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ABSTRACT

The investigations on low-cost single frequency GNSS receivers at the Institute of Engineering Geodesy (I1GS)
show that u-blox GNSS receivers combined with low-cost antennas and self-constructed L1-optimized choke
rings can reach an accuracy which almost meets the requirements of geodetic applications (see Zhang and
Schwieger, 2017). However, the quality (accuracy and reliability) of low-cost GPS receiver data should still be
improved, particularly in environments with obstructions. The multipath effects are a major error source for
the short baselines. The ground plate or the choke ring ground plane can reduce the multipath signals from the
horizontal reflector (e.g. ground). However, the shieldings cannot reduce the multipath signals from the
vertical reflectors (e.g. walls).

Because multipath effects are spatially and temporally correlated, an algorithm is developed for reducing the
multipath effect by considering the spatial corrections of the adjoined stations (see Zhang and Schwieger,
2016). In this paper, an algorithm based on the temporal correlation will be introduced. The developed
algorithm is based on the coordinates not on carrier phase raw data, which is easy to use. Because, for the
users, coordinates are more accessible than the raw data. So that the algorithm is un The multipath effect can
cause periodic oscillations but the periods change over time. Besides this, the multipath effect’s influence on
the coordinates is a mixture of different multipath signals from different satellites and different reflectors.
These two properties will be used to reduce the multipath effect. The algorithm runs in two steps and
iteratively. Test measurements were carried out in a multipath intensive environment; the accuracies of the
measurements are improved by about 50% and the results can be delivered in near-real-time (in ca. 30

minutes), therefore the algorithm is suitable for structural health monitoring applications.

|.  INTRODUCTION

Monitoring of artificial structures and natural objects
is one of the main tasks of engineering geodesy. Low-
cost single-frequency GNSS receivers are a cost-
effective solution compared to traditional geodetic
multi-frequency GNSS receivers, particularly for
geodetic monitoring tasks where a high number of
receivers are used. Numerous preliminary
investigations have shown that low-cost single-
frequency GPS receivers can achieve comparable
results to geodetic GNSS receivers, if the carrier phase
measurements of the GNSS receivers are evaluated for
short baselines (Schwieger and Glaser, 2005;
Schwieger, 2007; Schwieger, 2008; Schwieger, 2009;
Limpach, 2009; Glabsch et al., 2010). The influences of
baseline-length-dependent errors, such as ionospheric
and tropospheric errors, can be mitigated for short
baselines. However, the site-dependent errors, such as
the multipath effects, particularly in environments
with obstructions, are the dominant errors of short
baselines. In practice, very often the observation
points for GNSS measurements are rarely selectable;
e.g. for the monitoring of high buildings or television

towers, there are normally many reflectors in the
antenna vicinity.

Because the multipath effect is the dominant error
in many applications, there has been a lot of research
on the multipath effect since the beginning of GPS
development. Many different methods have been
developed to reduce the multipath effects by
improving the hardware or algorithms (Van
Dierendonck et al., 1992; Axelrad et al., 1994; Ray et
al., 1998; Choi et al., 2004; Wanninger and May, 2000;
Filippov et al., 1998; Krantz et al., 2001; Kunysz, 2003;
Tatarnikov et al, 2011). Because of the multipath
effect complexity, there is no method which can
completely eliminate the influence of the multipath
effects up to now.

Moreover, many algorithms 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.
Furthermore, most of the algorithms are based on the
carrier phase measurements which are not accessible
to every user. The developed algorithm which will be
introduced in this paper is based on the coordinates by
considering temporal correlations, and the results will
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be delivered in near-real-time,
implementation  suitable for
monitoring applications.

In section Il, the relevant theoretical basis of the
multipath effect will be given. The developed
algorithm will be explained with an example in section
lll. The algorithm was evaluated with a lot of data; the
test scenario, workflow and the results of the
evaluation will be presented in section 1V, followed by
a short conclusion and outlook at the end of this
paper.

making
structural

Il. THEORETICAL BASIS OF THE MULTIPATH EFFECT
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Figure 1. Geometric model of the multipath effect
(after Irsigler, 2008)

As shown in Figure 1, the multipath effect is caused
by a mixture of reflected and direct satellite signals,
meaning that the received signal s,,, is a combination
of the reflected signal s,- and the direct signal s;.
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Figure 2. Overview of influencing factors of the multipath
effect on coordinates

