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Abstract: In order to eliminate the multipath errors existing in
static short-baseline applications, a novel de-noising method
based on a singular spectrum analysis ( named as DSSA) is
introduced to extract multipath signals. The multipath error is
extracted from the double difference (DD) residuals by DSSA
and then applied to the correct multipath error in subsequent
measurements based on the correlation among adjacent
epochs. Methods based on discrete wavelet transform (DWT)
and stationary wavelet transform ( SWT) are introduced as
comparisons of DSSA based on analysis of a simulated signal.
Real baseline residuals are tested to verify different extract
methods. Results show that compared with the SWT, the
DSSA improves the root mean square (RMS) of the residual
by 48.6% and achieves a time reduction of 75.3%.
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here are many systematic errors that can seriously
T reduce GPS positioning precision, but most of these
errors can be largely eliminated by the double difference
(DD) technique except for multipath error and receiver
noise error. In short-baseline applications, there is a base
station whose position is often fixed with a high accuracy
previously and assumed to be free of multipaths. It is also
assumed that only low-frequency multipath errors and
thermal noises exist in DD residuals because the correlated
errors of the two receivers can be canceled, then a denois-
ing method can be used to extract a multipath from DD
residuals. Methods based on wavelet analysis (WA) have
been developed to mitigate multipaths in short-baseline
applications'
lect a suitable decomposing level and right wavelet basis
for the wavelet de-noising method. Furthermore, WA-
based methods have a non-adaptive nature; that is, once

! It is a crucial and complicated task to se-

the basic wavelet is selected, one will have to use it to
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analyze all the data'”. This non-adaptive characteristic

can be reduced by employing sparse data introduced by
information redundancies, which will be verified by sim-
ulated signals in this paper later. Singular spectrum analy-
sis (SSA) is an effective and powerful tool for time series
analysis in climatology, economics, biology, physics and
medicine and other sciences'”. SSA is derived from the
decomposition of a time series in the study of dynamical
systems, so it is suitable for real-time processing. We ap-
ply a de-noising method based on SSA (named as DSSA)
to extract multipath errors according to its singular value
distribution.

1 Multipath Mitigation Method

It is difficult to estimate the multipath in real-time as it
varies with time and environment around the antenna, so,
to the best of our knowledge, there is no effective method
to mitigate multipaths in kinematic positioning surveys.
However, in GPS static applications, the environment
around the antenna changes little, which causes the mul-
tipath to be only influenced by the movement of satel-
lites. Many multipath mitigation methods applied to
short-baseline applications are based on the sidereal day-
to-day repeating property of multipath signals'™®, which
always need a longer time observation and greater storage
demands. We introduce a post process multipath mitiga-
tion method based on the correlation of multipaths among
adjacent epochs. First, a data window of the DD residu-
als is chosen as the input of de-noising method. Second-
ly, the extracted multipath is used to correct DD residuals
observed at a central epoch of the selected data set. The
equivalent is as follows:

fexlruc\(xif[n/Z] +..o Xt +‘xi+[lx/2])
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n

where n is the data window size; x; is the DD residual at
epoch i; X, is the corrected residual. Based on the correc-
ted observations, the least square (LS) method is applied
to compute a new position result. This paper focuses on
the realization of f, . since the error correct procedure

has been reported in many materials on DGPS'"™*'.
2 Multipath Extract

In some applications, such as signal de-noising and
feature extraction, the desired performance is achieved by
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increasing the computational time and memory size. It is
useful to produce a redundant transformation by ignoring
the decimation stage in the filter bank of discrete wavelet
transform ( DWT). The stationary wavelet transform
(SWT) is the one whose filters are upsampled at each de-
composition level, which avoids data size reduction and
provides information redundancies'”. The de-noising
methods based on DWT and SWT are used as compari-
sons herein.

2.1 Singular spectrum analysis

Much work has been done on the theory of the
SSAP™
ries, energy of the time series is organized into a trajecto-

After finishing the embedding of the time se-

ry matrix. A singular value decomposition (SVD) can be
used to calculate the singular spectrum of the matrix. The
SVD can also be used to calculate the low rank approxi-
mation of the trajectory matrix, based on which a signal
free of noise can be obtained. The main concern of SSA
de-noising is the selection of the rebuild rank. Let X be
an m X n matrix, subject to m=n, with rank r<n. Let k
be a real number and k < r. The low rank approximation
problem is equivalent to finding m x n matrix X,, whose
rank is at most k&, which minimizes the Frobenius norm of
the difference X — X,. The equivalent is

J =X -x1, =X X [x-%1 @
i=1 1

j=

The calculation of rebuild bank by finding the minimum
value of J(k) is time consuming, which makes it impracti-
cal in real-time applications. In this paper, we only focus
on the extraction of a slowly changed multipath; therefore,
the selection of lag window size and rebuild rank can be
selected using hand tuning. More details about signal re-
build of the SSA-based de-noising method can be found in
Ref. [10].

