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SUMMARY

The Institute of Engineering Geodesy (I1GS) is presently developing an automatic low-cost
GPS monitoring system, which includes u-blox L1 single frequency GPS receivers.

In the first tests, the u-blox ANN-MS antenna already obtained an accuracy which almost
meets the requirements of geodetic applications (see Zhang et al. 2012). To improve the
accuracy of the system, particularly in shadowing environment, a choke ring optimized for the
L1 single frequency antenna was constructed to reduce the multipath effect. Different low-
cost antennas (costs are less than 100 €) were tested.

In this article, the automatic low-cost GPS monitoring systems developed at 11GS will briefly
be introduced. The focus of this article is on the evaluation of the different antennas with and
without chock ring. These test measurements have been carried through in region of Stuttgart
(Germany), they were composed of different baseline lengths (up to 1 km) with different
shadowing conditions. The results of the low-cost GPS system will be compared with highly
precise pillar network coordinates determined by high-end dual frequency GNSS receivers,
tachymeter and leveling measurement. As a result, one antenna with choke ring is able to
obtain sub-mm accuracy in shadowing-free environment and millimeter level in shadowing
environment; the accuracy meets the requirements of a geodetic monitoring system.
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1. INTRODUCTION

Monitoring is one of the main tasks in engineering geodesy. The trend in monitoring goes
towards the automation and continuity of measurements. Traditional monitoring
measurements are carried out at certain time intervals. Today, the information about the
monitored objects should be available continuously in near real-time, in order to inform the
users of possible dangers as early as possible. This means that the instruments should
permanently be set on the monitored objects and therefore the investments would be high.

The geodetic GNSS receivers using carrier phase measurement are able to achieve accuracies
in the sub-cm range in relative mode. Beside tachymeters, only GNSS receivers are able to
measure the 3-dimensional positions automatically and continuously. For this reason, GNSS
receivers have already been used in the monitoring at an early stage. For example, a GPS
monitoring system has been developed at the Graz University of Technology (Hartinger
2001). At the same time, the system GOCA (Kélber et al. 2000) has been developed which
includes measuring, communication and deformation analysis. In addition to the traditional
monitoring methods such as total stations, GNSS and leveling, many new instruments have
also been used in monitoring in recent years, e.g. terrestrial laser scanner (Holst & Kuhlmann
2011) and terrestrial radar scanners (Hebel et al. 2011), which enable an areal measurement.
In geosensor networks, as presented in Bill (2011), several cost-effective sensors (such as
inclinometer, accelerations, pressure and line sensors) are combined in one sensor node.
Different sensor nodes are linked by a self-organized wireless network, so that the data
transmission and processing will be realized in real-time or in near real-time.

Different measurement methods have their advantages and disadvantages. One advantage of
the GNSS receivers is that they can be used under all weather conditions. Furthermore, direct
line-of-sight is not necessary for the GNSS measurements. In addition, data collection and
processing can be realized automatically and continuously. However, the geodetic GNSS
receivers are not suitable for areal measurement due to their high price (some cost more than
20 000 €).

Preliminary research at the Institute of Engineering Geodesy, University of Stuttgart (I11GS)
showed that the low-cost single-frequency receivers with the use of carrier phase data are able
to achieve similar accuracies as geodetic GNSS receivers (Schwieger & Gléser 2005,
Schwieger 2007, 2008, 2009). Those receivers are developed for the mass market and their
price is below 100 € (such as u-blox GPS receivers).

In recent years, developments have been made in the relevant research: Graz University of
Technology (Lanzendorfer 2007) and ETH Zurich (Limpach 2009) have both achieved
accuracies in the sub-cm range for short baselines in their test studies by using u-blox GPS
receivers for monitoring landslides and rock glaciers.
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The University of Armed Forces Munich has developed a GNSS monitoring system based on
cost-effective Novatel receivers (about 1200 €). With this system, an accuracy of a few
millimeters can be achieved for landslide monitoring. The system is already successfully
applied in several projects. A lot of practical experience was and will be collected (Glabsch et
al. 2010).

In this paper, the results of an automatic low-cost GPS monitoring system with the latest u-
blox LEA-6T GPS receiver will be presented.