Figure 2 depicts the influencing factors of the
multipath effect. The reflected signal has a longer way
to reach the antenna (depending on the distance
between reflector and antenna) and it loses some
energy by reflection. So, the reflected signal has a
phase shift Ag, compared to the direct signal and a
smaller amplitude A, (4, =a-A; with damping
factor @) than that of the direct signal A,;. The
damping factor a (0 < a < 1) depends on the
reflection feature of the reflector and the incidence

angle of the reflected signals on the reflector (compare
Figure 2). The incidence angle depends on the
direction of the direct satellite signals E*(t)
(elevation), A%(t) (Azimuth) and the orientation of the
reflector. These different influencing factors are
summarized as primary influencing factors in Figure 2.

Because ES(t) and A®(t) of satellites change over
time, the multipath effect is not constant but
temporally correlated.

In practice, it is difficult to get a value of the
damping factor «, because it changes over time and it
changes also with the inclination angle of the satellite
signal. The damping factor a changes even with the
reflection feature of the reflector; e.g. Wanninger and
May (2000) describe the phenomenon that the
multipath effects at the reference stations change
when it snows.

The multipath effect can cause periodic oscillations
(Georgiadou and Kleusberg, 1988) on the carrier phase
measurement and the periodic effect can also be
found in the coordinates (Heister et al., 1997). Their
relationship is shown in Figure 2 and will be discussed
later on in this contribution.

The so-called multipath frequency on the carrier
phase for the horizontal and vertical reflectors can be
estimated using the equation (1) (Irsigler, 2008):

Figure 3. Reflection of the satellite signals on horizontal
and vertical reflector

horizontal
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where 1 is the wavelength, h and d are the vertical
and horizontal distances between the antenna and the
reflector (compare Figure 3). The closer the reflector is
located to the antenna, the longer the period.

ES(t) and ES(t) are the satellite elevation and its
velocity. Because they are varying in time, the
multipath frequencies also change over time.

Equation (1) shows the fact that the multipath
frequencies are independent of the damping factor « .

Generally, in practice there are more reflectors with
different orientations in the antenna vicinity, thus the
multipath effect on coordinates is generally a mixture
of several reflected signals. This means that one direct
signal could be reflected by several reflectors and one
reflector could reflect several satellite signals.

For example, the phase error of mixture signal
8¢, ;(t) from satellite i and reflector j can be
calculated in a distance error by equation (2):
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8si,;(t) = 6¢;;(t) -2 (2)

The influences of the reflected signal on the

coordinates 6Ej;(t), 6N;;(t), 8hy;(t) from satellite i

and reflector j is the projection of distance error Js;;

on the different coordinate components, and could be
expressed by:

SE;;(¢) —cos Ef (t) - cos A (t)
ONij(8) | = bs;;(t) - cos EF(t) - sinAf (t) (3)

Therefore, the multipath effect on the coordinates
can be written as:

SE(t) = RIZPTI21 8E ;(t)
SN(t) = XiZT 2;:711 ON;;(®) (4)
Sh(t) = ZiZT 27 6hy (8
where m = number of satellites
n = number of reflectors

Considering equation (1), the multipath effect on the
coordinates should be a combination of many periodic
oscillations which are originated from the multipath
effect on the carrier phases.

The basic idea of the estimation of the periodic
oscillations in the multipath effect on the coordinates
is to reduce the multipath effect. In the next section,
the developed algorithm will be introduced.

[ll. ALGORITHMS

As described in section Il, the multipath effect on the
coordinates x; could be regarded as a combination of
several periodic oscillations:

— V4

Xi = j:lxj (5)

where i:=1, 2, 3 (3 coordinate components)
j:= 1 to q (q periodic oscillation caused by
multipath effect)

The periodic oscillations can be illustrated as:
x]- =4 Sin(Zﬂf&p,jti + A(p]) (6)

where  fs, j:= j-th multipath frequency
Aj:= corresponding amplitude
Agj:= corresponding phase shift

The disadvantage of the equation (6) is that the
function is not linear and the approximated value of
amplitude and phase shift should be known so that
they could be estimated by adjustment. Thus, the
equation (6) will be restated to:

X =a;- sin(2nf5¢,,]-ti) +b; - COS(ZTL’f&p_jti) (7)

where a; = A; - cos Ag;

b; = A; - sin Ag;

So, if the multipath frequency f5, ; is given, the
parameters a; and b; could be estimated by linear
adjustment. The estimated x; could be subtracted
iteratively from the coordinates in order to eliminate
the multipath effect from the coordinates.

