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Abstract: Noise interference critically impairs the stability and data accuracy of sensing systems. However,
current suppression strategies fail to concurrently mitigate intrinsic system noise and extrinsic environmental
noise. This study introduces a composite denoising approach to address this challenge. This method is based
on the ameliorated ellipse fitting algorithm (AEFA) and adaptive successive variational mode decomposition
(ASVMD). This algorithm employs AEFA to eliminate system noise tightly coupled with direct-current and
alternating-current components in the interference signal, thereby obtaining a phase signal containing only
environmental noise. The ASVMD technique adaptively extracts environmental noise components predomin-
antly present in the phase signal. To achieve optimal decomposition results automatically, the permutation
entropy criterion is employed to refine decomposition parameters. The correlation coefficient is utilized to
differentiate effective components from noise components in the decomposition results. Experimental results
indicate that the combined AEFA and ASVMD algorithm effectively suppresses both system and environ-
mental noises. When applied to 50 Hz vibration signal processing, the proposed approach achieves a noise re-
duction of 17.81 dB and a phase resolution of 35.14 prad/YHz. Given the excellent performance of the noise
suppression, the proposed approach holds great application potential in high-performance interferometric

sensing systems.
Key words: interferometric fiber optic vibration sensor; ellipse fitting algorithm; successive variational mode
decomposition; noise suppression

s H #8:2025-09-11; f£17 B #3:2025-09-26

EL£WA: HK A REAHA (No. 62275204, No. 52071245); 464 AU & 1] (No. 2023DIC170)
Supported by National Natural Science Foundation of China (No. 62275204, No. 52071245); Key Research and
Development Program of Hubei Province (No. 2023DJC170)



396 HhEYEE (R0 19 &

E T ik EFA f1 BiE M SVMD B3 8 e 2F
e ez R m P&l ik

AN, BRI E B E OB, E OB, EREL AEEY, G H2
(1. RWELAF¥ FEITE%RE, RN 430070;
2.RWHEIAFE KFHREAL WAER TEFZE T, &K 430070;
3R I T A Hlk TREZE, & 430070;
4. KL XA ERBAREARATR 0 B A%, B 518060 )

FEE BT A AR P I ] SR I [ B AT [ 2R e M R MR PR B MR P g ) B, AR SCHR M T — b Tl i IR 40
= (Ameliorated Ellipse Fitting Algorithm, AEFA) I H 38 W 3% S AR S 4y fift ( Adaptive Successive Variational Mode De-
composition, ASVMD) (M vk . A AEFA ZER TGS 5 H . S RS 1 RGN, 14
B A EE M 75 A AR 5 RS BT XHZ A AR %, SR ASVMD 52 3 R4 M 75 A e R, I 38 2k HEZ i X AS-
VMD 153 i 25 R AT O s e 2R TR O RBOALAL S 09 73 i 45 2R b i B 1 2 i) BARAR GRS 0 SR Rk W],
AEFA Hl ASVMD HH45 & A SO i RGN RGeS o 7EALPE 50 Hz JRBIE S0, Frigth i r RS9 T 17.81 dB Y
WM 35.14 prad/NHz (OARGI S HER, S (R iR, 207 SRAE R e RE TG IR G HAT ELR I IV 7

X B R THEASRGE RS MRSk 8 T B R B A

hE45%ES:TP212.14 ZERARAEAD: A

1 Introduction

Fiber optic sensors (FOS) exhibit high reliabil-
ity, high stability, and immunity to electromagnetic
interference!'*. Among them, interferometric fiber
optic sensors (IFOS) additionally possess excellent
sensitivity, multiplexing capabilities, and a broad

+81 thus playing a crucial role in vi-

dynamic range'
bration monitoring!”, hydroacoustic detection!, gas
concentration detection'%,

