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Phase-extracting method of optical frequency scanning interference
signals based on the CEEMD-HT algorithm
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Abstract: Aiming at the problem that the optical frequency scanning nonlinearity affects the phase extract-
ing accuracy of the optical Frequency Scanning Interferometry (FSI) signal, and thus reduces the FSI ran-
ging accuracy, a phase-extracting method based on the Complementary Ensemble Empirical Mode Decom-
position and Hilbert Transform (CEEMD-HT) algorithm is proposed in this paper. Based on theoretical de-
rivation and simulation analysis of the CEEMD-HT algorithm, the effectiveness of the algorithm in solving
the phase of the non-stationary interference signal in scanning-frequency is verified by simulation. Further
simulation experiments were implemented by using the real output optical frequency obtained with FSI ran-
ging system as the simulation conditions. The simulation results showed that the CEEMD-HT algorithm sig-
nificantly improved the phase extracting accuracy of the interference signal and the FSI ranging accuracy. Fi-
nally, the proposed interference signal phase-extracting method was verified via the experiment of the FSI
ranging system. The results showed that the ranging repeatability of the measurement system based on the
CEEMD-HT algorithm was 2.79 pum in the free space measurement range of 2 m. Compared with EMD-HT
and direct measurement methods, the ranging repeatability was improved by 5.19 times and 8.28 times, re-
spectively.
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1 Introduction

The optical Frequency Scanning Interfero-
metry (FSI)-based absolute ranging technology has
broad application prospects in many fields, such as
multi-satellite formation, large-scale equipment as-
sembly and manufacturing, and automatic driving!'-%).
The typical light source of the FSI ranging system is
an External Cavity Diode Laser (ECDL), which
continuously tunes the optical frequency by chan-
ging the length of the external cavity through piezo-
electric ceramics or motors. However, due to the
nonlinear response of the displacement tuning ele-
ment, the optical frequency change of the ECDL
output is nonlinear with time under the linear drive
signal input!'™'?. The nonlinearity in optical fre-
quency scanning of ECDL leads to the frequency
time-varying characteristics of the FSI interference
signal, which in turn affects the phase extracting ac-
curacy of the interference signal, and finally leads to
the decrease of FSI ranging accuracy™ ' *"'¥l, There-

fore, reducing the influence of optical frequency

doi: 10.37188/C0.2022-0173

scanning nonlinearity on interference signals is es-
sential to improve the ranging accuracy of FSI.

The current research methods for the nonlinear-
ity in optical frequency scanning of ECDL can be
summarized into the following two categories: one
type of method is to realize the early suppression of
frequency scanning nonlinearity by monitoring the
optical frequency change information and using the
feedback loop to control the optical frequency scan-
ning rate online. For example, in 2009, Roos P A
et al." used the double phase-locked loop method
to control the optical frequency scanning rate of
ECDL online, reducing the influence of scanning
nonlinearity on the frequency of interference sig-
nals, and achieving a ranging accuracy of 86 nm in
the range of 1.5 m. This method suppresses the
scanning nonlinearity before the optical path forms
interference by introducing a feedback control loop.
However, the introduction of feedback control loop
increases the system complexity, and the loop band-
width also limits the increase in optical frequency
scanning rate; another type is to eliminate the influ-

ence of frequency scanning nonlinearity on the
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phase extracting accuracy of interference signal by
sampling and post-processing the frequency time-
varying interference signal. For example, in 2014,
SHI G et al.™ constructed an all-fiber Mach-
Zehnder reference interferometer with a 30 m optic-
al path difference, which uses the generated refer-
ence interference signal to resample the measure-
ment interference signal at equal optical frequency
intervals, thus greatly reducing the influence of
scanning nonlinearity on the interference signal
measurement and improving the spatial resolution of
the ranging system by about 30 times. However, in
such resampling methods, the reference interference
signal used for resampling needs to satisfy the
Nyquist sampling theorem, which leads to the limit-
ation of the system measurement range by the optic-
al path difference of the reference interferometer. In
addition, the introduction of the reference interfero-
meter also increases the complexity of the ranging
system.