A. Search Process

One way to get the multipath frequency is to get it
from the periodogram. The disadvantage is that the
spectral resolution of the periodogram is limited (see
example in section IlIl.C). In order to increase the
spectral resolution, the multipath frequency f&p,j is at
first roughly estimated from the periodogram and then
precisely estimated in a so-called search process by
adjustment; this means fs, ; will be estimated in two
steps.

Step 1: If the periodogram has a maximum at j-th
iteration (it is the j-th multipath frequency) at the
frequency of f;, = k- Af, where Af is the resolution of
periodogram and k is the corresponding index of the
frequency fy, then f, will be taken for further analysis
in step 2.

Step 2: The multipath frequency f5,; can be
searched between the f,_;=(k—1)-Af and
fi+1 = (k + 1) - Af. That means the multipath period
Tsp,j can be searched between Ty, =1/fxq and
Ty_1 = 1/fr_41. For the search process, one so-called
search interval AT should be defined, e.g. AT =
1 second. Afterwards all the periods between T4 and
Ty_1 (with search interval AT) will be taken in the
adjustment. The period with the sum of squared
residuals is the optimum. In this way, the precise
multipath period T, ; or multipath frequency f&p,j in
the j-iteration is estimated.

B. Remarks

Remark 1: Significance tests should be done for
estimated parameters a; and b]- in every iteration. As
the phase shift Ap; could be nearby 0°, 90°, 180°, 270°
or 360°, the parameters a; and b; could be nearby
zero. So at least one of these two parameters should
be significant in t-distribution. This means that they
are tested separately. Besides, the parameters a; and
b; belong to the same frequency f5,, ;, so that they can
be regarded as tuple. For this reason, their significance
is also tested together by using the y2-distribution,
where the correlation between the two parameters g;
and b; is considered (more details can be found in
Zhang, 2016).

Remark 2: The estimated multipath period T, ; can
be regarded as mean value for the defined time block.
The multipath period T, ; is temporally variable and
not constant (compare section ).

Remark 3: Although the sampling rate is e.g.
1 second, the estimated multipath period T, ; should
not be an integer value. This is because, as mentioned
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in Remark 2, the estimated multipath period Ts,,; is a
mean value for a defined time block. For this reason,
the search interval AT could be defined as any float
number, e.g. AT = 0.1 second or AT =0.01 second. The
estimated multipath period T, ; can be even more
precise, so that the residuals after the adjustment
could be even smaller. The problem is that an
optimum result will then require much more time. So
some compromise should be found between better
results and less calculation time.

Remark 4: If a high amplitude is shown at the index
k =1 in the periodogram, it means that the time series
contains trends and it is not stationary. In this case, it
is possible that the coordinate time series is influenced
by long-period multipath effects. For the search
process this means that the multipath period Ts, ;
should be searched between T, = (or f,=0) and
T, =1/(2-Af). However, it is not appropriate to
estimate a long-period wave from a short observation
time. Empirically, at least half of the wave should be
within the observation time, so that the period could
be estimated. For example, if the observation time is
3600 seconds, the maximum of the estimated period is
7200 seconds.

C. Example

To explain the developed algorithm, the residuals of
the height component of one baseline (1 hour) are
taken as an example.

Periodogram
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Figure 4. Periodogram of the height component

In Figure 4, high amplitudes are shown at several
frequencies, which again indicates the fact that the
multipath effect on the coordinates is the mixture of
several multipath signals influences. Here, high values
of the periodogram are between 0.025 and 0.03 Hz,
and 0 und 0.01 Hz (marked area in Figure 4).

Table 1. Interpretation of periods
Index k Period T} [s]

3600

1800

1200

900

720

u b wWwN -

The spectral resolution of the periodogram depends
on the observation time and sampling rate, here the

observation time is 3600 seconds and the sampling
rate is 1 second. So the spectral resolution is here
Af =1/3600 Hz. Table 1 shows, as examples, the
periods for the first five indices in the periodogram. It
is obvious that the spectral resolution is low, especially
if the frequency is close to zero.

Periodogram

720

1800 || ! 925 |

IR

[ ) QP03 0004 0005 DOOG QOO 0OC3 0009 OO
Frequency [Hz]

Figure 5. Periodogram with interpretation of periods

Figure 5 shows periods of several
frequencies/indices with high amplitudes. For
example, the period of index k =2, 5 or 16 is T, = 1800,
720 or 225 seconds.

