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Abstract. The investigations on low-cost single
frequency GPS receivers at the Institute of
Engineering Geodesy (IIGS) show that u-blox
LEA-6T GPS receivers combined with Trimble
Bullet IIT GPS antennas containing self-constructed
L1-optimized choke rings can already obtain an
accuracy in the range of millimeters which meets
the requirements of geodetic precise monitoring
applications (see Zhang and Schwieger 2013).
However, the quality (accuracy and reliability) of
low-cost GPS receiver data, particularly in
shadowing environment, should still be improved,
since the multipath effects are the major error for
the short baselines.

For this purpose, several adjoined stations with
low-cost GPS receivers and antennas were set up
next to the metal wall on the roof of the IIGS
building and measured statically for several days.
The time series of three-dimensional coordinates of
the GPS receivers were analyzed. Spatial
correlations between the adjoined stations, possibly
caused by multipath effect, will be taken into
account. The coordinates of one station can be
corrected using the spatial correlations of the
adjoined stations, so that the quality of the GPS
measurements is improved.

The developed algorithms are based on the
coordinates and the results will be delivered in
near-real-time (in about 30 minutes), so that they
are suitable for structural health monitoring
applications.

Keywords. Low-cost GPS receiver, multipath
effect, spatial correlations analysis, monitoring.

1 Introduction

GNSS receivers are able to measure the 3-dimen-
sional positions automatically and continuously. In
order to inform the users of potential dangers as
early as possible, GNSS data is evaluated block by
block as a near-real-time solution.

The investigations at the Institute of Engineering
Geodesy (IIGS) and at other research institutions
(Schwieger und Gldser 2005, Schwieger 2007,
Schwieger 2008, Schwieger 2009, Limpach 2009,
Glabsch et al. 2010) show that accuracies of sub-cm
can be achieved even with low-cost single frequency
GPS receivers, if the carrier phase measurements of
the GNSS receivers are evaluated in relative mode
and the length of the baseline is up to several
kilometers. Influences of baseline-length-dependent
errors, such as ionospheric and tropospheric errors,
can be mitigated for short baselines. The monitored
objects like landslides or dams have normally an
extension up to a couple of kilometers and so the
low-cost single-frequency GPS receivers are
suitable for these kinds of applications. Apart from
that, compared to the geodetic GNSS receivers
which may cost more than 20,000 €, the low-cost
single frequency GNSS receivers have the
advantage to be cost-effective. For example, the u-
blox LEA-4T/6T GPS receivers which are
investigated at IIGS cost less than 100 €. However,
the influence of site-dependent errors particularly
the multipath effects cannot be reduced in relative
mode, so it is still a general problem for the precise
GNSS positioning, particularly in shadowing
environment. Multipath effect affects not only the
accuracies of relative but also of absolute
positioning and it is a limiting factor for accuracies
for both geodetic dual-frequency and low-cost
single frequency GNSS receivers.

Since the beginning of GPS development, there
has been a lot of research on the multipath effect,
and different methods have been developed to
reduce the multipath effects, such as improving the
receiver technology (Van Dierendonck et al. 1992),
using the Signal-To-Noise Ratio (Axelrad et al.
1994), applying sidereal filtering (Choi et al. 2004)
and station calibration (Wanninger and May 2000),
or improving the antenna design (Filippov et al.
1998, Krantz et al. 2001, Kunysz 2003, Tatarnikov
et al. 2011). Up to now, there is no method which
can completely eliminate the influence of the
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multipath effects. And many methods can only be
used for post-processed measurements of static
objects like reference stations, but they are not
suitable for near-real-time kinematic monitoring
applications. Besides, many methods are based on
the carrier phase measurements which are not
accessible to every user of all the GNSS software
and hardware. The developed algorithm which will
be introduced in this paper is based on the
coordinates, and the results will be delivered in
near-real-time, so that they are suitable for
structural health monitoring applications.

Since the low-cost GPS receivers are cost-
effective, many of them can be mounted on
monitored objects and high spatial sampling rates
can be provided. The multipath effect does not
change spatially very quickly, so its influence on
adjoined stations should be correlated. The
multipath effect can be reduced significantly by
using the spatial correlation between several
adjoined antennas (Ray et al. 1998). The method in
Ray et al. (1998) is carrier phase based. The
developed algorithm in this paper is coordinates
based.

