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Abstract: A filter method that combines ensemble empirical
modal decomposition (EEMD) and wavelet analysis methods
was proposed to separate and correct the global navigation
satellite system ( GNSS) multipath error more effectively. In
this method, the GNSS signal is first decomposed into several
intrinsic mode functions ( IMFs) and a residual through
EEMD. Then, the IMFs and residual are classified into noise
terms, mixed terms, and useful terms according to a combined
classification criterion. Finally, the mixed term denoised by
wavelet and the useful term are reconstructed to obtain the
multipath error and thus enable an error correction model to be
built. The measurement data provided by the Curtin GNSS
Research Center were used for processing and analysis.
Results show that the proposed method can separate multipath
error from GNSS data to a great extent, thereby effectively
addressing the defects of EEMD and wavelet methods on
multipath error weakening.
established with the separated multipath error has a higher
accuracy and provides a certain reference value for research on
related signal processing.

The error correction model
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lobal navigation satellite system ( GNSS) uses static
monitoring!' ™' .
Weakening the multipath effect through difference is diffi-
cult because of its low correlation between stations" ™.
The repetitive correction method has an efficient weake-
ning effect on the multipath error in GNSS deformation
monitoring because of the diurnal repeatability of the mul-
tipath effect’”™, in which multipath error separation plays
a key role in the whole method. Satirapod et al. """ and Su
et al. "™ used wavelet to separate the multipath error from
GPS signal data, and their results verify the effectiveness

of wavelet. However, the wavelet effect is limited by
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choice of wavelet basis, threshold, and decomposition or-
der, which are usually determined by experience'®” .
Huang et al. """ proposed empirical mode decomposition
(EMD) to adaptively decompose a signal into a series of
intrinsic mode functions (IMFs) and a residual, allowing
useful information to be extracted quickly from the de-
composition without prior information""' ™" ],
used EMD to separate GPS multipath errors, and they
found that EMD can separate multipath errors more di-
rectly and effectively than wavelet. Yan et al. ! pro-
posed a combination of EMD and recursive least squares
(RLS) filtering to separate the multipath error from
GNSS data, maximizing the advantages of EMD and
RLS. However, EMD is easily susceptible to the mode
aliasing problem, resulting in degraded decomposition ac-
curacy'”. Wu et al."" proposed ensemble empirical
mode decomposition ( EEMD) to overcome mode alias-
ing, but the effect of EEMD is limited by the amount of
white noise added''”’. Therefore, this paper proposed a
novel method that combines wavelet and EEMD to weak-
en the multipath errors more effectively. In this paper,
the principle of the proposed method is introduced first,
and then its results, as evaluated by GNSS data, are pres-
ented.

. Daieta

1 Multipath Effect

Fig. 1 shows that the multipath effect is caused by the
interference between direct and reflected signals. With the
assumption that the receiver receives a set of signals from
a satellite, the superimposed signal formed by the reflec-
ted signal and the direct signal in this set of signals can be
expressed as

S = A cos(wt + @) (D)

where A; is the amplitude of the superimposed signal; w
is the angular frequency; ¢ is the multipath error, and its
formula is

asinA
1 + acosA

@ = arctan (2)
where « is the reflection factor of the reflector, and A is
the phase delay caused by the path difference between the
reflected signal and the direct signal, which can be ob-
tained according to Fig. 1.
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where A is the wavelength of the signal; 0 is the reflec-

tion angle; and H is the receiver height.

AY
éé’\%@
e
Reflection point ¥ \
(on the wall) \/]0uuy Lo
o
~ o>
Receiver 6‘5\%‘\
e
s = '
: O
D Reflection point

(on the ground)
Fig.1 Principle of multipath effect

The typical frequency f of the multipath effect can be
expressed as
dA 2D dé

f="g; = 008 g, =0-521 x10° D (4)

. . . de . ..
where D is the reflection distance, and CT? is the variation

rate of the satellite incident angle, which takes 7 x 10 -
rad/s, while @ takes 45°.