2. LOW-COST GPS MONITORING SYSTEM AT 1IGS

As described in the introduction, several low-cost GPS and GNSS systems have already been
established. Currently, several groups are working on the application of u-blox receivers in
monitoring. Also at the 1IGS, an automatic low-cost GPS monitoring system is being
developed and in the testing phase.
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(Incl. U-BLOX LEA-6T GPS receiver)
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Figure 1: System architecture

Figure 1 shows an overview of this system. The current system consists of three stations. One
station is operated as a central station (master), it controls the data communication. The other
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two stations (clients) transfer the raw data continuously in real-time via Wireless Mesh
Networks (WMN) to the central station (see figure 1). The central station is connected to a
computer, here, data collection and processing are executed. In principle, the data
transmission can also be realized via UMTS. The results, e.g. the information of the baseline
can be transferred via UTMS to the network of the University of Stuttgart. However, this is
not yet fully implemented.
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Figure 2: System components of one autonomous station

Figure 2 shows the components of an autonomous station. Each station contains a CabLynx
wireless router (Cabtronix 2013). The maximum speed of WLAN transmission is 54 Mbit/s
(IEEE 802.11g). After configuring the routers, the stations can be integrated in a WMN. In
contrast to a typical star topology, in which the clients can only transfer the data to the master,
the data transmission in WMN is also possible among the clients. After starting the system,
the IP addresses of the clients are automatically given by the master. The clients can transfer
the data to their neighboring clients until the data arrive at the master (Ubéda 2008). The main
advantage of this mesh topology is dynamics and stability of the network. If the direct
connection of a client to the master is not possible, the data can still reach the master through
other clients (which are connected in the mesh network with the master). The functionality of
the WMN has been already proved in a test (Zhang et al. 2012).

Since the WMN is self-organized and thus the direction of data transmission is variable and
previously unknown, here an omni-directional antenna (Vimcom 2013) is necessary. The
range of the WLAN communications has been tested up to 2 km with line of sight (Zhang et
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al. 2012). To make sure that this system is running continuously and autonomously, the power
of each station is provided with a solar panel, a solar charge controller and a back-up battery.
The most important part of each station is the latest u-blox GPS receiver LEA-6T (Ublox
2013), which is integrated in the CabLynx router and able to output the GPS raw data in
binary format (figure 2, right).

In Takasu & Yasuda (2008), several low-cost GPS L1-frequency antennas and receivers were
tested in combination. The tests show that good antennas have much more positive impact on
the result than good receivers. For this reason, the three low-cost antennas u-blox ANN-MS,
Vimcom 96/1 and Trimble Bullet 111 (each of them costs less than 100 €) were tested in
combination with the u-blox LEA-6T receiver. To reduce undesirable multipath effects, the u-
blox ANN-MS antenna is shielded with a self-constructed ground plate. Vimcom 96/1 and the
Trimble Bullet 111 antennas are shielded with self-constructed choke rings (figure. 2, left).

As described in Filippov et al. (1998), multipath effects can be reduced by a certain depth of
the choke ring antenna. The depths of the choke rings should be about 1/4 of the wavelength
of the signal, for frequency of L1 and L2 they are approximately 4.7 cm and 6 cm. The
commercial choke rings have depth of about 5.6 cm, which is a compromise between L1 and
L2 and so the multipath effects are not reduced most optimally for single frequencies. The
self-constructed choke ring has a depth of 4.5 cm and is thus optimized for L1-frequency.

3. QUALITY ANALYSIS

3.1 Test Scenario

Test Area: Vaihingen, Stuttgart

Figure 3: Test scenarios in Stuttgart-Vaihingen

A couple of tests have been carried out in Stuttgart-Vaihingen. The results of the
measurements in November 2011 and 2012 are shown here as examples. In the test area, there
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are several pillars, which were re-measured in 2012 using total stations, geodetic GNSS
receivers and leveling. The resulting coordinates are regarded as given coordinates with
millimeter accuracy (Wang 2013). The aim of the measurements is to evaluate the quality of
the low-cost system, as described above, under different conditions. Firstly, the lengths of
baselines vary from 255 m to 470 m. Secondly, pillars with different shadowing condition
were selected for the test. In addition, the performances of three different low-cost antennas
were to be tested with the different shields. The test scenario is illustrated in figure 3. The
reference station P6 and the rover station P7 stand in a shadowing free environment; while the
rover station P8 is nearby a forest (southwest), so that more disturbed signals are expected
there.

Table 1 shows the characteristics of the measured baselines. Both baselines P6-P7 and P6-P8
were measured with all three antennas, thus there are 6 sessions in total. Since a router was
broken on 02.11.12, the baselines with Vimcom and Trimble antennas were not observed on
this day (compare table 1). The duration of the measurements was all about 1 hour.

