 discusses the relevant research results of SIoD
and SST. Section 3 has designed the HDSImethod based on
SST. Section 4 is an analysis of the effectiveness of the
research method. The fourth part discusses and summa-
rizes the entire text.

2 Related works

The advancement of computer technology has made the
data content and functionalmodules contained inmore and
more control and management systems more complex.
Experts and scholars are beginning to realize the technical
importance of complex systems. Some scholars have
conducted relevant research on SIoD. González Zapata
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et al. proposed a method based on artificial neurons to
address the problem of machine image SIoD. This method
used chaotic neurons to achieve machine to machine proxy,
and had good data transmission performance [6]. Scholars
such as Cai proposed a method based on non volatile
memory for data synchronization and recovery in memory.
Its garbage collection of database memory leakage
information could effectively improve the performance of
data synchronization [7]. Zhou et al. proposed a method
based on intermittent control for data synchronization in
complex networks. This method used the complex
generalized inventory cycle law formula to prevent the
separation of real and imaginary parts of the data, and had
good data synchronization efficiency and quality [8].
Arokia Samy and other experts proposed a method based
on non fragile sampling data control to address the issue of
data synchronization in circuit systems. This scheme
analyzed the system state under time-varying delays and
could effectively improve data synchronization consistency
[9]. Hu et al. proposed a method based on projection matrix
system to address the problem of projection data
synchronization. This method transformed the synchroni-
zation problem into an error system adjustment problem,
constructed the control input using a constructor, and
recognized the dynamic characteristics of the position
using a recognizer. Experiments have shown that the
proposed method can effectively reduce data synchroniza-
tion errors [10].

Some scholars have conducted relevant research on
SST. Scholars such as Lu proposed a signal synchronization
based method to address the security issues of complex
systems, collecting binomial model parameters and
observation times during the process, and utilizing signal
synchronization clock bias for attack mining. The proposed
method could effectively reduce the threat of system
attacks [11]. Gu et al. proposed an SST-based method to
address the issue of data attacks in remote wide area
networks. This method incorporated an integrated gate-
way to track the natural frequency deviation of terminal
devices, which can effectively eliminate network anomalies
[12]. Ge et al. designed an SST-based method to study the
current signal propagation process in feedforward neural
networks for information transmission. This method
simplified the structure of feedforward neural networks
and had good information transmission performance [13].
Kumar and other experts constructed an SST-based way
for controlling chaotic satellite systems, which combines
the presence of chaos to achieve feedback adaptive control
of satellite systems. This method had good satellite control
quality [14]. Aliabadi et al. proposed an SST-based plan to
handle the matter of encrypted data communication. It
used a graph text quantum neural network to analyze the
uncertainty of the system receiver, and calculated the
linear relationship between the data output and param-
eters using Taylor series expansion. The results have
verified that the designed method can effectively improve
the communication accuracy of encrypted data [15].

In summary, SST has been studied and applied in many
fields, and some studies have proven that SST can be
applied in data related fields. However, there is currently a
lack of research linking SST with SIoD. In view of this, this
study explores HDSI technology under NCS based on SST,
in order to provide feasible technical references for data
synchronization.

3 Design of HDSI method based on SST
under NCS

HDSI, as a key technology, is of great significance for
achieving reliable information transmission. This section
will focus on the technical content of researching and
designing HDSI methods under NCS.

3.1 HDSI problems and signal generation techniques
in NCS

In NCS, the amount of data is usually very large, which can
lead to increased delays in data synchronization and
interaction, thereby affecting the real-time and stability of
the system [16,17]. SST can effectively process a large
amount of data. By decomposing the data into multiple
parts and processing them separately, it can effectively
handle complex data structures and reduce data processing
latency [18,19]. This study takes the Internet of Things
(IoT) system as the object of NCS, and studies the SIoD
method under NCS based on SST. Figure 1 shows the
synchronous interaction path of data in the IoT downlink.