As a result of signal attenuation, the reflected signal
can be neglected at a reflected distance greater than 50 m,
implying a low multipath effect in the frequency do-

s 131
main

. The operation cycle of GNSS satellites is basical-
ly maintained at 12 sidereal times. The multipath effect
for two consecutive days shows a strong correlation'"

i.e., diurnal repeatability, when the surrounding envi-

ronment of the station receiver changes slightly.
2 Improved EEMD-Wavelet Combined Filter
2.1 Wavelet analysis

According to the principle of wavelet, the wavelet ba-
sis is stretched and shifted, and the wavelet basis is used
to fit the signal to be processed at multiple scales. The
wavelet transform for a signal series f(#) can be expressed

7
as[ ]

Wea,b) = (F(0) 0, (0) = =[fny” (F=2)ar (5)

- Ly
where a is the stretch factor; b is the shift factor; (¢) is
the wavelet basis; and ¢ * (7) is the conjugate function of
W(o).

f(t) can be reconstructed by using inverse wavelet
transform, which is expressed as

clwanp.o®e©

) =
where C, is the admissibility condition of the wavelet ba-
sis.

The following are the specific steps for separating the

multipath error from the GNSS signal using wavelet:

1) The wavelet basis and decomposition layers are de-
termined and are used to decompose the GNSS signal.

2) The rule for estimating threshold is determined and is
used for soft thresholding of the high-frequency wavelet
coefficients of each layer; the low-frequency wavelet co-
efficients of each layer are not processed.

3) The high-frequency wavelet coefficients after soft
thresholding and the low-frequency wavelet coefficients
are combined to reconstruct the useful signal, i.e.,
tipath error.

Knowing the characteristics of the signal in advance
and determining the optimal wavelet parameters according
to experience are generally necessary because wavelet
lacks adaptive processing ability. Typically, the GNSS
signal exhibits multiscale characteristics because of the
superposition of various noises,

mul-

leading to a signifi-
cantly increased workload of multipath error separation
by wavelet.

2.2 Ensemble empirical mode decomposition

EEMD is an improved EMD method based on the char-

acteristics of non-correlation, zero-mean, and uniform
distribution of Gaussian white noise in time-frequency
space. The EEMD effectively overcomes mode mixing
with the addition of Gaussian white noise and multiple
EMD processing''"*'.

The following are the specific steps for separating the
multipath error from the GNSS signal by using EEMD:

1) Gaussian white noise is added to the GNSS signal to

obtain the signal to be processed.
Y'(1) =Y(1) +n"(1) (7)

where n"(t) is the Gaussian white noise series, and Y(1)
is the GNSS signal series.
2) The signal series are decomposed into a series of
IMFs and one residual by EMD!'" .
Y'(1) = Y IME/(1) +RI(1) (8)
i=1
where n is the order of EMD decomposition, i.e., the
number of IMFs.
3) Steps 1 and 2 are repeated N times to obtain N sets of
IMFs and residuals.
4) The average values of IMFs and residuals are calcu-
lated as the final decomposition result.
l N
~ Y IMF/,(1) (9)

iz

IMF, (1)

=

z\~ =

R’" (1)

n,j

R, (1) (10)

where IMF;';(#) and R; (¢) are the i-th IMF and the re-

nj

sidual obtained by the j-th EMD processing, respectively.
5) The useful signal ( multipath error) is reconstructed
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by analyzing the frequency and amplitude characteristics
of the decomposition result.