Both of the above two types of methods in-
crease the system complexity in different extent, and
limit the measurement bandwidth and measurement
range of the ranging system. To this end, in 2018,
DENG W et al..'""'® proposed that Empirical Mode
Decomposition (EMD) combined with Hilber
Transform (HT) to perform phase extracting of non-
stationary interference signals, which effectively re-
duced the influence of the optical frequency scan-
ning nonlinearity on the phase extracting accuracy

of interference signals. However, traditional EMDs

Pyramidal reflecting prism 1

Beam splitter prism 1

Collimator

Tunable semiconductor

laser Optical frequency output curve

(Hz)
L

t/s

Beam splitter prism 2

have component mode aliasing when decomposing
and reconstructing nonstationary signals, which lim-
its the further improvement of phase extracting ac-
curacy. Therefore, in this paper, the non-stationary
signal mode decomposition reconstruction method
based on noise-assisted data analysis method-Com-
plementary Ensemble Empirical Mode Decomposi-
tion (CEEMD) is used to decompose and recon-
struct the measurement interference signal, improve
the modal aliasing caused by the traditional EMD
method, and further reduce the influence of the op-

tical frequency scanning nonlinearity.

2 Theoretical derivation

2.1 FSI ranging principle

As shown in Fig. 1, the FSI ranging system
outputs a frequency scanning laser from ECDL,
which is divided into two beams at the beam splitter
(BS1) after being collimated: one beam enters the
Fabry-Perot (F-P) Etalons, and the transmitted F-P
signal is generated by photodetector (PD1); the oth-
er enters the Michelson interference light path and is
divided into reference light and measurement light
by the beam splitter (BS2). After being reflected by
the reflecting prism RR1 and RR2, the interference
signal is formed on the photodetector (PD2).

In FSI ranging system, the output optical fre-
quency of ECDL u(¢) can be expressed as:

vt)=vp+B-t (D

where v, is the initial optical frequency output by

Pyramidal reflecting prism 2

Spectroscopic prism 2

Spectroscopic

Interference signal
prism 1 i

f FP-signal 1%

Fig. 1 Schematic of the FSI ranging system
BT FSTEE RS A
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the laser, and 8 is the optical frequency scanning
rate. According to the principle of light wave inter-
ference, the interference signal can be expressed as:

(1) =L+ 1+ 21, I,,cos [ 2mvoT + 2n8-T-1]
(2

where I, is the light intensity of the reference light,
I, is the light intensity of the measurement light,
and 7 is the delay of the measurement light relative
to the reference light in the time domain. According
to Eq. (2), the instantaneous phase of the interfer-

ence signal ¢ is expressed as:
¢ =2mvyT+2nB -7t . (3

If the optical frequency variation of ECDL is
Av within the period Ar=t,-t;, the corresponding

phase difference A¢ can be expressed as follows:
Ap=p(t)—pt) =2n-7-B-At . (4)

In combination with equation (1), the phase

difference Ay can be further rewritten as follows:
Ap=2n-7-[u(ty)—v(t)]=2n-7-Av . (5)
When the distance to be measured is [,, the

delay 7 can be expressed as:

T (6)
C

where n is the refractive index of air and c is the ve-
locity of light. The expression of distance L to be
measured can be obtained by connect equations (5)
with (6):

L_c-‘r_ c-Ap
- 2n 4n-n-Av

D
2.2 Nonlinearity analysis of FSI scanning frequ-

ency

It can be seen from Equation (7) that the ran-
ging accuracy of the system depends on the extrac-
tion of the phase difference A¢ of the interference
signal and the calculation of the optical frequency
variation range Av. The optical frequency variation
range can be obtained by counting the number of F-
P signal peaks in Fig. 1, and after selecting the start-
ing and ending F-P peaks, the relationship between

the optical frequency variation range Av and the F-P

peak number r is as follows:
Av=(r-1)-FSR , (8)