In Figure 1, when the data starts synchronous interac-
tion, it first enters the transmitter for processing. Based on
the data, cyclic redundancy check is used to generate
segment fixed value check codes, which is convenient for
detecting data errors in the future. Afterwards, channel
encoding is implemented using tail biting convolutional
encoding.Thenperformdata block subframe retransmission
and pseudo random code scrambling. After wireless
transmission, the data enters the receiver and is first pre
decoded and de layered. Perform multiple operations in the
opposite direction to the transmitter to complete data
reception. When conducting data downlink synchronous
transmission, cellular networks are used to divide the data
intomultiple levels.Whenperformingorthogonalphase shift
keying modulation, data synchronization is carried out in a
symbol by symbol format, and the transmitted baseband
signal is equation (1).

s kð Þ ¼ 1ffiffiffiffiffi
N

p
XNu�1

n¼0

cnexp
j2pkn

N

� �
: ð1Þ

In equation (1), s(k) represents the baseband signal. N
represents the number of inverse Fourier transform points.
Nu represents the number of subcarriers. cn represents the
modulation data on the n-th subcarrier. j is an imaginary
unit. k represents a time variable. If there is a timing error
during SIoD, and the cyclic prefix length (CPL) is greater
than the timing error, the receiver receives the frequency
domain signal (FDS) as shown in equation (2).

bSð̂kÞ ¼ exp ð2pjkDuÞ
N SðkÞHðkÞ þWðkÞ : ð2Þ
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Fig. 2. Main signal frequency domain resource mapping.
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In equation (2), ŝ(k) represents the receiver receiving
FDS. H(k) represents the channel system function. S(k)
represents the frequency domain baseband signal. W(k)
represents white noise interference. Du represents timing
error. When the CPL is less than the positioning error, the
receiver needs to add signal attenuation when receiving
FDS, as shown in equation (3).

a Duð Þ ¼
X
i

jhi tð Þj2 N � Du

N
: ð3Þ

In equation (3), a(Du) represents the attenuation of the
signal by the channel. i represents the number of multipath
channels. hi(t) represents the channel impulse response.
When performing signal synchronization, the device needs
to first detect the main synchronization signal (MSS),
generate a signal sequence from the data, perform resource
mapping, and then generate a baseband signal. The
generation of MSS is equation (4).

dl nð Þ ¼ s lð Þ⋅e�j
nun nþ1ð Þ

11 : ð4Þ
In equation (4), dl(n) represents MSS. s(l) represents

code coverage. l is a symbol number between 3 and 13. u
represents the root sequence number. Figure 2 is an
example mapping of frequency domain resources for the
main signal.

In Figure 2, the main signal resource mapping number
in the frequency domain starts from 0 and ends at 11,
corresponding to the subcarriers in the frequency domain.
Subcarrier numbers are divided into a location area every 7.
The main signal is distributed on subframe 5 of the wireless
frame 10. In the generated example graph, the blue block
represents a code coverage value of 1, and the green block
represents a value of �1. The generation function of the
auxiliary synchronization signal (ASS) is related to the
position of the data device, as shown in equation (5).

d nð Þ ¼ bq mð Þe�j2upf
n

e�j
nun0 n0þ1ð Þ

131 : ð5Þ
Inequation(5),d(n) representsASS.bq(m) representsthe
Hadamardmatrix row. uf represents the cyclic displacement.
Figure 3 shows the generation process of ASS.

In Figure 3, during the generation of ASS, scrambling
sequences and Zadoff-chu sequences are generated from the
location of the data device, and the length of the Zadoff-chu
sequence is extended. After combining two sequences and
adding frame timing for cyclic displacement, the data is
divided into multiple sequences for subcarrier mapping,
inverse Fourier transform, and cyclic prefix operation.
SIoD is completed by combining MSS and ASS.