For the first iteration (j=1), the maximum
amplitude is at T5 = 720 seconds. The multipath period

in the first iteration will then be searched in
neighborhood of Ts;, it means between
T =600 seconds and T, =900 seconds. A search

interval AT =1 second is taken for the search process.
So, every integral value between 600 and 900 seconds
will be taken as potential multipath frequency in
equation (7) and the sum of squared residuals can be
calculated.
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Figure 6. Sum of squared residuals of search process in
iteration 1

Figure 6 shows the sum of squared residuals in the
first iteration. The minimum of the sum of squared
residuals is at index 167. That means the precise
multipath period in the first iteration Ts,q is
767 seconds (600 + 167- AT ). And after that the
periodic oscillation with Ts, ; will be eliminated from
the residuals. This procedure will run until only white
noise is remaining or the parameters a; and b]- are not
significant any more. In this example, 14 iterations are
needed.
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Figure 7 shows a comparison of original residuals
(with  +40 mm offset for better comparison or
visualization) and the residuals after using the
developed algorithm. It is clearly observable that the
periodic oscillations in the original residuals are
significantly reduced by applying the developed
algorithm. The standard deviation is improved by 43%
(from 7.9 mm to 4.5 mm).

Residuals in height |

i Original
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Vh [mm]

Observation Time [s]

Figure 7. Comparison of residuals

Figure 8 shows a periodogram of the original
residuals and of the residuals after using the algorithm
with precise frequency. Some of the found precise
multipath periods are also shown in Figure 8. This
indicates the same effect as Figure 7, that the
developed algorithm reduces the periodic oscillations
in the original residuals.
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Figure 8. Comparison of periodogram with precise
frequency
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Figure 9. Comparison of periodogram without precise
frequency

For the case that the periods from the periodogram
are directly used (e.g. Ts =720 is directly used in the
first iteration), the results are shown in Figure 9. It can
be seen that amplitudes of some frequencies are
reduced, however, not as much as in Figure 8 (with
precise frequencies). The standard deviation s
improved only by 19% (from 7.9 mm to 6.4 mm).

IV. EVALUATION

A. Test Scenario

l\lle,tal,w::ll /
Figure 10. Photos of test field with antenna array and
antenna number

For evaluation of the developed algorithm, a large
data set was used. As shown in Figure 10, a 3x3
antenna array was set up next to the metal wall on the
roof of the 1IGS-building, with a 0.5m distance
between antennas. U-blox LEA-6T GPS receivers are
combined with Trimble Bullet Il GPS antennas (cost
about 100 €) and the self-constructed L1-optimized
choke ring ground plane.

The choke ring ground plane can reduce the
influence of the reflected signal coming from the
ground but they cannot prevent the antennas from the
reflected signals which are higher than the antenna
horizon (Weill, 1997). The test results in Zhang and
Schwieger (2017) have proved this fact. In this test
field, most multipath signals are from the metal walls
in antenna vicinity, not from the ground.

Static measurement has been undertaken for 26
days in the spring of 2014. The GPS raw data were
recorded from the 9 receivers at 1 Hz, stored on a PC,
evaluated and post-processed. One SAPOS reference
station (Satellitenpositionierungsdienst der Deutschen
Landesvermessung; English:  German  Satellite
Positioning Service) is only about 500 m away from the
test field. This station is taken 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 calculated.

The raw data of the 9 stations 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). The results of Wal
are the baselines in the UTM-Coordinate System in
east, north and height for every second. The outliers in
the coordinate’s time series, which are probably
caused by unfixed ambiguities, are detected according
to the 3o-rule and linearly interpolated. Finally, the
standard deviation is calculated.
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B. Evaluation Workflow

The antenna array in the test field is used to analyze
the spatial correction of the antennas. One algorithm
is developed to reduce the multipath effect using the
spatial corrections and published in Zhang and
Schwieger (2016), where two antennas are needed.
The described algorithm in this paper is based on the
temporal correlation and needs only one station to
reduce the multipath effect.