where FSR is the Free Spectrum Range (FSR) of the
Fabry Perot etalon, that is, the corresponding optic-
al frequency difference between adjacent peaks.
Therefore, solving the interference signal phase dif-
ference Ap corresponding to the scanning range Av
is the key to determine the ranging accuracy of FSI.
In fact, the interference signal intercepted by
the F-P signal includes an integer period signal seg-
ment and a fractional period signal segment, and the
corresponding phase difference between two adja-
cent peaks in the integer period signal segment is
2w, so the integer periodic phase difference can be
directly solved by the number of peaks of the inter-
ference signal. As shown in Figure 2, in order to im-
prove the solving efficiency of the interference sig-
nal phase difference, the interference signal phase
difference is divided into three parts, that is, integer
phase difference Ag;, starting decimal phase differ-
ence Ay, and cutoff decimal phase difference Agp..
When the phase segment is automatically intercep-
ted, from the moment ¢, of the starting F-P peak, the
segment is intercepted to the right to the moment 7,
of the first wave peak , which corresponds to the
starting decimal phase difference interval; similarly,

from the moment #, at which the F-P peak is termin-

T

—Wrapped phase —Unwrapped; phase
: | d : : ' A/ 7|

F-P signal/V

Reconstructed
signal/V

Phase/rad

b b Time/s i

Fig. 2 Schematic diagram of the interferometric phase de-

composition
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ated, the segment is intercepted to the left to the mo-
ment #,, at which the last wave peak is, which is the
interval of the cut-off decimal phase. The interval
from ¢, to 1, is the integer phase interval. The in-

teger phase difference Ag; can be expressed as:
Ap;=(0-1)-2rn . D)

The integer phase difference is determined by
the peak number ¢ of the interference signal, the
decimal phase difference is Ay, and Ay, is solved
by HT:

As= u s T
{so pulty = 15)/ , (10>

A‘pe = @ute— tp2)/T

where ¢, is the phase unwrapping function after HT,
and T is the period of the interference signal. Thus,
the phase of the interference signal can be expre-

ssed as:
Ap = Ag; + Aps + Ap. . QD)

At this time, the scanning frequency range Av
and the phase difference Ay of its corresponding in-
terference signal can be substituted into Eq. (7) to
get the distance [..

However, the displacement tuning element
PZT of ECDL has hysteresis and creep characterist-
ics, resulting in a nonlinear relationship between the
optical frequency change output by the ECDL and
the time under the linear driving signal input. The
optical frequency scanning rate S is no longer a
fixed value, and the interference signal period 7 be-
comes a time variable, and an error will occur when
calculating the decimal phase using HT. Therefore,
this paper proposes to use the CEEMD-HT algo-
rithm to calculate the decimal phase value point-by-
point in the intercepted interference signal segment,
and then calculate the phase change of the intercep-
ted interference signal, so as to avoid the impact of
scanning nonlinearity on its phase calculation.

2.3 Phase extracting principle based on CEEMD-

HT

Firstly, the phase solving method of HT in FSI
interference signal is derived, and for any signal

x(t), its HT can be expressed as:

H[x(O)] = F[F (x())6(w)] 12

where (-] and ¥ [-] are the Fourier transform and
the inverse Fourier transform, and 6[w] is the win-
dow function of HT, which can be expressed as:
—j(w>0)
o(w)=—jsgn(w)=4 0(w=0) . (13)
j(w<0)
According to Eq. (2), the I(f) expression of FSI

interference signal can be simplified as follows:
I1(t) = a(®) + b(t) cos (1) 14

where a(t) is the DC component of the interference
signal, b(t) is the amplitude modulation of the
interference signal, and the phase information of the
interference signal is hidden in b(¢)cos¢(t). Use a
suitable high pass filter to filter out the low-fre-
quency DC term a(¢), and get the term b(7)cos ()
containing the phase information of the interference
signal. The interference signal can be expressed as

follows:
L) =F [FU®]- W)l =b)cose(r) , (15)

where W(w) is the window function of the high pass
filter. In addition, BEDROSIAN E!'” ef al.. have
made a detailed discussion on the HT in the form of
product, and obtained an important conclusion: the
HT of the product of low-pass signal and high-pass
signal is equivalent to the product of the HT of low-
pass signal and high-pass signal. Based on this con-
clusion, the HT of the interference signal after high-

pass filtering can be expressed as:
H[I,(H] =b(t)H[cosp(t)] = b(H)sinp(t) . (16)