3.2 Optimization design of HDSI method
by introducing MF and partitioning processing

When there is a large frequency offset in the SIoD process,
the zero autocorrelation characteristic in the Zadoff-chu
sequence will be destroyed, resulting in data synchroniza-
tion errors [20]. Before performing SIoD, the large
frequency offset group (LFOG) can be preset. After
completing the preset, the processing flow of the LFOG
is Figure 4.

In Figure 4, when performing LFOG processing, it is
first necessary to determine the frequency offset range of
the working environment, and then divide the LFOG and
generate a reference signal. Search for the time offset
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corresponding to the maximum value of the relevant value,
then perform time offset estimation and determine the
LFOG where the frequency offset is located, and finally
complete the frequency offset estimation (FOE). Eliminat-
ing the estimation error of SIoD through the estimation of
FOE and LFOG. During signal transmission, the noise
present in the transmission environment can cause
interference to the data. If the interference is too severe,
it may cause the signal to be annihilated. Although the
Zadoff chu sequence can perform simple processing on noise
interference, when the signal-to-noise ratio (SNR) is too
low, there may also be significant estimation errors in
frequency and time offset, leading to SIoD failure. So signal
filtering operation is also required during data synchroni-
zation. This study selected MF with lower complexity for
signal filtering. The implementation of MF is equation (6).

y nð Þ ¼ 1

n

XN
k¼0

x n� kð Þ: ð6Þ

In equation (6), y(n) represents the MF result. x
represents the sampled signal. N represents the window
size.The frequencyresponseof themeanfilter is equation(7).

H ejv
� � ¼ 1

N
⋅
1� e�jvN

1� e�jv
: ð7Þ

In equation (7), H(ejv) represents the mean filter
frequencyresponse.v represents thesignalangle. Inresponse
to the computational complexity and accuracy issues during
SIoD, this study divides the main synchronization process
into two parts: coarse and fine tuning. Figure 5 shows the
coarse tuning main synchronization (CTMS) process.

In Figure 5, when conducting CTMS, it is necessary to
first perform sliding cross correlation (SCC) calculation.
Afterwards, using a cost function to weight the auto-
correlation results of each symbol, and judge whether the
peak has reached the threshold based on the cost function
value. After the peak reaches the threshold, estimate the
signal time and frequency offset to complete the approxi-
mate positioning of the MSS. When calculating SCC, the
SCC calculation for each sampling point is equation (8).

y tð Þ ¼
XN�1

n¼0

x tþ n½ �NPSS�
symbolexp

2jp

N
⋅fn tþ nð Þ

� �
: ð8Þ

In equation (8), y(t) represents the SCC value. t
represents the relative offset between the selected sampling
point and the actual MSS position. NPSSsymbol represents
the content of a subcarrier symbol length in MSS. To split
and calculate SCC, as shown in equation (9).

y t;kð Þ¼
XN�1

n¼0

x tþkNþn½ �NPSS�exp
2pj

N
⋅fn tþkNþnð Þ

� �
:

ð9Þ
In equation (9), t represents the decimal time deviation.

When the sum of the product of sampling points and offset
plus decimal time offset is 0, the term unrelated to
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frequency offset in the split calculation reaches its
maximum value. At this point, the time offset estimation
result can be obtained through SCC calculation. The
autocorrelation calculation of each symbol when the time
offset is 0 is equation (10).

S mð Þ ¼ 11�mð Þexp 2pjmfnð Þ: ð10Þ
In equation (10), S(m) represents the corresponding

code coverage value of a subcarrier symbol in MSS. m
represents the interval between autocorrelation calculation
values. The cost function in weighted calculation is
equation (11).

r tð Þ ¼ S 1ð Þ þ 3S 2ð ÞS� 1ð Þ þ S 3ð ÞS� 2ð Þ: ð11Þ
In equation (11), r(t) represents the cost function. The

cost function is used to determine whether the peak has
reached the threshold, as shown in equation (12).