A test with 9 adjoined antennas is carried out and
described in section 2. Their spatial correlations
will be analysed in section 3. An algorithm based
on spatial correlation will be introduced in section
4. The algorithm is evaluated by static measurement
and simulated deformation. The oscillations of the
coordinates can be reduced significantly through
this method. The accuracy of the measurements can
be improved and deformations can be detected
more quickly and more reliably.

2 Test Description

In the preliminary research in Zhang und Schwieger
(2013) at IGS, self-constructed L1-optimized
choke rings are developed for Trimble Bullet III
GPS antennas (cost about 100 €). U-blox LEA-6T
GPS receivers combined with this antenna and the
L1-optimized choke rings can already reach an
accuracy in the range of millimeters which is
comparable with geodetic dual-frequency GNSS
antennas and receivers. So this low-cost
combination is used for the following test.

2.1 Test Scenario
As shown in Fig. 1, a 3 x 3 antenna array was set
up next to the metal wall on the roof of the IIGS-

building, with a distance between two antennas of
0.5m, so the antenna array has an extension of
1 m x 1 m. Static measurement is carried out for 26
days (from 3 March to 1 April 2014). The GPS raw
data are recorded from the 9 receivers at 1 Hz,
stored on a PC, evaluated and post-processed. The
raw data are in UBX binary format and are
converted into RINEX format using the TEQC
(TEQC 2014) provided by Unavco (Unavco 2014),
and the baseline is processed by software Wal
provided by Wasoft (Wasoft 2015).
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Fig. 1 Photos of test field with antenna array
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Fig. 2 Draft of Test Field (not to scale)

SAPOS station (Satellitenpositionierungsdienst
der Deutschen Landesvermessung), which is one of
the reference stations of the German Satellite
Positioning Service, is only about 500 m away from
the test field (compare Fig. 2). This station is taken
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as reference station and the 9 stations in the test
field are taken as rover stations for processing the
baselines, so that 9 baselines can be obtained.

2.2 Analysis of the Antenna Surroundings

As it can be seen from Fig. 1, there are many
obstructions in the antenna surroundings, but the
multipath effect and diffraction are most likely
caused by the metal wall (about 4.5 to 5.5m
away), the two high buildings (about 50 m and
100 m away) and the ground (antennas are about
1.2 m above the ground), since the area of the
reflector should be bigger than the so-called Fresnel
zone to cause multipath effects (Van Nee 1995).
The choke rings can reduce the influence of the
reflected signal coming from the ground, but they
cannot prevent that the antennas from the reflected
signal are higher than is the antenna horizon (Weill
1997).

The reflected signal can cause the periodic
multipath effect (Georgiadou and Kleusberg 1988)
on the carrier phase measurement and the periodic
effect can be also found in the coordinates (Heister
et al. 1997). In Irsigler (2008), the frequency of
multipath on the carrier phase can be estimated for
horizontal and vertical reflectors using the equation

(1.
2 (h-cosES(t)-Es(t

fee® =7 {—d - sin E% : E's((z) )

A is the wavelength, it is 19 cm approximately for
the L1 frequency. h and d are the vertical and
horizontal distances between the antenna and the
reflector. The closer the reflector is located, the
longer is the period. ES and ES are the elevation of
the satellite and its change over time (velocity). A
satellite with high elevation can cause long and
short periodic multipath effects respectively for
horizontal and vertical reflectors. The faster the
satellite is moving, the shorter is the period of the
multipath effect. The wavelength is constant, for
one antenna the distance h and d does not change
so much even for monitoring application. However,
the elevation of the satellite changes all the time
and the velocity of elevation is not constant, either.
For this reason, the frequency of multipath effects
varies all the time. Using the mean value of the
velocity of the elevation 0.07 mrad/s and equation
(1), the period caused by multipath effects can be
calculated. The one caused by the ground should be
more than 20 minutes, and that from the metal wall

horizontal
vertical

varies from several minutes to half an hour. The two
high buildings can cause multipath effects with
periods of up to two minutes. Normally the antennas
are affected by the multipath effects from several
reflectors and several satellites. Therefore, in
practice the multipath effect is a combination of
many harmonic oscillations, and its mean value is
not zero particularly within short time.

Besides, equation (1) shows that the multipath
effect is spatially correlated, the adjoined antennas
have different distances to the reflector, but the
velocity of elevation is the same for every antenna;
the elevations are slightly different, so that a similar
multipath can be found at adjoined antennas.