Table 1: Characteristics of baselines

Session Observation Antenna Type

No. Date Time + shielding Baseline Length[m]
u-blox (ANN-MS)

1 18.11.11 |11:38-12:54 + ground plate
Vimcom (96/1)

2 021112 |12:32-13:43 |+ Choke-Ring P6-P7 1468638
Trimble (Bullet I11)

3 02.11.12 |14:08-15:09 + Choke-Ring
u-blox (ANN-MS)

4 18.11.11 |11:38-12:54 + ground plate
Vimcom  (96/1) +

5 02.11.12 |10:51-11:53 | Choke-Ring P6-P8 254.913
Trimble (Bullet I11)

6 02.11.12 |09:23-10:24 + Choke-Ring

3.2 Data Processing Procedure |

TEQC ‘ ‘ Wa1
UBX / ‘ RINEX : /  Baseline

Figure 4: Data Processing Procedure

The raw data are in binary format (UBX format). They are converted into a standard exchange
format (RINEX 2.3 format) and edited (for example, entering the coordinates of the reference
station and the antenna heights, antenna types) by using free software TEQC (TEQC 2013).
TEQC can also be used to check the quality of the RINEX data, so that possible reasons for
bad results can be found.

The baseline computations are done by means of the GNSS software Wal of the company
Wasoft (Wal 2013). At the end of the baseline processing, a solution and a log file will be
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produced. Each coordinate solution is accompanied by a solution type (in our measurements
"FloatDGNSS" and "FixedL1") and a rough quality indicator ("low", "medium" and "high").
If a measurement result in a "FloatDGNSS" solution (in the following text written as "float™
solution), it means the percentage of fixed ambiguity is too low and the result is regarded as
unacceptable. If a measurement result in a "FixedL1" solution (in the following text written as
"fixed" solution), this means that certain percentage of fixed ambiguity is reached. A solution
quality indicator "high™ is given, if certain requirements are fulfilled, such as minimum of
percentage of fixed ambiguity, standard deviation of unit weight, number of satellites and
PDOP (Wal Manuel 2010). This means that the result with quality indicator "high" is more
reliable than the results showed "medium”. In the log file the calculation steps of baseline
processing are described in detail, so that the user will be able to find possible reasons for not
optimal results quickly and easily. The output coordinates can be given as Cartesian,
ellipsoidal or UTM coordinates.

Quality is a comprehensive definition (Schweitzer & Schwieger 2011). In order to describe
the quality of the GPS baseline, in this paper the term quality The results of the measurements
in November 2011 and 2012 are shown here as examples.is first of all restricted to the

"correctness”, "accuracy" and "reliability".

Each GNSS receiver needs some time to fix the ambiguity. The longer the observation time is,
the better should be the result. For a real-time or near real-time system, it is important to know
in which time interval a reliable result can be delivered. Therefore, a time interval of one hour
was first evaluated and then several short time intervals of 10, 15, 20 and 30 minutes were
evaluated.

The percentage of fixed ambiguity of some time intervals is too low, so that they are assigned
as float solution in Wal. The parameter "reliability" is defined as percentage of the time
intervals with fixed solutions of total results.

The measured baselines (from the measurements) and given baselines (from the given
coordinates) will be compared, their differences of UTM coordinates are calculated. The
mean values and standard deviations of the differences for variable time periods (10, 15, 20,
30 minutes) can be calculated. Only the time intervals with fixed solutions are considered for
calculating the mean values and standard deviations.

The mean values of the differences between the given and measured baseline can be defined
as "correctness". The standard deviations which describe the repeatability of the
measurements can be defined as "accuracy" of the measurements. For monitoring,
repeatability or accuracy of the measurements are the most important and deciding
parameters. For this reason, mainly the standard deviations will be discussed in this paper.

As not all antennas are calibrated or calibrated without shielding, all the baselines are
processed first without antenna correction. If two stations of the baseline have the same
antennas with identical orientations, the antenna correction should not have influence on the
results, assumed that the same type of antenna has the same phase center offsets and -
variations. The elevation angle is set at 10°.
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3.3 Test Results

3.3.1 Original Results

Table 2: Results of the baseline P6-P7 (session 1-session 3)