Based on the above analysis, the HT is used to
construct the analytic function /(r) of the interfer-

ence signal:
I(t) = IO +iH[,(1)] . an

Combining equations (15) and (16), we can

get:
I(t) = b(t)cos @) +ib(t)sinp(t) . (18)

The phase function ¢(?) of the interference sig-

nal can be expressed as:
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Im(f(t))] _ arctan[ b(1)sing(t) }

@(t) = arctan [ Re(Z(0) b(t) cos ¢(1)

ay

According to Eq. (19), the phase change of in-
terference signal I(¢) from time #, to #, can be ex-

pressed as:

Ap = @u(t2) —pu(t1) . 20

It should be noted that the Signal-to-Noise Ra-
tio (SNR) of the interference signal is a key factor
affecting the accuracy of HT phase solution'®. The
interference signal is affected by the measurement
environment perturbation, photodetector noise and
other factors, especially under long-distance meas-
urement conditions, and its SNR is often low, so
here the EMD is used to perform adaptive decom-
position of the interference signal and reconstruct a
high-quality interference signal to improve the inter-
ference signal phase extracting accuracy. In the sig-
nal decomposition, EMD does not depend on the
basis function, and the adaptive decomposition is
performed completely according to the extreme
point distribution of the signal itself, which decom-
poses the complex signal containing multiple fre-
quency components into the sum of multiple single
frequency components step by step. For the analys-
is and processing of complex signals with non-
stable characteristics, the specific process of EMD
decomposition is described as follows:

(1) Firstly extract the upper and lower extreme
points of the original signal s(), and fit the upper
and lower extreme points with triple spline fitting to
obtain the upper envelope signal e,(f) and the lower
envelope signal ey(7).

(2) Find the mean envelope signal m(¢) of the
upper and lower envelopes, remove m(f) from the
initial signal s(7), we obtain the signal ¢().

(3) Treat c(¢) as a new s(r) signal and repeat
steps (1)-(2) until the latest decomposed c(f) satis-
fies the decomposition termination condition!'”, at
which point ¢() is considered a first-order compon-
ent IMF,.

(4) Remove IMF from s(t), record the remain-

ing signal as r(z), treat r(¢) as a new s(¢) signal, re-
peat steps (1)-(3), and obtain the components IMF;
of each order in turn.

The decomposition of nonstationary signal s(z)

can be expressed as:

s(t):znllMF,-+r,,(t) , Q2D
i=1

where IMF,, IMF,,---, IMF, are the components
of each order obtained by EMD, also known as the
Intrinsic Modal Function (IMF), and Fig. 3 shows a
schematic diagram of the decomposition reconstruc-
tion of the measured nonstationary interference sig-
nal by EMD.

1(2)
O —
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Fig.3 Schematic diagram of the EMD decomposition and
reconstruction of the non-stationary interference sig-

nal
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Ideally, each IMF contains only one character-
istic frequency. However, in the process of signal
decomposition, different characteristic frequencies
are mixed in the same IMF component, or the same
characteristic frequency exists in different IMF

components. Wu and Huang et al..'"” define this
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phenomenon as modal aliasing. Due to the exist-
ence of modal aliasing, the two adjacent IMF com-
ponents obtained by EMD will interfere with each
other, and the characteristic frequency mixing can-
not be distinguished. Therefore, in the process of de-
composition and reconstruction of non-stationary
signals, it is inevitable to eliminate the true compon-
ent of the signal itself or introduce the false com-
ponent into the reconstructed signal, which seri-
ously affects the quality of signal reconstruction. As
IMF, shown in Figure 3, we generally regard this
component as the most important component re-
flecting the characteristics of the interference signal.
Obviously, due to the influence of modal aliasing,
other frequency components are mixed into the
component IMF,, which leads to certain fluctu-
ations in the time domain. Therefore, it directly af-
fects the quality of the reconstructed interference
signal /,(¢), and then affects the phase extracting ac-

curacy of the interference signal.