T ¼ rmax � rleft � rright: ð12Þ

In equation (12), T represents the relationship between
peak and threshold. When it is greater than 0, it is
determined that the peak has reached the threshold. rleft
represents the cost function sum of the sampling points on
the left side of the sampling point corresponding to the
maximum value. rright represents the cost function sum of
the sampling points on the right side of the sampling point
corresponding to the maximum value. Roughly to adjust
MF as shown in equation (13).

x nð Þ ¼ axtþ1 nð Þ þ 1� að Þxt nð Þ: ð13Þ
In equation (13), x(n) represents the result of coarse

adjustment of MF. a represents the MF factor. The coarse
tuning part reduces the estimation complexity of time and
frequency offsets, and then fine tuning the main synchro-
nization is carried out on the basis of CTMS. Firstly,
perform fine-tuning symbol merging, use vectors to
represent the sampled sample set, and add code coverage
to the vectors and sum them, as shown in equation (14).

A tð Þ ¼ 1

11

X11
m¼1

s mð ÞRm: ð14Þ
In equation (14), A(t) represents the sum of sub
vectors. s(m) represents the sub vector code coverage
value. Rm represents the sampling sample. Afterwards, the
sampling point position is obtained through cross correla-
tion calculation, and then time offset and FOE are
performed. When performing auxiliary synchronization,
the cross correlation results of the received FDS and ASS
are analyzed, and the noise from the multi frame detection
and multi transmission process is processed. The average
cross correlation value is calculated as shown in equation
(15).

XðNIDÞ ¼ 2Nf
P

nf ¼ 0NfXðnf;NIDÞð15Þ
In equation (15), X(NID) represents the average cross

correlation value of multiple consecutive frames. Figure 6
shows the SIoD process for this design.In Figure 6, after
starting SIoD, the device first sends data, while performing
both primary and secondary synchronization stages. When
performing auxiliary synchronization, it is necessary to pre
store the possible starting position of the ASS, then locate
the starting position of the ASS in the received signal, and
output the detection result after cross correlation calcula-
tion. During themain synchronization, CTMS is performed
first. During the circuit comparison, the peak value is input
into FOE and the MSS position is directly sent to the
symbol merging step of the fine tuned main synchroniza-
tion. After completing the CTMS, fine tune the main
synchronization, eliminate noise, and reduce time and
frequency offsets. Then, synthesize the main synchroniza-
tion results and auxiliary synchronization results to
complete the HDSI under NCS.
4 Effectiveness analysis of SST-based HDSI
method under NCS

The HDSI of NCS involves multiple levels of data
transmission and processing, which is of great significance
for achieving efficient and accurate synchronization. This
section will analyze the effectiveness of research and design
HDSI methods from both performance testing and
application analysis.



-300
0

10

20

30

40

50

60

70

Frequency offset (Hz)

-200 -100 0 100 200 300

etar 
n

oitelp
moc n

oitazi
norhc

n
y

S
 

)
%(

80

90

100

(a) -5dB

-600
0

10

20

30

40

50

60

70

Frequency offset (Hz)

-400 -200 0 200 400 600S
y

n
ch

ro
n

iz
at

io
n 

co
m

pl
et

io
n

 r
at

e 
(%

)

80

90

100

(b) -15dB

GC
CS

Research method
GC
CS

Research method

Fig. 7. Main step frequency offset estimation performance.

Comparative 

circuit

Locate the starting position of 

the auxiliary synchronization 

signal in the received signal

Cross correlation 

calculation

Output detection 

results

Merge between 

symbols

Send data

Integrated primary and secondary 

synchronization results

Complete data 

synchronization interaction

Start data synchronization 

interaction

Coarse adjustment of main 

synchronization

Fine tuning of main 

synchronization

Data enters both primary and 

secondary synchronization 

simultaneously

Fig. 6. Data synchronization interaction process.