IFOS measure external physical quantities
(e.g., strain, temperature, and acoustic pressure) by
detecting the phase of light waves propagating
through the optical fiber. The phase variation of
light waves serves as an information carrier, cap-
able of reflecting subtle changes in measured para-
meters with exceptional sensitivity and resolution'"),
While endowing systems with exceptional detection
capabilities, IFOS render them more susceptible to
noise. Minute changes in measured physical quantit-

ies may be directly overwhelmed by noise. These

doi: 10.37188/CO.EN-2025-0038

CSTR:32171.14.CO.EN-2025-0038

noises are categorized as system noise and environ-
mental noise!'*"*l. System noise originates from ran-
dom fluctuations of light sources or other active

U4 Environmental noise is

devices in the optical path
introduced by external factors such as temperature,
fiber bending, and interfering vibrations"”. Noise
critically impacts the practical performance of inter-
ferometric fiber optic sensors. Specifically, it dimin-
ishes the system’s minimum detectable variation
and dynamic range!'*. Moreover, noise may drown
out the target signal, resulting in demodulation fail-
ure. Therefore, noise suppression is critical in IFOS
research.

To suppress system noise, Gui et al. developed
a phase-generated carrier (PGC) algorithm based on

' which enhanced the

a reference interferometer!
signal-to-noise ratio (SNR) by 15 dB. However, the
requirement for precise matching between the refer-
ence and sensing interferometers significantly in-
creases system complexity. Beyond structural op-
timization, Zhang et al. integrated reference com-

pensation with the PGC algorithm to mitigate sys-
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tem noise!'”l. However, significant result distortions
due to fluctuations in PGC modulation depth C were
overlooked. Zhou et al. introduced the ellipse fitting
algorithm (EFA) into PGC to correct the fluctu-
ations of C!'¥l, Based on 3x3 coupler demodulation
algorithm can achieve favorable results without re-
quiring dynamic modulation. Xia et al. introduced a
system noise suppression approach for differential
signals based on the EFA!". However, they neg-
lected phase deviations caused by imperfections in
the 3x3 coupler, leading to harmonic distortion in
the system. Although these approaches effectively
mitigate system noise, they fail to address environ-
mental noise.

For removing environmental noise, Yu et al.
applied adaptive filtering based on the least mean
square (LMS) algorithm™. In practical measure-
ments, environmental noise is typically composed of
nonlinear and non-stationary components. The LMS
algorithm based on linear models struggles to effect-
ively filter out these complex noise components due
to its inherent limitations”!. The data-driven vari-
ational mode decomposition (VMD) algorithm dy-
namically adapts decomposition strategies based on

223 enabling effective pro-

signal characteristics!
cessing of nonlinear and non-stationary signals™l,
Given excellent signal processing capabilities, VMD
has been applied to noise reduction in fiber optic
sensing. Liu et al. utilized VMD for noise reduction
in temperature sensing signals, achieving a temper-
ature resolution improvement of two orders of mag-
nitude®. Li et al. introduced VMD in distributed
acoustic sensing systems to distinguish the thermal
strain induced by temperature from the effective
acoustic signal®!, However, inaccurate knowledge
of the number of intrinsic mode functions (IMFs)
degrades VMD performance® ?, To address this
problem, Nazari et al. proposed successive vari-
ational mode decomposition (SVMD)®*], This ap-
proach sequentially extracts IMFs without requiring
prior knowledge of their quantity, thereby reducing

computational complexity while simultaneously im-

proving decomposition accuracy.

This study introduces a composite noise sup-
pression method based on ameliorated ellipse fit-
ting algorithm (AEFA) and adaptive successive
variational mode decomposition (ASVMD). AEFA
dynamically corrects fluctuations in direct-current
(DC) and alternating-current (AC) components
caused by system noise in interferometric signals,
enabling the extraction of a system noise-immune
phase signal. Subsequently, ASVMD adaptively
isolates environmental noise from the demodulated
phase signal, thus achieving simultaneous suppres-
sion of system noise and environmental noise. The-
oretical analysis and experimental results confirm
that this integrated approach effectively suppresses

noise in the sensing system.