In order to overcome the modal aliasing prob-
lem, YEH J R et al..™ proposed the CEEMD al-
gorithm based on EMD. The CEEMD algorithm
successively adds pairs (one positive and one negat-
ive) of white noise to the original signal, and then
performs EMD separately. The algorithm flow is
shown in Figure 4. The CEEMD algorithm uses the
characteristics of uniform distribution of white noise
in the time-frequency space, and the component sig-
nal IMF; of different time-frequency scales is auto-
matically mapped to the appropriate time-frequency
scale related to it through the white noise back-
ground, to ensure the continuity of each component
in the time domain and reduce modal aliasing. In ad-
dition, using the time-domain zero mean character-
istic of white noise, the CEEMD algorithm elimin-
ates the influence of the added white noise on the
original signal by adding white noise pairs multiple
times and averaging multiple groups of IMF com-

ponents of the same order.

Input signal s(¢), determine the frequency
of adding white noise M

Add white noise pair (one positive and one negative)

s1(O=s(0ytn, (1)

5, (O)=s(2)y+tny(2)

Sy (D=s(2)tny(1)

51 (O)=s()—n,(1)

55 (O=s()~n(0)

sy (D=s()=n,(0)

EMD decomposition EMD decomposition EMD decomposition
5:(t) component| IMF,,, IMF,,, . IMF,, IMF,,. IMF,,. . IMF,, IMF,),, . IMF,;,. . IMFy,
5:() component| IMF,, . IMF,,, -, IMF,, 71MF;\ IMF,,. . IMF, IMF,;, . IMF,,. -, IMFy,
e | IMF,y . IMF,,. . IMF, IMF,,. IMF,,, -, IMF,, IMF,, . IMF,;. . IMF,,

l

Averaging different groups of components of the same order

IMF, IMF | +IMF,++IMF,,, Signal ( Reconstruction of non—stationary\‘
i reconstruction signal 5(7)
IMF, || IMEHIME 4 IMF, ———
. _ [(ty=IMF+IMF.. +IMF,
: M :

IMF, IMF +IMFy—+IMF, - J

Fig. 4 Schematic diagram of CEEMD algorithm flow

4 CEEMD Hikiifs
. . . st St
The following is the detailed process of a® = 11 @ 22)
(1) L =1 |[n;®

CEEMD algorithm decomposition and reconstruc-
tion. First, add white noise signal n(¢) in pairs to the

original signal s(¢), that is:

The synthesized signals of the original signal

s(t) after the jth addition of white noise pairs are
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s5;1(¢) and s,(¢), respectively, and EMD of s; () and
sp(t) will respectively obtain two sets of n-layer

IMF components, namely:

IMF;, IMF,, |
IMF;, IMF 5,
[s"‘(t)]— - - (23)
sp(t) : : '
IMF;, IMF,,
rj],n(t) rj2,n(t)

Averaging components of the same order of
each layer, we can get:

[ IMFjl,l +IMFj2,1 )

2
IMF;, +IMFj,

5,(1) = 2 . (24)

IMF;,, +IMF,,
2
When, in Egs. (22), (23) and (24), j=1,2,---,

m, the component matrix of row n and column m

can be obtained, that is:

S IMF,, IMF,, - IMF,, |
52 IMFI,Z IMFQ’Z IMFmQ
IMF,, IMF,, IMF,,,

J
(25
The component matrix of the CEEMD decom-
position signal can be obtained by averaging com-
ponents of the same order of each layer in the com-

ponent matrix, namely:

o ,
— Y IMF;,

1 m IMF]
— > IMF;5| | IMF,

s =M ‘= = ) . (26)
IMF,

% .jZ;IMFM

Fig. 5 shows the decomposition and recon-
struction results of the measured interference signal
by CEEMD algorithm. The components of each or-
der are arranged in order from high frequency to
low frequency. By removing the high frequency
false components and residual components, the re-

maining real components are reconstructed to ob-

tain the reconstructed interference signal 7,(¢) with
high SNR.
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Fig. 5 Schematic diagram of the decomposition and recon-

struction of the interference signal via CEEMD
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Compared with the EMD algorithm, CEEMD
algorithm decomposes more components and distin-
guishes the characteristics between components more
clearly, which indicates that CEEMD algorithm can
reduce the mutual interference between adjacent
IMFs to a certain extent. Comparing the quality of
the reconstructed interference signal /,(f) in Fig. 3
and Fig. 5, the reconstruction quality of the interfer-
ence signal by the CEEMD algorithm is better than
that by the EMD algorithm. Obviously, CEEMD al-
gorithm will help improve the phase solving accur-
acy of the interference signal. Next, we will verify
the effectiveness of the CEEMD algorithm through

simulation and experiments.