2.2 Performance evaluation

In order to evaluate the methods described above, a
simulated signal s(#) is created as

. ( 2mt . (2t . (2t
s(1) = sm(3 400) + sm(600) 0. 6s1n( 30 ) +w(t)

where w(t) is the Gaussian white noise. The simulated
signal contains three sinusoidal waves representing typical
GPS multipath wavelengths.

Let SNR = 20log (S/N) indicate the signal to noise
ratio of the simulated signal. S and N are the root mean
square (RMS) of signal and noise, respectively. Fig.1 is
the de-noising result where the standard deviation of w(¢)
is set to be 0.027 with 1 <7<200. We can see from
Fig. 1 that DWT performs worse when the initial SNR in-
creases. This demonstrates that the convention wavelet-

based filter is non-adaptive and cannot be used when
noise is fast time-varying. SWT performs better than
DWT as it introduces information redundancies. When
the initial SNR is lower than 0 dB, DSSA performs bet-
ter, which is due to the fact that the singular spectrum of
noise and signal does not overlap.
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Fig.1 Results of different de-noising methods

3 Simulations and Analysis

The baseline error calculated in an attitude determina-
tion system is studied to obtain further insight into the
multipath mitigation. The data set adopted was download-
ed from Internet and was used in Ref. [2] to verify a mul-
tipath extraction method based on SWT. Data was col-
lected on October 29, 2006 at a sampling interval of 1 s.
There were nine satellites (PRNS 1, 6, 10, 16, 17, 21,
22, 26, and 30) visible during the 600 s of data acquisi-
tion. In order to compare with SWT used in Ref. [2],
the wavelet base selected is sym4 and the decomposition
level is 3. We select lag window size as N/16, where N
is the length of data series to be analyzed by the DSSA.
The rebuilt number of singular value is chosen as L/4,
where L is the lag window size.

Fig. 2 is the power spectral density of the denoised sig-
nal. We can see that DSSA performs better when the fre-
quency is greater than 0.25 Hz and it retains the weak
features of the signal in low frequency. Setting n =3 in
Eq. (1), we can obtain the result of multipath mitigation
based on the correlation of adjacent epochs when the mul-
tipath signal varies slowly( see Fig. 3). DSSA performs
better than SWT due to the fact that SWT deforms the
information contained in the low frequency part of a
noisy signal, which further deteriorates the correlation
between adjacent epochs. Specific improvement is de-
scribed in Tab. 1.
square ( RMS) of the corrected baseline error using
multipath extract are 84. 8% and 92. 2% by SWT and
DSSA, respectively, and the corresponding de-noising

The improvements of root mean

time costs are 31.6 ms and 7. 8 ms, which is calculat-
ed in the Matlab simulation environment installed on
the PC with a CPU speed of 2. 2 GHz.
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Fig.2 Power spectral density of de-noising result

0.4r
—— Raw data
0.3f —— SWT
| —— DSSA
= 0.2+ Uty ‘
P J!
] ,‘ "
LE 0.1 | [ T
5} TR L ST o g L N TS P A
£ O et A AN
& -0.1R i/ I
i ‘
—0.2F
~0.3 . . . . . ;
0 100 200 300 400 500 600
Time/s
Fig.3 Result of multipath mitigation
Tab.1 RMS and Time Cost evaluation
Indicator RMS/m Time/ms
Raw data 0.1384
SWT 0.0210 31.6
DSSA 0.0108 7.8

4 Conclusion

A new algorithm named DSSA was developed in this
paper to extract multipaths in GPS static short-baseline
applications. As only the multipath signal and thermal
noise are contained in DD residuals, the extraction of
multipaths can be realized by de-noising. Several de-noi-
sing methods are compared based on simulation data and

the results show that DSSA and SWT perform better than
DWT. Real GPS data set is adopted to verify the per-
formance of DSSA in extracting multipath from the base-
line error. Results show that compared with SWT, the
time cost of DSSA is reduced by about 75.3% , which
makes DSSA more suitable in multipath mitigation based
on the correlation of multipaths among adjacent epochs.
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