2 Principle

2.1 System Setup

The structure of the interferometric vibration
sensing system is depicted in Fig. 1 (color online).
The Thorlabs narrow linewidth laser serves as the
system’s light source, featuring a central wavelength
of 1550 nm. The light is split into two optical paths
via a 1x2 coupler. The two beams of light interfere
at the 3%3 coupler. The photodetectors (Lamda,
TCAPDM-35) receive the three interference signals
from the 3x3 coupler and converts them into elec-
trical signals. These signals are acquired by the data
acquisition card (NI, PXIE4480) and subsequent-
ly processed on a computer using LabVIEW soft-

ware.
. Signal
Light gengrator Computer
source \-
@ iBPZT
SO0} 1x2 3x3 f— =
' Coupler Coupler - A -
-

Fig. 1 Structure of sensing system. ISO: isolator; PZT:
PbZrTiO; piezoelectric ceramic; APD: avalanche

photodetector; DAQ: data acquisition



]2

398

(30 %19 %

2.2 AEFA principle

Fig. 2 (color online) illustrates the flowchart of
the algorithm principle for 3x3 coupler-based inter-
ferometric sensing systems. The conventional ap-
proach employs the classical EFA as an effective
technique to address splitting ratio imbalance
issues™. The classical EFA process has been fully
explained in Ref. [19], and it will not be described
here. In the classical EFA, the DC components, AC
components, and phase differences are assumed to
be constant. However, system noise causes the DC
and AC components in the output to become vari-
able. Concurrently, splitting ratio imbalance causes
the phase differences between any two output sig-
nals to deviate from the ideal value of 2m/3. Con-
sequently, the expressions for the three output sig-

nals are modified as follows:

Vi =a,(t) + bi(1)cos(p)
Vo = ay(t) + by(t) cos(¢ + 1)
V3 = as(t) + b3(t) cos(¢ + B5,)

, D
e
B =2n/3+¢,
B2 =4n/3+ ¢,

where a, (¢), a, () and a; (¢) denote the DC compon-
ents perturbed by system noise, b(¢), b,(f), and
b;(t) representthe AC components similarly af-
fected by interference; ¢ is the measured phase con-
taining the true phase variation ¢, and environment-
al noise ¢,; B, and B, are phase differences, and ¢,
and ¢, are deviations introduced by splitting ratio

imbalance, where ¢, is not necessarily equal to ¢,.

System noise suppression

Sh,=k;sin(p)+k,cos(p)

sin(p)
[P
> —

cos(p) |

®V',—3Oh,=kssin(p)+kicos(p) }

Environment noise suppression

Noise free IMFs

Wi +—| Noise dominate IMFs |

Assessrnent 9
¥ of IMFs S [svMmD|

Fig. 2 Flowchart of the algorithm principle

Due to the characteristics of a 3 x 3 coupler,
the ratio between the DC components of any two in-
terference signals and the ratio between the AC
components are the same value. We use p; and p,

to represent this ratio:

{al(f)/az(t) =b(1)/b,(t) = p

(2)
a,(t)/az(t) = by(1)/b5(t) = p,

The parameters p; and p, can be obtained
from the ratio of DC components calculated by
EFA:

{plzal/a2 3)

D2 =ai/as

The three interferometric signals are normal-

ized using parameters p; and p, as follows:

Vi=a,(@)+b(t)cos(y)
Vi=piVa=a(®)+bi(H)cos(p+B))
V; = p2Vs=a,(t)+bi(t)cos(¢ + )

4

where V| and V; are the normalized interferometric
signals. The EFA is applied to V; and V7, as well as
to V, and V;,
and B,. And the differential operation between the

to calculate the phase differences §;

two signal paths eliminates the DC components con-

taining system noise as follows:

{hl =V, —-V| =b(t)cos(p) — by (t)cos(¢ + 1)
hy =V =V, = bi(t)cos(p) — by (t) cos(p + B2)

(5)
where h; and h, are constructed differential signals.
By expanding the trigonometric functions in Eq. (5)

and uniting like terms, Eq. (6) is obtained:

{hl = sin(B))b1 (D) sin(g) + (1~ cos(B))by (1) cos()