3 Experimental results

3.1 Setting of FSI system experiment platform

The FSI ranging platform and experimental re-
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lated equipment constructed in this experiment are
shown in Fig. 6. ECDL (TLB-6712, Newport) and
data acquisition card (PXIe-5105, National Instru-
ments) are controlled by the host computer, the fre-
quency modulation range of ECDL is set to 765—
775 nm, and the frequency modulation speed is set
to 2 nm/s. The optical fiber splitter (TN785R3Al,
Thorlabs) divides the light source into two channels,
which are coupled to the free space through the col-
limator (F230APC-780, Thorlabs), and 25% of the
light enters the FP etalon (SA200-5B, Thorlabs).

A: Semiconductor laser E: Corner cube reflector|
+ B: Fiber collimator

. C: Photodetector

* D: Spectroscopic prism

The FP signal is detected by the built-in photode-
tector of the FP etalon, and filtered and amplified by
the FP controller; 75% of the light enters the meas-
uring optical path. After passing through the
Michelson interference optical path, interference is
formed at PD (Model 1801, Newport), and the PD
converts the optical interference signal into a
voltage signal. DAQ collects FP signal and interfer-
ence signal synchronously, and the acquired signal

will be processed by PC to complete ranging.

F: Measuring mirror
G: Fabry-Perot etalon

Fig. 6 Schematic diagram of the FSI experimental system
Kl 6 FSILHRGnEE

3.2 FSI simulation parameter setting

To verify the effectiveness of the algorithm, in
this paper, the peak point of the transmission signal
obtained from the F-P etalon is fitted to obtain the
actual optical frequency change curve v(r) of ECDL
output. The optical frequency change rate S of
ECDL output can be expressed as:

du(t
L) = % . QD
Substituting equation (27) into Eq. (2), and
adding noise n,(f) to the simulated interference sig-
nal, the final form of the simulated interference sig-

nal is obtained as:

I'(t)=a-cos|2n(vy+B(t)-1)- n L

+b-n,(t) ,
(28)

where a and b are amplitudes of the simulated inter-

ference signal and noise respectively.
The simulation parameter settings are shown in
Table 1.

Tab.1 Simulation parameters of the scanning nonlin-
earity

R1 ANAERMHESH

Parameters Parameter name Value/unit

a Interference signal amplitude 1V

vo ECDL initial optical frequency 0 Hz

Av Optical frequency scanning range 2 THz
L Measured distance 10 m
n Air refractive index 1
c Velocity of light 3x10% m/s
t Scan cycle 5s
N Interference signal sampling frequency 10 MHz
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3.3 FSI simulation experiment results

In this section, we will compare and verify the
ranging performance of CEEMD-HT algorithm and
EMD-HT algorithm based on the analysis in
Chapter 2 as the theoretical basis. First, we extrac-
ted the single cycle phase difference of the interfer-
ence signal under different signal-to-noise condi-
tions for 20 times and compared the extracted res-
ults with the standard single cycle phase difference
to reflect the extraction capability of the above two
algorithms for decimal cycle phase. As shown in
Fig. 7 (color online), both algorithms can reduce the
extraction error and standard deviation of the single
cycle phase difference compared with the direct ex-
traction of the single cycle phase difference, and un-
der different signal-to-noise conditions, the extract
effect of the single cycle phase difference by the
CEEMD-HT algorithm is better than that by the
EMD-HT algorithm.

M Direct measurement
Il EMD measurement
I CEEMD measurement

15+ BiodB | 15dB| 20dB| 25dB

1.0
0.5

Percentage of
residual/(%)

0.10
0.08
0.06
0.04
0.02

0

25dB

Standard
deviation/pum

J_-_-_

Fig. 7 Comparison of simulation results of single cycle

phase difference extraction

B 7 BRI 22 U ELAE X HE

Next, to verify the overall measurement per-
formance of the CEEMD-HT algorithm, we have
applied the CEEMD-HT algorithm and the EMD-
HT algorithm to perform 500 repeated rangings un-
der different SNR conditions and compared them
with the standard distance of 10 m set by simulation.
The histograms of the measurement residuals and
the measurement standard deviation obtained under

different SNR conditions are shown in Fig. 8 (color

online). The results show that both the CEEMD-HT
algorithm and the EMD-HT algorithm can improve
the ranging performance of the FSI to some extent

compared with the direct measurement.