According to Chen et al. """, EEMD works best when
the amplitude factor of white noise is 0. 01 to 0.5, and
the number of EMD processing is 100 to 300. However,

s

theoretical and data support for determining the above two
parameters in multipath error separation is lacking, which

—

most likely will lead to an unsatisfactory separation.
2.3 Improvement of EEMD-wavelet combined filter

In accordance with the characteristics and shortcomings
of wavelets and EEMD, a combined filter was proposed
for GNSS multipath error weakening, and its process is
shown in Fig. 2.

|
|
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| |
| |
|
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Fig.2 Process of the proposed method

The steps of the process are as follows:

1) The GNSS signal is decomposed into several IMFs
and a residual using EEMD, and the decomposition is
subdivided into noise Y(¢) mixed Y(?) ., and useful
terms Y( 1)

noise *

useful *

noise

Y(r) = Y(v) + Y(1) pixea + Y(O) petn = iIMFi(t) +

ky-1 n

Y IMF,(7) + Y IMF,(1) + R, (1) (11)
i=k, i=k,
where t=1,2, ..., m, m is the epochs.
2) Y(1),.. is abandoned, and wavelet is used to filter

Y(r) Then, the Y(1?) .., after filtering and Y(t)
are reconstructed to obtain the useful signal, i.e., the
multipath error.

mixed * useful

k-1

Y(f) = wavelet( 2 IMF,( 1) ) + 2 IMF,(f) + R, (1)

(12)

3) The multipath error for the first day is separated in
accordance with the above steps and taken as the reference
signal Y (¢). Then, the recovery factor of the amplitude

between Y (#) and the extracted multipath error Y(1) for
calculated by «, average

the following day is =
[Y.()/Y(0)].

4) The amplitude of multipath error is recovered by

)}( 1 =aq, Y(f), and the multipath error model is taken to
correct the GNSS signal data.

In Eq. (11), k, and k, are the combined classification
criterion indexes proposed in this paper, which are calcu-
lated as follows.

The reconstructed signal can be expressed as

7,0 = Y IMF(0) + R (1 (13)

where k=1, 2, ..., n.
The continuous mean square error (CMSE) criterion
is used to determine the first index k, of the classification

[11]

criteria. CMSE criterion is defined as follows:
_ 1 <& - _ 2 A
CMSE(Y,,Y,.,) = WZ (Y () =Y (D) &
i=1

N
%Z IMF, (1)* (14)
where k=1, 2, ..., n—1; N is the signal length.

Eq. (14) indicates that CMSE measures the squared
Euclidean distance between two consecutive reconstruc-
tions of the signal, which is equivalent to the energy den-
sity of the k-th IMF. With this quantity, the IMF order
where the first significant change in energy occurs can be
determined because the energy of the mixed and useful
terms is much higher than that of noise. k is taken as the
starting point of the mixed term when the value of the k-
th CMSE is the first local minimum, k, = k.

k, = argfirstlocalmin( CMSE(Y,, Y, ,,))

I<ks< [ %n]

(15)

2 . . .
where [?n] is the maximum integer that does not ex-

ceed %n

The second index k, is determined by the energy coeffi-
cient, which is defined by the product of energy density
and average period, where the calculation for the k-th
IMF’s product of energy density and average period is as
follows

P =ET, (16)

where k=1, 2, ...
IMF; Tk is the mean period of the k-th IMF. The formu-

, n; E, is the energy density of the k-th
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las of E, and T, respectively are

were collected at 30 s intervals with millimeter accuracy
and can be downloaded for free from the Curtin GNSS

N
E, = =L z IMF, (#)° (17)  Research Center. First, we calculated the baseline vectors
N ) of CUTB-CUTO0 and CUTB-CUTC by using the process-
T, = g (18)  ing strategy shown in Tab. 1. Then, we obtained the re-
k

where N is the length of the k-th IMF; O, is the number
of extreme points of the k-th IMF.

The energy coefficient C, is defined as'"

sidual series by subtracting the true values of the baseline
vectors.