I = sin(B2)b1 (1) sin(g) + (1 — cos(B2))by (1) cos()
(6)

By solving the system of two linear equations
in Eq. (6), where b, (f)sin(p) and b,(¢f)cos(p) are

treated as unknowns, we obtain:

x1 = by(t)cos(p)

Xy = b](I)Sin(QD) 7

Finally, the phase is calculated using Eq. (8),
and the AC component b;(f) containing system

noise will be cancelled out.
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¢=arctan(ﬁ)=¢s+<ﬁn . (8)
X1

The final result ¢ still contains environmental
noise ¢,. To extract the true phase signal ¢, the
ASVMD is employed to further process the signal,
thereby suppressing environmental noise interfer-
ence.

2.3 ASVMD Principle

The ASVMD framework comprises two core
components: (1) The balancing parameter « is ad-
aptively determined based on the decomposition
outcomes of SVMD; (2) select the effective com-
ponents from the optimal decomposition results to
reconstruct the signal.

The details of SVMD have been comprehens-
ively elaborated in Ref. [28]. SVMD decomposes a
signal through iterative execution of variational
mode extraction. During the extraction process, con-
straints are imposed to prevent convergence toward
previously extracted IMFs. The iterative procedure
terminates when all IMFs are successfully isolated
or the residual reconstruction error falls below a pre-
defined threshold.

For the phase signal ¢ (f) mentioned earlier, we
assume it is decomposed into:

L-1

PO =m0+ ) u®+en , (9
i=1

where u; () denotes the L-th IMF, u;(¢) represents
the remaining modes u;(f)(i # L) and the unpro-
cessed component ¢, (). The process of SVMD iter-

ation is controlled as follows:

Mw)+a(e)t i (w) + Aw)/2

Tl

L-1
[1+a%(e,)]- [1 +20(er)’+ ) ae)™
i=1

eL=w—-w; (10

n+1 \[000 a)|l’lz+l(a))|2dw ( 11 )
w = [eS) 2
S e do

where X(w) denotes the Fourier transform of ¢(¢),

nn

il} (w) represents the Fourier transform of the L-th

mode component u] (f) when iterating n during the
n-th iteration at the center frequency «7, A(w) is the
Fourier transform of the Lagrangian multiplier A(7),
Wi corresponds to the center frequency of the
power spectrum for the newly extracted, and ¢, is a
symbol introduced to shorten the formula. The @ in
Eq. (10) requires predefined configuration, and dif-
ferent « values critically determine the decomposi-
tion accuracy of SVMDPY, However, an excess-
ively large « risks generating numerous modes
dominated by noise or interference components.
This not only complicates the identification of tar-
get modes but also impedes algorithmic conver-
gence®. Consequently, determining an optimal «
for SVMD remains a pivotal yet challenging task.

To adaptively determine the optimal @, we in-
troduce the PE optimization method. The PE value
quantifies the complexity and stochasticity of a time
series”"!. For an IMF, a lower PE value implies less
noise contamination in the signal component and
better decomposition results. Therefore, the optimiz-
ation objective is to find the o that minimizes the
PE of the extracted IMFs. In the calculation of PE,
two key parameters, namely time delay 7 and em-
bedding dimension m, need to be predetermined.
Studies have shown that 7 has little impact on the
calculation results of PE, so it is usually set to 1 in
practical applications. In contrast, m significantly
affects the accuracy and efficiency of the calcula-
tion, and relevant research has confirmed that set-
ting m to 5 is a more appropriate choice!'*l.

The original phase signal is adaptively decom-
posed into multiple IMFs components by SVMD,
including effective signal and noise components. As
the correlation coefficient (CC) can quantify the cor-
relation degree between signals, it serves as an ef-
fective tool for distinguishing signal-dominant and
noise-dominant IMFs??, In the experiment, the vi-
brational excitation is the dominant component in
the original phase signal, while all other compon-
ents are noise components. Therefore, the CC

between each IMF and the original phase signal is
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calculated, and the IMF with the maximum CC is
identified as the effective component. The steps of
the algorithm are as follows:

Step 1. Set the iteration step size k and « is an
integer between [, Qmax |-

Step 2. The original signals are decomposed by
SVMD algorithm to obtain n IMFs imf,(1)(i=
1~n).