M Direct measurement
B EMD measurement
B CEEMD measurement
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Fig. 8 Comparison of the ranging simulation results of dif-
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It is worth noting that when the SNR of the
simulated interference signal is 20 dB, the EMD-HT
algorithm does not show significant measurement
advantages compared with direct measurement. Com-
bined with Fig. 3 and the principle of EMD decom-
position reconstruction, it can be seen that EMD de-
pends on the extreme point distribution of the inter-
ference signal when decomposing the interference
signal, and when the SNR of the simulated interfer-
ence signal is relatively increased, the volatility of
the extreme point distribution decreases, which will
aggravate the modal aliasing and have a certain im-
pact on the decomposition performance of the EMD
algorithm. Therefore, when the interference signal is
reconstructed, some high-frequency noise compon-
ents will be mixed into the reconstruction signal,
and some of the real components of the interference
signal will be lost, which will then have a certain
impact on the extraction of the phase difference. In
addition, combined with the analysis in Chapter 2,
when dividing the phase segment, it also depends on
the extreme point distribution of the interference
signal, so the smoothness of the reconstruction inter-
ference signal in the time domain will have a corres-

ponding impact on the interception of the signal seg-
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ment, which in turn affects the stability of the ex-
traction of the phase difference, resulting in the rel-
ative decrease of the measurement stability of the
EMD algorithm under this the 20 dB SNR.
Compared with the EMD algorithm, during the
decomposition of the interference signal, CEEMD
adds white noise pairs to the interference signal to
be decomposed, which makes the fluctuation de-
gree of the interference signal with different SNRs
in the time domain tend to be consistent. Therefore,
the decomposition and reconstruction performance
of the CEEMD algorithm is relatively less affected
by the SNR. From the simulated ranging results
shown in Fig. §, it can be seen that the measure-
ment residuals and standard deviations of the
CEEMD-HT algorithm are lower than those of the
EMD-HT algorithm and direct measurements under
a certain interference signal SNR. It is worth noting
that the CEEMD-HT algorithm can improve the re-
peatability of the system measurement more effect-
ively than to improve the accuracy of the system
measurement. The standard deviation of the
CEEMD-HT measurement is 3.14 um at a SNR of
25 dB for the interference signal and a range of 10 m.
In addition, CEEMD needs to add noise and
perform EMD for many times when processing in-
terference signals, which increases the complexity
of the algorithm and reduces the efficiency of sig-
nal processing to a certain extent. In view of this,
the measurement time and efficiency of the
CEEMD-HT algorithm are evaluated and analyzed.

As shown in Fig. 9 (color online), the measurement

10 dB 15dB 20 dB 25dB

Time of each measurement/s

S = N W A L N 0O
T T T T T T T

M Direct measurement m EMD measurement
m CEEMD measurement

Fig. 9 Comparison of single measurement time
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efficiency of the CEEMD-HT algorithm is lower
than that of the EMD-HT algorithm and direct
measurement under the same measurement condi-
tions.

In summary, the CEEMD-HT algorithm can
improve the signal processing performance while its
simplicity and processing efficiency are also af-
fected accordingly, and it cannot simultaneously
take into account the stability and rapidity of the
system measurement. However, as an adaptive sig-
nal processing means, it can still improve the stabil-
ity and anti-interference capability of the FSI sys-
tem without increasing the complexity and cost of
the system, which has certain positive significance
to improve the performance of the FSI system.

3.4 Experiments and results

The FSI ranging experimental system is shown
in Fig. 6. The sampling rate of the data acquisition
device is set to 10 MS/s, and the single sampling
time is 5 s, and the FP signal and the interference
signal are acquired simultaneously. After the phase
segment of the interference signal is divided, the
CEEMD-HT algorithm and EMD-HT algorithm are
applied to decompose and reconstruct the interfer-
ence signal of the decimal phase segment respect-
ively, the phase difference of the reconstructed sig-
nal is solved, and finally the optical frequency vari-
ation range Av and the phase difference of the inter-
cepted interference signal Ay are substituted into the
ranging Eq. (7) for ranging.