3 Analysis of Temporal and Spatial
Correlations

The results of Wal are the baseline in the UTM-
system in east, north and height for every second.
The outliers in the coordinate’s time series, which
are probably caused by the unfixed ambiguities, are
detected according to the 3oc-rule and linear
interpolated, and the standard deviation is calcu-
lated. The percentage of outliers and the standard
deviation are regarded as parameter for describing
the reliability and accuracy of the measurements,
respectively, and reliability and accuracy is two
parameters to describe to quality of GPS
measurement (Zhang 2015).

Metal Wall /
v 7

Fig. 3 Antenna number

The 9 antennas are numbered (compare Fig. 3).
Fig. 4 to Fig. 7 show exemplarily the standard
deviations and percentages of outliers of the 26
daily solutions of baselines s-a4 and s-al0.

The results of baseline s-a4 are more accurate and
reliable than that of baseline s-al0 (compare Fig. 4
with Fig. 5 and Fig. 6 with Fig. 7), since antenna
al0 is closer to the wall than antenna a4. The
baseline s-a4 has a standard deviation 65;=3.2 mm,
oy=5.6 mm and 6,=9.0 mm. The baseline s-al0 has
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a standard deviation o0y=3.7 mm, oy=6.1 mm
and 6,=9.7 mm. About 2% and 3% of the data are
detected as outliers in the time series of baseline s-
a4 and s-al0 respectively. The variations of the
daily solutions of the baseline s-a4 and s-alO is
similar, since both antennas are influenced by the
multipath from the wall, the similarity of coordinate
series between the baselines will be discussed later.

Standard Deviation of 26 Daily Solutions of Baseline s-a4
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Fig. 4 Standard Deviations of the 26 daily solutions
of baseline s-a4
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Fig. 5 Standard Deviations of the 26 daily solutions
of baseline s-a10
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Fig. 6 Rate of Outliers of the 26 daily solutions
of baseline s-a4
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Fig. 7 Rate of Outliers of the 26 daily solutions
of baseline s-a10

The daily solutions vary a little day by day
because of the slight change of satellite orbits,
however they are still quite similar. For this reason,
the data of the last day is chosen for the following
analysis in this paper.

The standard deviations in the position and mean
percentage of outliers (the mean of all the
coordinate components) of all the 9 baselines (of the
last day) are shown in Fig. 8 and Fig. 9.
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Fig. 8 Position Standard deviations of 9 Baselines
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Fig. 9 Mean Percentage of Outliers of 9 Baselines
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Fig. 10 Percentage of unfixed Ambiguities of 9 Baselines

Generally, the closer the antenna is to the wall,
the stronger is influence of the multipath effect on
the antennas and the worse is the quality of the
measurements, since the ambiguities will be more
difficult to be fixed (compare Fig. 10). For example,
the baseline s-a4 has a 2.3 % of outliers and a
standard deviation (position) of 11.0 mm, while the
s-al2 has a 3.9% of outliers and a standard
deviation (position) of 13.2 mm. The percentage of
the outliers and the unfixed ambiguities fit quite
well. However they are not the same, probably
because some ambiguities are fixed but to wrong
integers. The accuracy and reliability as well as the
percentage of the unfixed ambiguities of the
baselines varies also within the same row, it is
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probably because of the gondola (about 8.8 m on
the right side of the antenna array, compare Fig. 2)
The autocorrelation function (compare equation
(2)) can be used to analyze the temporal correlations
of the time series:
R (m) = M2 e @
x is the time series, X and sy are the mean value
and standard deviation of x. n is the length of the
time series and the autocorrelation functions can be
calculated reliably until m = n/10 (Chatfield 1989).
Generally, the errors of the GPS measurement
can be classified to correlating and non-correlating
errors (Schwieger 1999). Fig. 11 shows the
autocorrelation function of baseline s-a4 as an
example. It is evident, that autocorrelation functions
decline quickly between of 0 to 1 second, and then
they fall exponentially with oscillations. This effect
indicates that the three coordinate components are
combinations of the white, red and colored noise
processes. The white noise is neither temporally nor
spatially correlated and can be regarded as non-
correlating error. The white noise of the coordinates
comes mainly from the GPS receiver. The red and
colored noise can be regarded as correlating errors;
the colored noise shows that the coordinate contains
periodic oscillations which match the property of
multipath effects.