6 L. Yuan et al.: Int. J. Simul. Multidisci. Des. Optim. 15, 21 (2024)
4.1 Performance testing of SST-based HDSI method
under NCS

In order to test the effectiveness of the designed analysis
technology synchronous interaction method under NCS,
simulation analysis technology was used in performance
testing in this study. Two sets of tests with SNRs of �5 dB
and �15 dB were set for the environment. To reduce data
anomalies caused by randomness during simulation, 100
simulation data were selected for comprehensive analysis
[21]. Comparing with Group Communications (GC) and
Cell Search (CS) methods during analysis. The GC and CS
methods have been widely applied in existing communica-
tion systems, representing mature technologies in the fields
of group communication and cell search, respectively. And
these twomethods have been fully validated in the research
and practice of the communication field, with high
technological maturity, which can provide a stable and
reliable comparative basis for research, and have high
representativeness and reference value. Test the perfor-
mance of the main synchronization FOE, as shown in
Figure 7.

In Figure 7, during the main synchronization FOE, the
main synchronization frequency deviation (MSFD) within
a certain range of different methods remains within a
certain range during the increase in synchronization
completion rate. In the �5 dB SNR environment, the
MSFD of GC is 281Hz when the main synchronization
completion rate (MSCR) is 100%. The researchmethod has
an MSFD of �89Hz at 0% MSCR and 93Hz at 100%
MSCR. In a �15 dBSNR environment, the MSFD of CS at
MSCR of 100% is 389Hz. The research method has an
MSFD of �234Hz at 0% MSCR and 303Hz at 100%
MSCR. This indicates that the research method can
maintain lower bias when performing main synchroniza-
tion FOE. Figure 8 shows the test results of the number of
frames used for main synchronization.

In Figure 8, the main synchronization accuracy of
different methods increases as the number of frames
increases. In the �5 dBSNR environment, the accuracy of
CS increased to 100% after 48 frames, while the accuracy of
GC increased to 100% after 22 frames. The initial
synchronization accuracy of the research method is 0%,
which increases to 100% after 5 frames. In the �15 dBSNR
environment, the initial synchronization accuracy of GC is
11%, which increases to 94% after 50 frames. The initial
synchronization accuracy of the research method is 0%,
which increases to 100% after 33 frames. This indicates
that the research method has better accuracy and
efficiency. Use an Intel i5-12400 computer processor with
16 Gb of RAM at 3200MHz and a 512 Gb solid-state drive
for hardware resource utilization testing. Ensure sufficient
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power supply during testing and use a water cooling system
to ensure good heat dissipation of the equipment. Figure 9
is a test of the hardware resource utilization during
different method runs.

In Figure 9a, the resource occupancy rate in the �5
dBSNR environment is approximately 5.5% for CS’s Slice
Register and 18.0% for Block RAMs. The Slice Luts of GC
is approximately 17.8%, and the Block RAMs are 16.7%.
The research method’s Slice Luts is 11.3%, Slice Register is
2.1%, and Block RAMs is 12.1%. In Figure 9b, the resource
occupancy rate in the �15 dBSNR environment is
approximately 30.7% for CS Slice Luts and 34.9% for
Block RAMs. GC’s Slice Luts is 28.7%, and Slice Register is
19.7%. The research method’s Slice Luts is approximately
25.1%, Slice Register is 12.5%, and Block RAMs is 13.2%.
The data indicates that the research method consumes less
resources during runtime.

4.2 Application analysis of SST based HDSI method
under NCS

When conducting application analysis, two NCS systems
containing multiple devices in wireless interconnected
network environments were selected for practical applica-
tion, labeled as Alpha and Bravo, respectively. The Alpha
system consists of intelligent sensors, data collectors,
mobile terminals, and central processing units. Intelligent
sensors are responsible for collecting environmental data,
data collectors are responsible for preliminary processing of
sensor data, mobile terminals provide user interaction
interfaces, and central processing units are responsible for
final data processing and decision-making. Bravo system is
composed of intelligent surveillance camera, wireless
router, edge computing node and cloud server. Intelligent
surveillance cameras are used to capture video data in real
time. Wireless routers provide network connectivity
between devices. Edge computing nodes process data
locally to reduce latency. ECS is used for large-scale data
storage and complex computing tasks. Use RF modules for
signal transmission to achieve HDSI in the environment.
Analyze the circuit power consumption (CPC) during
HDSI, as shown in Figure 10.