Step 3. Calculate the CC of all IMFs and de-
termine the PE of the IMF with the highest CC.

Step 4. If @=ay,., the a corresponding to the
minimum PE is selected; otherwise, « is updated as

a +k, and the process iteratively returns to Step 2.

3 Simulation

Numerical simulations are conducted to valid-
ate the noise suppression efficacy of the proposed
algorithm. The three-path interferometric signals are

configured as follows:

Vi =0.32[1.2(1 + n,) +0.3(1 + ny) cos(e)]

V, =0.33[1.2(1 + n,) +0.3(1 + ny) cos(p + 51)]

V3 =0.35[1.2(1 +n,) +0.3(1 + ny)cos(p+5,)]
P=¢st o,

@s =3nXxcos(100mnt + 0.16m)

(12)
where 0.32, 0.33 and 0.35 represent the imbalanced
splitting ratios of a non-ideal 3x3 coupler; the envir-
onmental noise ¢, is modeled as Gaussian white
noise with an SNR of 10 dB; the system noise #, is
Gaussian white noise with an SNR of 10 dB; and the
phase differences 8, and B, are set to 117° and 243°,
respectively. The signals are sampled at a frequency
of f =40 kHz, with a data length of L =200 000.

Fig. 3 (color online) depicts the initial 4000
samples of the three time-domain interferometric
signals output from the 3x3 coupler. Distinct numer-
ical simulations for the DC and AC components are
implemented, resulting in amplitude discrepancies
among the three signal paths. This intentionally
emulates the splitting ratio imbalance inherent to
practical 3x3 couplers.

Fig. 4 (color online) shows a comparison of

Lissajous plots obtained from classical EFA and
AEFA, respectively. Fig. 4(a) shows that classical
EFA can correct two signals into a pair of orthogon-
al signals, but the distribution of Lissajous plot is
uneven. Due to the phase difference not being equal
to 2n/3, the Lissajous plot appears elliptical. Addi-
tionally, the system contains a large amount of noise
and many glitches. Fig. 4(b) significantly improves
this situation. Compared with Fig. 4(a), the distribu-
tion of Lissajous plot in Fig. 4(b) is uniform, with
slender lines and significant suppression of system
noise. Meanwhile, after strictly defining the phase
difference, the Lissajous plot is corrected to a regu-

lar circle.

0.5Fy,

04 -KNVUVUUUWWMN\}M]W\NWW\A&
03r

05F

04 -WNWWVWMMAIW
03r

051

04r

0.3 L ) h ) A

0 0.02 0.04 0.06 0.08 0.10
Time/s

Amplitude/V

Fig. 3 Simulation diagram of 3x3 coupler output signals

1.0 H@) 0-10F(b)
05t , 0.05
s
= (U s 0r
70.5 r N _0.05 -
B ..ol 010 b e
A0 Q50 9540 QW0 O (¥ a0
cos(p) X

Fig. 4 Comparison of simulated signal Lissajous figure. (a)
classical EFA output signals sin(¢) and cos(¢). (b)
AEFA output signals x; and x,

Owing to the inability of the classical EFA to
eliminate phase deviation errors, additional harmon-
ics may be introduced into the system. To compre-
hensively evaluate the AEFA's capability in sup-
pressing both noise and harmonic distortion, we em-
ploy total harmonic distortion (THD) and SNR as

performance metrics.
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The THD and SNR of the outputs from both
the classical EFA and AEFA are summarized in
Tab. 1. Compared to EFA, the THD of AEFA is re-
duced by 0.0421%, and the SNR is improved by
2.3242 dB. These results validate the effectiveness
of AEFA in mitigating noise and suppressing har-

monic distortion.