Autocorrelation Functions of baseline s-a4
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Fig. 11 Autocorrelation functions of baseline s-a4

Moreover, in Fig. 11 only the autocorrelation of
the daily solution is shown to give an overview of
the property of the process. If e.g. the
autocorrelation functions are calculated for every
hour, it can be seen that the autocorrelation
functions and also mean values vary from time to
time, that is probably because of the multipath
effect. This phenomenon indicates that GPS

coordinates time series are non-stationary processes
(Chatfield 1989).

While the autocorrelation function describes the
temporal correlation of one-time series with itself,
the cross-correlation function

Ryy(m) = EELOD0en)) ®
can be used to describe the correlation between two-
time series x and y.

For example, the cross-correlation functions
between the baseline s-a4 and s-a5 can be
calculated, as shown in Fig. 12, and the spatial
correlation between these two baselines can be
described. Fig. 12 shows that the cross-correlation
functions are not symmetrical and the maximum of
the cross-correlation function is not 1, since some
error, e.g. the white noise of station a4 and a5, are
different and they are not correlated. Besides, the
phenomenon that the residues of coordinates are a
combination of correlating and non-correlating
errors can be seen from Fig. 12.

Cross-correlation functions between baseline s-a4 and s-a5
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Fig. 12 Cross-correlation functions between baseline s-a4 and
s-ab

The cross-correlation functions can be calculated
for different combinations of baselines, their
maximums are different. In Fig. 13, the maximum of
the cross-correlation functions between baseline s-
a4 and the other baselines is shown. Since antenna 8
stands in the middle of the array, the maximum
spatial correlation between baseline s-a8 and other
baselines is shown in Fig. 14.

From both figures it can be seen that the
correlations of the errors are not only dependent on
distance between the antennas, but also on the
direction. It means that the errors do not change
spatially linear.
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Fig. 13 Maximum spatial correlation between
baseline s-a4 and the other baselines respectively
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Fig. 14 Maximum spatial correlation between
baseline s-8 and the other baselines respectively

Furthermore, both the autocorrelation functions
and cross-correlation functions drop down to zero
after about 1000 seconds (or about 15 minutes),
although some long-term periods can be
recognized. This means that the short-term temporal
and spatial correlation of the coordinate
components can be ignored with a time shift of
about 1000 seconds. For this reason, the
coordinates will be evaluated in a 15-minutes block
and simulate the near-real time processing. The
GPS receivers need some time to get fixed solusion.
In test field in Zhang and Schwieger (2013), the U-
blox LEA-6T GPS receivers can get fixed solution
in 10 minutes, if the antennas have open sky. If
there are some obstructions, it needs about 15 to 20
minutes to get the fixed solution. In the test field in
this paper there are many obstructions (compare
Fig. 1 and Fig. 2), to get a reliable coordinates time
series, one daily solution is used and it is divided
into 96 15-minutes blocks.

4 Improvement using Spatial
Correlations

The coordinate residuals contain both non-
correlating and correlating errors. Only the
correlated errors are of interest. The non-correlating
errors are reduced by using the moving average

filter. By analysing the coordinates, it is noticed that
the coordinates often contain oscillations with
periods of 30 to 40 seconds. These periods are
probably caused by the multipath effects from the
two high buildings (Zhang 2015). These periods are
so short that they are not really of interest for
monitoring. For this reason, 40 seconds are chosen
as window size of the moving average.

In Fig. 15 and Fig. 16 , the smoothed baselines s-
a4 and s-a5, and their cross-correlation functions of
the first 15-minutes block are shown.

It can be found out that their residuals can be
quite similar (compare east and height component)
and sometimes not (compare north component), and
there are time shifts between their errors. That
means that similar errors can be present in baseline
s-a4 as well as in baseline s-a5 with a time shift.
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Fig. 15 Smoothed baselines s-a4 and s-a5
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Fig. 16 Cross-correlation functions between smoothed
baselines s-a4 and s-a5

The absolute values of the time shift here in block
1 is 44, 147 and 59 seconds for the east, north and
height components. The block 1 is just an example,
the time shifts vary from block to block and they
can be positive or negative as well as zero. Also the
correlations of each coordinates component vary
from block to block. They depend on geometry of
satellite-antenna-reflector.