One day data is taken to test the performance of this
described algorithm based on temporal correlation.
Figure 11 shows the workflow of the evaluation.
Temporal correlations of the coordinate series in this
test are not significant after about 15 minutes (see the
analysis in Zhang and Schwieger, 2016) and in order to
simulate the near-real-time solution, one day
coordinates residuals were divided into 96 15-minutes
blocks (900 seconds). Since there is no deformation
during the measurement, a step deformation (with 10)
is simulated in the middle of the first block (at 450th
second). For the baseline s-a4 (antenna number 4),
0g=3.2mm, oy=56mm and 0¢,=9.0mm (from
daily solution) are taken as o values for the step
deformation for each coordinate component.

// Coordinates Residuals (one day) \

| |
)

Block q
(9=1to 96)

Original Algorithm

/(
N A

Figure 11. Evaluation workflow

For the deformation analysis, the standard deviation
and mean value for each block is calculated, and the
mean value may be tested for the significance by
equation (8):

Xj,

Sjq

ja

| ~tr 07.50%- (8)

where j:=1to 3 (3 coordinate components)
q:= 110 96 (96 blocks)

If the test value T;, exceeds for example the
quantile tfgys50, (t-distribution), a deformation is
detected. Since the number of observations is large,
the Gaussian distribution is assumed to be an
approximation of the t-distribution. The developed

algorithm can decrease the standard deviations so that
Detection quota of deformation { is increased.

C. Evaluation Results

Figure 12 shows the difference of the 3D-position
standard deviation of the 96 blocks (baseline s-a4). The
standard deviation is improved by 51% (from 9.1 mm
to 4.5mm). It leads to the increase of the mean
detection quota of 1o deformation of 40% (compare
Table 2).
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Figure 12. Comparison of standard deviations of blocks

Table 2. Detection quota of 10 deformation

Sk n Sn m
Original _ |5.2% 13.5%  |8.3% 9.0%
Algorithm |42.7%  |55.2% | 47.9% | 48.6%

The evaluation was done by all the 9 baselines. In
average, the 3D-position standard deviations and the
detection quotas of 1o deformation are improved by
52% and 47.6% respectively. The developed algorithm
was also used to reduce the multipath effect in the
monitoring of a church tower (see Zhang et al, 2018),
the standard deviation is improved by about 45%.

Furthermore, it should be noted that the
deformation detection sensitivity is increased through
the developed algorithm. However, the probability of a
false alarm is also increased. That is because this
algorithm can only reduce oscillations within short
periods (up to double of block length). Some multipath
effects cause oscillations with long periods. Actual step
or linear deformations will be kept in the following
coordinate time series. In contrast, the long periodic
oscillation coordinates behavior is elastic. |If
deformation is detected in two successive blocks, it
can then be finally defined as deformation. In this way
to probability of a false alarm could be reduced (from
12.8% to 1.3%, more details can be found in Zhang,
2016). In such a case, reliable results can be delivered
in near real-time with a delay of 30 minutes.

V. CONCLUSION AND OUTLOOK

In this paper, the theoretical basis of the multipath
effect is presented. The influencing factors of the
multipath effect were introduced. The temporal
correlation of the multipath effect and the relationship
of the multipath effect on the carrier phase and the
coordinates is discussed and explained. Based on the
theory, the developed algorithm that takes temporal
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correlation of the coordinates into consideration, is
explained by an example. The multipath frequencies
can be precisely and iteratively estimated, so that the
periodic oscillations caused by the multipath effects
can be reduced on the coordinate residuals. As a
result, the standard deviation of the measurement can
be significantly improved by about 50%. 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 the probability for detection of a
deformation of 1o is about 40%. A reliable detection in
30 minutes is possible.

The estimation of the precise multipath frequencies
can be optimized in the future. For example, the
optimal period could be searched starting with a big
search interval (e.g. every 10 seconds) and finally with
a smaller interval nearby the precise frequency (e.g.
every 1 second or even shorter, e.g. 0.1 second), so
that the algorithm could run more quickly and the
results could be even more precise.

Thus this paper shows the possibility of the low-cost
GPS antenna with the temporal correlation based
algorithm for the structural health monitoring
applications, particularly in the case of high multipath
effects. In the future, the algorithm should be
evaluated and improved for real monitoring objects
like landslide, and the method should be adapted if it
is applied for the monitoring of buildings and bridges
with periodic deformations. If the frequency of the
periodic deformation is known, one possibility might
be considering this in the coordinates, so that it will
not be eliminated by the developed algorithm. This
approach should be tested in the future. Furthermore,
the correlation between the coordinates’ components
should also be investigated in the future.
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