In Figure 10, the CPC of different methods in HDSI
increases with the increase of data transmission density
(DTD). Regarding the CPC of DTD in the Alpha system,
CS increases to 1.31Wwhen it reaches 250 lines per minute
(L/min). GC rose to 0.89W when it reached 250 bars per
minute. The power consumption of the research method is
0.09W at 50 bars per minute, and it increases to 0.41W
when it reaches 250 bars per minute. In the Bravo system,
the power consumption of the DTD circuit increases to
1.19W when the density increases to 250 L/min, and to
1.08W when the density increases to 250 L/min. The
power consumption of the research method is 0.15W at a
density of 50 L/min, and increases to 0.40W when it
reaches 250 L/min. This indicates that the research
method has better power consumption performance in
actual operation. Analyze the success rate of data
synchronization, as shown in Figure 11.

In Figure 11, the success rate of data synchronization
(SRoDS) for different methods decreases as DTD increases
during data synchronization. In the Alpha system, the
SRoDS of CS and GC decreased to 86.2% and 78.8% at a
DTD of 300 L/min. The SRoDS of the researchmethod was
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99.1% at a DTD of 50 L/min, and decreased to 95.2% at 300
L/min. In the Bravo system, the SRoDS of CS and GC
decreased to 83.5% and 77.2% at a DTD of 300 L/min. The
SRoDS of the research method was 99.7% at a DTD of 50
L/min, and decreased to 96.3% at 300 L/min. The above
data indicates that research methods can better maintain
the success rate of SIoD. Analyze the delay during SIoD in
the Alpha system, as shown in Figure 12.

In Figure 12, the SIoD delay of different methods
fluctuates within a certain range. In Figure 12a, the delay of
CS and GC during data upload fluctuates between 9.2ms
to 23.8ms, 25.2ms to 31.0ms, and the research method
fluctuates between 3.9ms and 7.1ms. In Figure 12b, the
latency of CS and GC during data download fluctuates
between 19.1ms to 27.1ms, 5.2ms to 32.0ms, and the
research method fluctuates between 4.0ms and 7.6ms.
This indicates that research methods can complete SIoD
tasks in a faster and more stable manner.

5 Conclusion

To better understand and optimize NCS, research on SIoD
has become a crucial issue. This study proposed a method
based on signal synchronization to handle the SIoD
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problem in NCS. The HDSI problem under NCS was
analyzed and a signal generation technique for signal
synchronization was designed. Then, the LFOG and
filtered the signal were presented. Finally, the effective-
ness of the research method was verified. The experiment
showed that the synchronization accuracy of the research
method increased to 100% after 33 frames in a �15
dBSNR environment when testing the number of frames
used for main synchronization. In the hardware resource
utilization test, the research method achieved a Slice
Luts resource utilization rate of approximately 11.3% in
the �5 dBSNR environment. When conducting CPC
analysis, the research method maintained CPC below
0.41W at a DTD of 250 L/min. When conducting SRoDS
testing, the research method maintained a SRoDS of over
95.2% at a DTD of 300 L/min. The download delay of the
research method fluctuated between 4.0ms and 7.6ms.
The above results indicated that the research method has
better SIoD speed and can ensure more accurate SIoD
results. However, this study was only tested in a small
data volume environment, and the stability in a large
data volume environment has not been analyzed. In the
future, the experimental scope will be expanded to enrich
the experimental results and optimize the methods.
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