Tab.1 GNSS data processing strategy

_ Pk_Pk—l

o

Processing terms

Processing strategy

Observation signal

GPS: L1/L2BDS: B1/B2

1 k-1
——3 P,
-ixh

where k=2,3, ..., n

The product of the IMF dominated by white noise is a
constant. C, is greater than the given threshold o~ when P,
increases geometrically compared with the previous one,
which implies the k-th IMF is non-constant whilst the pre-
vious IMFs are mainly dominated by noise. Accordingly,
k serves as the starting point of the useful term, k, =k, as

( 19) Elevation mask/( °) 10
Calculation method GPS + BDS
Ephemeris error Broadcast
ITonospheric error Broadcast
Tropospheric error Saastamoinen

The residual series can be considered to consist of only
multipath error and noise because CUTB-CUTO and
CUTB-CUTC are ultra-short baselines with lengths of
4.27 and 6. 15 m, respectively. In this work, we consid-

shown in Fig. 3. In this paper, o =3 ered only the residual series with a length of 2 500 epochs
in the vertical direction because the height accuracy is the

okl most interesting and important part of the deformation

No monitoring, where each residual series has a length of 2

Calculate C,, Yes =k 500 epochs. We also calculated the trend of the residual

where k<k<n

Fig.3 Determination process of k,

3 GNSS Measured Data Analysis

3.1 Data sources and analysis

The analysis in this subsection employed the GNSS da-
ta from three stations (CUTO, CUTB and CUTC) from
July 5 to 7, 2020 (DOY187, DOY188, DOY189). They

50— Residual series

50— Residual series

series by using the moving average method with a moving
window of 50 epochs. The residual series and their trend
lines are shown in Fig. 4.

Fig. 4 shows that the residual series contains high-fre-
quency noise and low-frequency multipath error, and
some abnormal jump phenomena occur randomly. We
calculated the Pearson’s correlation coefficient R of the re-
sidual series in Fig. 4 for correlation analysis, and the re-
sults are shown in Tab. 2.

50— Residual series
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Fig. 4

Residual series ( vertical direction) and trend line. (a) CUTB-CUTO at DOY187; (b) CUTB-CUTO at DOY188; (c) CUTB-CUTO

at DOY189; (d) CUTB-CUTC at DOY187; (e) CUTB-CUTC at DOY188; (f) CUTB-CUTC at DOY189
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Tab.2 Correlation analysis

results for residual series

R values
Baseline
DOY187-188 DOY188-189 DOY187-189
CUTB-CUTO 0.810 4 0.742 0 0.668 3
CUTB-CUTC 0.807 1 0.809 0 0.693 8

According to Tab. 2, the R values of the residual se-
ries for two adjacent days are maintained at around 0. 8,
and the R values of the residual series with an interval of
1 d are maintained at around 0. 68. This condition indi-
cates the existence of significant diurnal repeatability
among the residual series.

3.2 Multipath error separation and analysis

In this subsection, wavelet, EEMD, and the proposed
method were used to separate the multipath from the re-
sidual series, and their results were compared. Wavelet
adopted the Sym6 wavelet basis with five decomposition
layers and the soft threshold function based on the Heur-
sure rule. EEMD combined the mean of the standardized
accumulated mode criterion'”. The proposed method is
consistent with the above in the wavelet part. We used
the root-mean-square error (RMSE) to evaluate the sepa-
ration effect.

where N is the length of the residual series; y(7) is the re-
sidual series; and u(t) is the filtered noise series in this
subsection.

The separated multipath error series is shown in Fig.
5. The trend of the multipath error series obtained by the
proposed method is closer to that obtained by wavelet;
their multipath errors are smoother than those of EEMD.
The multipath error series obtained by wavelet exhibits
some significant jump phenomena, whereas the multipath
error series obtained by the proposed method does not ex-
hibit such jump phenomena.

The RMSE values of residual series before and after fil-
tering are shown in Tab. 3. The ratio of RMSE before
and after filtering of the three methods remains at 0. 6-
0.9, indicating that the multipath effect dominates in the
residual series. The RMSE values of wavelet and the pro-
posed method are lower than those of EEMD, with some
RMSE values of the proposed method being slightly grea-
ter than those of wavelet.