Session Time |Mean [mm] Standard Deviation [mMM] | gejiapility
No. Interval | MOdN |mOdE |[mOdh [sOdN [sOdE  |sOdh
Session1l |[10min |2.8 -3.0 13.3 0.8 2.1 4.7 100.00%
(U-BLOX) |15min |2.8 -3.1 13.3 0.7 2.3 49 100.00%
20min |2.8 -2.9 134 0.5 2.2 3.8 100.00%
30min |2.7 -2.0 134 0.2 1.1 3.7 100.00%
60min |2.9 -2.3 14.7 - - - 100.00%
Session2 |[10min |3.4 -1.4 7.8 0.8 0.8 1.0 100.00%
(Vimcom) |15min 3.4 -71.4 7.7 0.5 0.6 0.5 100.00%
20min |34 -7.4 7.8 0.7 0.9 0.5 100.00%
30min |34 -7.4 7.8 0.1 0.5 0.4 100.00%
60min |3.4 -7.4 1.7 - - - 100.00%
Session 3 |[10min |2.8 -5.8 10.9 0.6 0.4 1.2 100.00%
(Trimble) |15min |2.8 -5.8 11.0 0.6 0.2 0.9 100.00%
20min |2.8 -5.8 10.9 0.3 0.1 0.7 100.00%
30min |2.8 -5.8 11.0 0.1 0.1 1.1 100.00%
60min |2.7 -5.8 10.8 - - - 100.00%

Table 2 shows the results of sessions 1 to 3 for baseline P6-P7. The 100% reliability shows
that all time intervals with 10 minutes or more have fixed solutions. The small standard
deviations (in horizontal position less than 2.5 mm and in height less than 5 mm) show that
the results are very stable. The main reason for this is that the two stations P6 and P7 are both
in shadowing free environment. The mean values of the differences between measured and
given baselines are less than 1 cm in horizontal position and less than 1.5 cm in height.

The standard deviations of session 2 (with Vimcom antenna) and session 3 (with Trimble
antenna) are similar. They are all in the sub-mm range in horizontal position and almost less
than 1 mm in height. The standard deviations of the u-blox antenna here are worse than with
the other two antennas, especially in east direction (less than 3 mm) and height (less than 5
mm). The standard deviations are not getting better with longer observation time.

Table 3 shows the results of the baseline P6-P8 of sessions 4 to 6. Firstly, we can see the
session 5 with Vimcom antennas shows very bad results. The differences between the
measured and given baselines are several decimeters in all coordinate components, although
float solutions are not considered here, even the one hour measurement has a float solution.
The reason for this is that P8 is near the forest and the Vimcom antenna at P8 received signals
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from only 3 to 4 satellites on average. Although some time intervals have fixed solutions,
their quality indicator in Wal is either "low" or "medium", that means the result of session 5
with Vimcom antenna is not reliable and cannot be accepted. However, there are actually 7 to
8 satellites visible during the session 5. Compared to session 2 we can see that it is difficult
for the Vimcom antenna to receive satellite signals in shadowing environment. As the results
of session 5 are unreliable, they will not be analyzed further in detail.

Table 3: Results of the Baseline P6-P8 (Session 4-Session 6)

Session Time |Mean [mm] Standard Deviation [mMM] | gejiapility

No. Interval | mOdN |mOdE |[mOdh [sOdN [sOdE  |sOdh

Session 4 [10min |-0.7 -6.0 -3.3 1.6 2.8 10.4 83.3%

(U-BLOX) [15min [-09 |66 |53 |22 26 |81  |75.0%
20min  |-1.2 -5.7 2.7 15 1.8 8.3 100.0%
30min |-1.4 -6.1 -3.6 2.4 1.2 10.0 100.0%
60min |[-1.1 -5.6 -2.4 - - - 100.0%

Session 5 [10min |533.7 -314.4 [-294.1 |590.3 322.5 4224 |66.7%

(Vimcom) |15min |457.5 -281.3 |-325.7 |[559.1 305.7 [436.3 |100.0%

20min  [454.2 -2145 |-319.5 |[644.8 341.3 |[447.5 |100.0%

30min |399.9 -108.9 |-210.1 |- - - 50.0%
60min |- - - - - - 0.0%
Session 6 [10min |[-1.2 -5.7 1.1 0.8 2.5 5.3 83.3%
(Trimble) 15min [-1.1 -5.6 14 0.5 1.9 4.5 100.0%
20min  [-1.1 -5.7 1.3 0.5 2.0 4.0 100.0%
30min |[-1.1 -5.6 14 0.1 1.8 4.7 100.0%
60min |-1.0 -5.0 1.7 - - - 100.00%

Not all the time intervals of sessions 4 and 6 have reached 100% reliability due to the
shadowing at P8. The time intervals with 10 and 15 minutes have partially float solutions. The
standard deviations of sessions 4 and 6 are greater than the ones of sessions 1 and 3,
especially in height. The mean values of the differences between measured and given
baselines are below 1 cm in horizontal position and less than 6 mm in height.