Tab.1 Comparison of THD and SNR between EFA

and AEFA results
Algorithm THD (%) SNR (dB)
EFA 0.1541 37.6787
AEFA 0.1120 40.0029

Subsequently, ASVMD is applied to process
the AEFA output signal ¢ to eliminate environment-
al noise ¢,. The balance parameter a is generally set
to 1000—5000, which can yield good decomposition
performance in processing different signalst,
Furthermore, the continuous increase of a will lead
to a nonlinear growth in computational cost. There-
fore, based on comprehensive considerations, the
optimization range for « is set between 100 and
5000 with an iteration step of 100 to balance decom-

position performance and computation efficiency

>

minimum=0.116 9

N
0.12F b i

0 1000 2000 3000 4000 5000
a

Fig. 5 The PE value of the IMF components with the
highest correlation coefficient at different o in the

simulation

The PE values of IMFs with the highest CC at
different o are illustrated in Fig. 5. When « is set to
1200, the PE obviously converges to 0.1169. At this
point, a already meets the core requirements of sig-
nal decomposition. Further increasing o does not
improve signal accuracy, it may lead to the loss of
potential subtle features due to over-smoothing.

Consequently, the « is selected as 1200. The origin-

al signal is decomposed into three IMFs, and the CC
of these IMFs are calculated and summarized in
Tab. 2. Among them, IMF1 has the highest CC and

is thus retained for signal reconstruction.

Tab.2 The CC between decomposition results and sim-

ulated signal

IMF component CcC
IMF, 0.9999
IMF, 0.0038
IMF; 0.0036

Fig. 6 provides a comparative analysis between
the original phase signal and the signal filtered by
ASVMD. To elucidate the noise suppression per-
formance, Fig. 6 (color online) contains an enlarged
representative fragment. The signal filtered by AS-
VMD demonstrates significant attenuation of high-
frequency fluctuations caused by environmental
noise. Notably, the denoised signal preserves critic-
al phase transitions and amplitude modulations in-
herent to the original signal, while exhibiting a

smoother temporal trajectory.

9.6
20 - — Original phase 0
— The signal filtered
I5F by ASYMD

. .
10 + - 0042 ,  0.04

Amplitude/rad
W

=10 t, . . .
0 0.05 0.10 0.15
Time/s

Fig. 6 Comparison of noise reduction results

4 Experimental results

In order to verify the effectiveness of AEFA-
ASVMD in suppressing fiber optic vibration sens-
ing noise, an experimental verification was conduc-
ted using the system shown in Fig. 1. The sensing
arm of the interferometer is coiled around a PZT,

with an arm length mismatch of 50 m. A sinusoidal
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signal of 750 mV amplitude and 50 Hz frequency
is applied as the target vibration signal. Data acquis-
ition is performed at a sampling frequency of
40 kHz. Fig. 7 (color online) provides the initial
1000 samples of three time-domain interference sig-
nals output by a 3x3 coupler.

Fig. 8 (color online) compares the Lissajous
figures of the quadrature signals obtained via the
classical EFA and the AEFA, respectively. As
shown in Fig. 8(a), the Lissajous pattern derived
from the classical EFA exhibits non-uniform distri-
bution and pronounced system noise. In contrast, the
AEFA output signal in Fig. 8(b) demonstrates a sig-
nificantly smoother and more coherent Lissajous

trajectory.

057,
04}
0.3 L

Tab.3 Comparison of THD and SNR between EFA

And AEFA results
Algorithm THD (%) SNR (dB)
EFA 0.1733 52.9978
AEFA 0.1716 54.2644

0

Amplitude/V

0.5

04r
0.
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Fig. 7 Experimental diagram of 3x3 coupler output signals
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(a) Classic EFA output signals sin(¢) and cos(¢).
(b) AEFA output signals x; and x,

Tab. 3 summarizes the THD and SNR outputs
of classical EFA and AEFA. Compared with classic-
al EFA, AEFA achieved a THD of 0.1716% and an
SNR improvement of 1.266 6 dB. These results val-
idate the effectiveness of AEFA in reducing har-

monic distortion and noise.