1 — 2
RMSE = «/NZ(y(t) —u(1)) (20)
=1
20r—pOY187 20r—pQOy187
g —DOY188 g g
£ 10— DOYI189 g £ 10F DOY189
g 0 = g
Q Q (5}
g g g
10 & g
5 20 1 | 1 1 ] 5 5
770 500 1000 1500 2000 2500
Epoch Epoch Epoch
(a) (b) (¢)
20 20r—pOY187
g —DQY188 g g —DQY188
£ 10F —DOY189 g g 10F —DOY189
= = =
g g g
g 0 | g
(9} Q Q
g g g
B10[ & &
5 20 1 1 1 1 ] 5 20 1 1 1 1 ] 5 20 1 1 1 1 ]
0500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0500 1000 1500 2000 2500
Epoch Epoch Epoch
(d) (e) ()
Fig.5  Multipath error separation results. (a) Multipath error of CUTB-CUTO obtained by wavelet; (b) Multipath error of CUTB-CUTO ob-

tained by EEMD; (c¢) Multipath error of CUTB-CUTO obtained by the proposed method; (d) Multipath error of CUTB-CUTC obtained by wavelet;
(e) Multipath error of CUTB-CUTC obtained by EEMD; (f) Multipath error of CUTB-CUTC obtained by the proposed method

Tab.3 RMSE of residual series before and after filtering

RMSE values of CUTB-CUTO/mm

RMSE values of CUTB-CUTC/mm

Time Proposed . Proposed
No filter Wavelet EEMD No filter Wavelet EEMD
method method
DOY187 6.69 4.04 4.70 3.95 9.32 7.55 8.04 7.62
DOY188 6.45 4.15 4.92 4.11 9.50 7.80 8.40 7.89
DOY189 6.99 4.64 5.37 4.66 9.50 7.84 8.31 7.80
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The aforementioned analysis cannot fully determine
which approach is the most effective in multipath error
separation because the true value of the multipath error in
the residual series used is unknown. Therefore, further
analysis was performed on the separation effect of the
three methods according to the low-frequency and diur-
nal repeatability of the multipath effect.

Spectrum analysis was conducted for the residual se-
ries and its multipath error series, and the results of
DOY187 are shown in Fig. 6. The spectrogram of the
residual series shows the presence of obvious noise in the
whole frequency domain, while the multipath error is
mainly concentrated in the low-frequency part of the rec-
tangular window and its amplitude value is significantly
greater than that of noise. The spectrum analysis results
of the three methods in the window suggests that the

10 10
£ 8 £ 8
26 Mutipath error 24
=] (low freauency) =
= 4 = 4
g g
<2 <2
0 0.05 0.15 025 0 0.05 0.15 025
Frequency/Hz Frequency/Hz
(a) (b)
10 10
Eg Eg
% 6 Mutipath error % 6
T’E (low freauency) T’E
= 4 = 4
g g
<2 <2
L 0.05 0.15 025 . 0.05 0.15 025
Frequency/Hz Frequency/Hz
(e) (H

Fig. 6

multipath error of wavelet is mainly distributed at 0-0. 02
and 0. 06-0.2 Hz, and the multipath error of EEMD is
mainly distributed at 0-0. 06 Hz. The multipath error of
the proposed method is the lowest among the three, be-
ing mainly distributed at 0-0. 02Hz.

The correlation analysis of the multipath error series is
shown in Tab. 4. The multipath effect is highly repro-
ducible for the two adjacent days. The R values of the

proposed method remain at 0. 66-0. 85, where the R val-

ue between the second and third days of CUTB-CUTC is
slightly lower than that of wavelet.

In summary, the proposed method has better perform-
ance than wavelet and EEMD in multipath error separa-
tion, as indicated by an analysis based on intuition, low-
frequency, and diurnal repeatability.