So, the idea of the algorithm is that the
coordinates of one station (station A) can be
corrected wusing the spatial correlations of
coordinates of an adjoined station (station B), so
that the accuracy and reliability of the GPS
measurement is improved:

krszjq(t) = kszjq(t) —m; g - ksgjq(t + At). @)

As shown in equation (4), ksz;,(t) and
ksg jq(t) are residuals of two baselines in j-
component (j=1,2,3) and q block (q=1,2, ...96).
These residuals are free from the mean value. The
geometry relationship between the station S, A, B is
used to correct part of the errors from the GPS-
processing, it will not be explained here, the details
can be found in Zhang (2015). It can be derived
from the cross-correlation function that two
residuals  ksz;,(t) and ksp;,(t) have the
maximum of correlation at time shift At. ks ; 4(t)
will be taken and shifted about At, so that we can
achieve kgp jq(t + At). It is assumed that there is
scale m; , between kzz j ,(t) and ksg j ,(t + At), so
ksg jq(t + At) will be scaled and used to correct
the ksz;4(t), the corrected residuals for the
baseline SA is krsz;,(t). The maximum of the
cross-correlation function can be taken as scale
mj 4, Or m;, can be estimated by adjustment. The
scale calculated by adjustment can provide better
results (Zhang 2015), since the scale larger than 1
(compare equation (4)) is a possible solution for
some cases, this cannot be delivered by correlation
functions.

For example a4 and a5 are regarded as station A
and B. The residuals of baseline s-a5 can be taken
to correct the residuals of baseline s-a4. In Fig. 17
the residuals of baseline s-a5 are shifted about At
and compared with the baseline s-a4.
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Fig. 17 Residuals of baseline s-a4 with shifted s-a5

The residuals of baseline s-a4 ksgz j,(t) and the
corrected  s-ad4  krsgz;q(t) using  ksgs o (t)
according the equation (4) are shown in Fig. 18. The
performance of this algorithm is dependent on the
spatial correlation. In Fig. 18 it can be seen that
oscillations in the east and height component are
significantly suppressed, since the correlations
between these two components are very high. The
correction does not work well in the north
component, since the correlation is quite low.

Original and corrected residuals of baseline s-a4 block 1
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Fig. 18 Original and the corrected s-a4

The spatial correlation varies from time to time.
Thus, the performance of the algorithm will be
evaluated in section 5 for all 96 blocks and the
results will be shown and discussed.

5 Evaluation by Simulated
Deformation

The residuals of all 9 baselines are divided into
blocks of 15 minutes. Antenna a4 is taken as station
A and all other antennas are regarded as station B to
correct the residuals of baseline s-a4. For static
measurements, compared to the standard deviation
of original residuals, the standard deviation of
baseline s-a4 (position) is improved by 19 %
through smoothing and by about 37 % to 52 %
through applying the spatial based algorithm which
is described in section 4. The degree of
improvement depends on which baseline is used for
the correction. Generally, the higher the spatial
correlation, the more the standard deviation of
baseline s-a4 can be improved. The details about the
evaluation of the static measurements will not be
described in this paper, since the focus is on the

measurements including simulated deformations.
Step and linear deformations are typical
deformations for landslides. The real landslide
deformation is normally a combination of both. The
7



linear deformation can be regarded as a special case
of the step deformation, so the algorithm is
evaluated with step deformation. Step deformations
are simulated to the amount of the respective
standard deviation. For the baseline s-a4
0p=3.2mm, oy=5.6mm and 0,=9.0 mm (from
daily solution) are taken as values for the step
deformation for each coordinate component. The
step deformation is simulated in the middle of the
first block (at 450th second). It is assumed that the
same deformations occur at the same time for all
stations.

In Fig. 19 the smoothed residuals with the
deformation of baseline s-a4 and s-a5 and their
cross-correlation functions are shown in Fig. 20.

These simulated step deformations are added to
the static measurements of the first block. The
effect on the coordinates is that the first block has a
positive offset of 0.5 o, and the other blocks have a
positive offset of 1o in every coordinate
component. That means that all the 96 blocks have
deformations.

Smoothed residues of baseline s-a4 and s-a5
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Fig. 19 Smoothed baselines with deformation

Cross-correlation functions of baseline s-a4 and s-a5
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1

L

1
500 -400 -300 -200 -100 O 100 200 300 400 500

_—
— .