The output of the AEFA serves as the input to
the ASVMD module. The a is varied across a range
of 100—5000 with an iteration step size of 100 to
optimize mode extraction. Fig. 9 illustrates the PE
generated during each iteration. The minimal PE
value of 0.1189 is achieved when 0=2400, as evid-
enced by the global minimum in Fig. 9. Con-
sequently, 0=2400 is selected as the optimal para-
meter value, enabling the most effective extraction
of the underlying vibration signal while suppressing

noise components.
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Fig.9 The PE value of the IMF components with the
highest correlation coefficient at different « in the

experiment

The ASVMD decomposition results at a=2400
yield six IMFs, as explicitly shown in Fig. 10 (color
online), which illustrates the time-domain profi-
les of each decomposed component. Specifically,
Tab. 4 presents the CC results between each IMF
and the original signal, revealing that IMF1 exhibits
the highest CC value, indicating its dominant contri-
bution to the vibration signal. By employing IMF1
as the output signal, the method effectively sup-
presses noise and irrelevant frequency components
simultaneously.

To validate the noise suppression efficacy of
the proposed method, its performance is compared
with classical EFA and VMD-CC®", The number of
IMFs n and the penalty parameter o of VMD are set
to 4 and 2000, respectively, with extracting effect-
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ive signals through CC. Fig. 11 (color online) pre-
sents the processing results of the methods. The sig-
nals processed by AEFA-ASVMD exhibit trends
consistent with the other methods, demonstrating
that the applied technique does not affect the meas-
urement of vibration frequency during the pro-
cessing. For intuitive performance comparison,
Fig. 11 also provides a magnified view of a repres-
entative segment. Environmental noise in the inter-
ferometric signal introduces irregular fluctuations in
the waveform. In contrast to the EFA, the proposed
noise suppression method effectively eliminates
such environmental noise, preventing its contamina-
tion of the final output. Furthermore, when com-
pared with the VMD-CC method, the denoised sig-
nal exhibits enhanced peak stability and smoother

curvature.

—100¢t -0.2

0 0.050 0.100 0 0.050 0.100
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Fig. 10 Decomposition results of phase signal

Tab.4 The CC between decomposition results and ex-

perimental signal

IMF component CC value
IMF, 0.9999
IMF, 0.0037
IMF; 0.0015
IMF, 0.0007
IMF; 0.0005
IMF, 0.0006

Fig. 12 (color online) presents the power spec-
tral density (PSD) of the results obtained from three
different methods. EFA treats the DC and AC com-

ponents, closely coupled with system noise as con-

stant values and does not perform additional pro-
cessing on environmental noise, resulting in an aver-
age noise level of only —62.34 dB. VMD-CC can
filter out environmental noise in original phase sig-
nal, achieving an average noise level of —72.85 dB.
However, the preset number of decomposition com-
ponents limits the decomposition effect. In contrast,
the proposed method achieves an average noise
level of —80.15 dB by employing AEFA and AS-
VMD to simultaneously eliminate system noise and
environmental noise. Furthermore, an inset of the
intercepted image in the 0—200 Hz range is embed-
ded in Fig. 12 to demonstrate the noise suppression
performance in the low-frequency band. The signal
amplitude is 28.47 dB at 50 Hz. Consequently, the
dynamic range is expanded to 108.62 dB. The phase
resolution reaches as low as 35.14 prad/NHz.This
outcome validates the efficacy of the proposed
method in suppressing noise, thereby enhancing the

precision of interferometric sensing systems.
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Fig. 11 The vibration signals processed by EFA, VMD-CC

and AEFA-ASVMD
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Fig. 12 The PSD of 50 Hz vibration signals output by
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5 Conclusion

In this study, a noise suppression algorithm
based on AEFA and ASVMD is proposed to simul-
taneously eliminate system noise and environment-
al noise. System noise coupled with DC and AC
components is removed by this method through

AEFA, resulting in a phase signal containing only
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ric sensing systems.
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