10 10
£ 8 £ 8
26 36
2 2
=4 =4
= g
<2 <2
0 0.05 0.15 025 0 0.05 0.15 025
Frequency/Hz Frequency/Hz
(c) (d)
10 10
Eg Eg
S x=0-0.06 S,
3 y=0.05 3
=4 =4
£ £
<2 <2
0 0.05 0.15 025 0 0.05 0.15 025
Frequency/Hz Frequency/Hz
(2 (h)

Spectrum analysis results. (a) CUTB-CUTO’s residual series; (b) CUTB-CUTO’s multipath error obtained by wavelet; (c) CUTB-

CUTO’s multipath error obtained by EEMD; (d) CUTB-CUTO’s multipath error obtained by the proposed method; (e) CUTB-CUTC’s residual se-
ries; (f) CUTB-CUTC’s multipath error obtained by wavelet; (g) CUTB-CUTC’s multipath error obtained by EEMD; (h) CUTB-CUTC’s mul-

tipath error obtained by the proposed method

Tab.4 Correlation analysis results for multipath errors

R values of CUTB-CUTO

R values of CUTB-CUTC

Time Wavelet EEMD Proposed method Wavelet EEMD Proposed method
DOY187-188 0.736 9 0.510 8 0.782 8 0.744 1 0.559 1 0.841 1
DOY188-189 0.7456 0.5389 0.763 9 0.810 6 0.558 0 0.797 3
DOY187-189 0.648 6 0.173 4 0.674 1 0.644 2 0.249 4 0.683 0

3.3 Multipath error correction

The correction effect of the proposed method on mul-
tipath error was determined by first using the multipath
error series of the first day for modeling to correct the re-
sidual series of the second and third days. Then, the mul-
tipath error series for the first two days was used for mean
modeling to correct the third day. In this subsection, we
used Eq. (20) to calculate the RMSE to evaluate the cor-
rection effect, where u(¢) is the separated multipath error
series.

The RMSE values of the residual series after multipath
error correction are shown in Tab. 5. The correction
effect for the second day is better than that for the third
day, indicating that repetitive modeling based on the three
methods can effectively correct the multipath error at a
relatively short time interval of multipath error. The cor-
rection effect of the multipath error begins to decline as
the time interval increases, while the mean modeling fur-
ther corrects the multipath error compared with the for-
mer. Thus, repetitive modeling based on mean processing
can effectively suppress the effect of time interval exten-
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sion. The RMSE values after correction by the proposed
method are lower than those of wavelet and EEMD, and
we can calculate that the proposed method attains about
21.07% and 41.90% multipath error correction in the re-
sidual series of CUTB-CUTO and CUTB-CUTC, respec-

tively. Compared with wavelet and EEMD, the proposed
method improves the correction of the residual series of
CUTB-CUTO and that of CUTB-CUTC by 5. 50% and
4.45% on average, respectively.

Tab.5 RMSE of residual series before and after multipath correction

RMSE values of CUTB-CUTO/mm

RMSE values of CUTB-CUTC/mm

e corrtI:tion Wavelet EEMD Pr;oelzgzzd corrI::tion Wavelet EEMD Priloelzl(:zzd
DOY188 6.45 5.26 5.39 5.04 9.50 5.76 5.84 5.50
DOY189 6.99 5.65 6.49 5.61 9.50 5.78 6.49 5.59
DOY189 5.50 6.02 5.48 5.58 5.91 5.47

Note: The last row of data is the RMSE values of residual series after mean modeling correction.

4 Conclusions

1) The shortcomings of EEMD and wavelet on mul-
tipath weakening were analyzed in this work. A filter
method that combines EEMD and wavelet was proposed
for multipath error weakening.

2) According to the GNSS data analysis, the evaluation
indices show that the effect of the proposed method on
multipath separation and correction is better than that of
EEMD and wavelet.

3) The proposed method achieved good results on mul-
tipath error weakening but has an unclear improvement
effect on multipath error correction. Its effectiveness in
practical application is limited to a certain extent, and
thus it needs further improvement in terms of theory and
algorithm.
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