—

1
500 -400 -300 200 -100 O 100 200 300 400 500

1 +

-—%OO -400 -300 -200 -100 o 100 200 300 400 500
Time Shifts [seconds]

Fig. 20 Cross-correlation functions between smoothed
baseline s-a4 and s-a5 with deformation

If Fig. 19 and Fig. 20 are compared with Fig. 15
and Fig. 16, it can be recognized that due to the

same deformation at the same time, the maximum of
the correlation increases and the time shift for the
maximum approaches zero seconds.

It should be noticed that, as described in section 3,
the coordinates are not stationary. The original
residuals of the daily solution are reduced by the
mean value of the whole day and not by that of the
block. So even if there are no deformations, the
mean values of residuals of blocks are not zero, the
standard deviation differs from block to block.

For the deformation analysis, the standard
deviation and mean value for each block can be
calculated, and the mean value may be tested for the
significance by equation (5):

)E]J
Sja

Tjq =

~tf,950- )

If the test value T;, exceeds for example the
quantile tgsy, (t-distribution) a deformation is
detected (with a probability of 95 %). Since the
number of observations is large, the Gaussian
distribution can be used as approximation for t-
distribution. The developed algorithm can decrease
the standard deviations, so that the probability to
detect the deformation is increased.

Before applying the developed algorithm, the
mean value will be subtracted from the residuals of
the block. This mean value contains part of the error
budget as well as the potential deformation. For this
reason, this mean value will be added again to the
residuals, after applying the algorithm. The effect is
that the mean value is almost unchanged through the
algorithm, but the standard deviation of the residue
is smaller, because the oscillations in the
coordinates are reduced. As a result, the test value T
is larger and the probability that deformations can
be detected will be higher and earlier.

If the algorithm is not applied, the detection quota
of deformations with 1o is 18.8 %, 24.0 % and
16.7 % for east, north and height components, so it
is 19.8 % on average. By using this algorithm and
taking the baseline s-a5 for correction, the detection
quota of deformation turns out to be 74.0 %, 78.1 %
and 65.6 % for each component, and 72.6 % on
average. So the improvement is about 50%.

Fig. 21 shows the detection quota on average if all
other baselines are taken as correction for baseline
s-a4. The result also matches the spatial correlation
(compare Fig. 13) quite well, the higher the spatial
correlation is, and the better is the performance of
the developed algorithm.
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Fig. 21 Detection quota of deformation of baseline s-a4
using all other baselines

Furthermore, it should be noticed that the
sensitivity for detection of the deformation is
increased through the developed algorithm. The
probability of a false alarm is also higher. That is
because this algorithm can only reduce oscillations
with short periods. Some multipath effects cause
oscillations with long periods. These cannot be
separated from real deformations. The mean value
that is taken from the coordinate contains part of the
multipath error and also of the deformation. To
avoid false alarms, one may accept a deformation
only in case of detection in two neighboring blocks.
Real step or linear deformations will be kept in the
coordinates. In contrast, the long periodic
oscillation coordinates behavior is elastic. It should
also be noticed that this algorithm can be applied
for the detection of the step and linear deformation,
but not for the periodic deformation. So, in this
way, the step and linear deformation can be
detected more quickly and more reliably in near
real-time with a time delay of 30 minutes, more
details can be found in Zhang (2015).

In the future, the problem that part of the error
cannot be separated from the real deformation
should be solved, probably in combination with
other algorithms.

6 Conclusion

In this paper, the spatial correlation of coordinates
measured by a low-cost GPS antenna array is
analyzed. An algorithm based on spatial correlation
of the coordinates is developed. Part of the errors,
particularly the oscillating errors of one station (or
baseline), can be corrected by an adjoined station
(or baseline). The standard deviation of the
measurement can be significantly improved by
about 50%. Generally, the higher the spatial
correlation is, the better works the algorithm. In
case of monitoring applications with step and linear

deformation, the algorithm can help to detect the
deformation more quickly and reliably. The
improvement of probability for detection of
deformation of 1o is about 50%, and a reliable
detection in 30 minutes is possible.

Thus this paper shows the possibility of the low-
cost GPS antenna array or in any case two antennas
with the spatial correlation-based algorithm for the
structural health ~ monitoring applications,
particularly in the case that the multipath effect are
high. In the future the algorithm should be evaluated
and improved for real monitoring objects like
landside, and the method should be adapted if it is
applied for monitoring the buildings and bridges
which have periodic deformations.
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