Before the ranging, we analyzed and compared
the performance of CEEMD-HT algorithm and
EMD-HT algorithm to process the measured inter-
ference signal, and the results are shown in Fig. 10.
The measured interference signal disturbed by noise
is shown in Fig. 10 (a), and the reconstructed inter-
ference signals shown in Fig. 10 (b) and Fig. 10 (c)
are obtained after processing by CEEMD algorithm
and EMD algorithm. Comparing the locally ampli-
fied signals, both the CEEMD algorithm and the
EMD algorithm can effectively reduce the interfer-

ence of noise on the interference signal. However,
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the interference signal after EMD processing still
has fluctuations in the time domain, and such fluctu-
ations will have certain effects on both of perform-
ing phase segment division and using HT for phase
solution. It can be seen that the CEEMD algorithm
is more effective in processing the interference sig-

nal under the same conditions.

Real measured signal (partial)

Partial enlarged

~

Partial enlarged

0.10.20304050.60.70809 1.0

CEEMD reconstruct signal (partial)

0.1 0.20.30.4050.60.70809 1.0
EMD reconstruct signal (partial)

Partial enlarged

0.1 0.2 0.3 040.50.60.70.8091.0
Time/s

Fig. 10 Comparison of measured interference signal pro-
cessing results
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Based on the above analysis, the actual meas-
urement performance of the CEEMD-HT algorithm
is experimentally verified in this section. 50 repetit-
ive measurements are performed on the same target
in the 2 m free-space range, and the ranging results
are shown in Figure 11. The experimental results

show that, in the measurement range of 2 m free

-+ Direct measurement: 23.09 ym
~+- EMD measurement : 14.48 um
~-+- CEEMD measurement : 2.79 um

Space measurement distance/m

0 5 10 15 20 25 30 35 40 45 50
Numbers

Fig. 11 Experiment results of the FSI ranging measure-

ment
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space, the repetitive measurement standard devi-
ation based on the CEEMD-HT algorithm is
2.79 pm, which is 5.19 times lower than the repetit-
ive measurement standard deviation of 14.48 pm
based on the EMD-HT algorithm, and is 8.28 times
lower than the repetitive measurement standard de-
viation of 23.09 pm by the direct measurement. This
shows that the CEEMD-HT algorithm can effect-
ively improve the stability of the FSI system ran-
ging and the anti-interference capability of the sys-

tem.

4  Conclusion

Based on the analysis of the effect of optical
frequency scanning nonlinearity on the ranging ac-
curacy of the FSI system, we propose a CEEMD-
HT-based interference signal phase solving method,
and conducts theoretical derivation and simulation
analysis on the application feasibility of the
CEEMD-HT algorithm in interference signal phase
solving. To verify the effectiveness of the CEEMD-
HT algorithm for phase solution of non-stationary
interference signals, simulation experiments are
conducted using the real output optical frequency in
the FSI experimental system as the simulation con-
ditions. The simulation results show that the per-
formance of the CEEMD-HT algorithm outper-
forms that of the direct measurement and EMD-HT
algorithm for both single-cycle phase extracting and
overall measurement. The standard deviation of the
CEEMD-HT algorithm is 3.14 um in the 10 m
range. The measurement efficiency of the al-
gorithms is compared, and the results show that the
CEEMD-HT algorithm is inferior to the direct
measurement and EMD-HT algorithms in terms of
measurement efficiency, and it cannot take into ac-
count both the measurement stability and measure-
ment efficiency of the system. In addition, the FSI
ranging system was used to verify the measurement
results, which showed that, in the measurement
range of 2 m free space, the 2.79 um standard devi-
ation obtained by the CEEMD-HT algorithm is 5.19
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times and 8.28 times lower than that of the EMD-
HT algorithm and the direct measurement method,
respectively. Therefore, the CEEMD-HT algorithm

can effectively reduce the effects of optical fre-
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