Generally, the Trimble antenna with choke ring (session 6) shows a better result than the u-
blox antenna with ground plate (session 4). On the one hand, all time intervals with more than
10 minutes with Trimble antenna have reached the fixed solutions. On the other hand, the
standard deviations in north and height of the Trimble antenna are only half as large as the
ones of the u-blox antenna. The standard deviations of the Trimble antenna are in sub-mm
range in north, up to 3 mm in east direction and up to 6 mm in height. The standard deviations
of the u-blox antennas are up to 3 mm in horizontal position and up to 11 mm in height.
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3.3.2 Results with extra data handlings

The results could be improved, if extra data handlings like increasing the elevation angle and
elimination of satellites are applied. Therefore, the results of the measurements will be
analyzed using extra data handlings.

- Increasing the elevation angle
The elevation angle was increased to 15° for sessions 1 to 3. However, the final results do not
change considerably. Since the two stations P6 and P7 are both in shadowing-free
environment and 8 to 10 satellites are available during the measurement, the satellites with
low elevation angle do not have a strong influence on the results.
The elevation angle was also increased to 15° for sessions 4 and 6. In this case, the final
results change more significantly than those in sessions 1 to 3. Some time intervals change
from float solution to fixed solution. Unfortunately, there are also time intervals that change
from fixed solution to float solution. As the P8 stays in shadowing environment, there are
fewer satellites for the evaluation. In session 4 there are about 10 satellites available, however
some satellites have low elevation angles (between 10° and 15°). Other satellites move
through obstructions (trees) but have high elevation angles. If the elevation angles are
increased to 15°, the satellites that move through obstructions but have high elevation angles
will have disturbed signals due to multipath effects. In this case, the ambiguities can not be
fixed. In session 6 there are only about 5 to 6 satellites available. If the elevation angle is set
to 15° and therefore the satellites with low elevation angle are excluded (between 10° and
15°), it might happen that too few satellites are available for the calculation of the
ambiguities, so that the results have float solutions. At the end, an elevation angle of 10° was
set for all data processing.

- Elimination of satellites
Furthermore, with the help of the log file of Wal and the satellite visibility chart of Leica Geo
Office (LGO, Leica 2013), the satellites lead into float solutions can be found and eliminated.
No satellites are eliminated for the time intervals that already have fixed solutions, although it
would lead to better results (Wang 2013). Therefore, only the results of the time intervals
would be changed, which had been marked in table 3. Here, the results are presented in a
simplified table (table 4). All time intervals have fixed solutions at the end, and thus the
reliability of all the time intervals is 100%.
Table 4: Improved results of the baseline P6-P8 by elimination of satellites

Session Time Mean [mm] Standard Deviation [mm] Reliability
No. Interval | mOdN |mOdE |[mOdh [sOdN [sOdE |sOdh
. 10min (-0.8 -5.3 -2.0 15 3.0 9.9 100.0%
Session 4 -
15min |-1.1 -5.7 -2.5 1.9 2.7 8.7 100.0%
Session6 [10min |-0.9 -4.8 1.8 1.0 3.2 5.1 100.0%

Originally, there was one 10- and one 15-minute time interval that had float solutions in
session 4 (see table 3). The satellites PRN G32 and PRN G28 were eliminated with the help
of log file of Wal, because most unfixed ambiguities are caused by these two satellites.
Unfortunately, after the elimination of these two satellites, the result is still a float solution.
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Using the satellite visibility chart of LGO, the satellite PRN GO1 is eliminated, because this
satellite moved through obstruction during the measurements (see figure 5, left).

00dsc

9280
G035~
/ 46

GOl @ A G06
| G3 1@

Session 4 Session 6
Figure 5: Visibility of Satellites (LGO 2013)

In session 6, there was originally only one 10-minute time interval with "float" solution. With
the help of log file of Wal, the satellite PRN G05 with low elevation angles was eliminated.
After that, the time interval has the fixed solution. The satellite visibility chart of LGO shows
that the satellites PRN G06 and PRN G31 move partially through the shadowing area (figure
5, right), but their influences did not lead to float solution. For this reason, only the satellite
PRN GO05 was excluded from the data processing for session 6.
When table 3 is compared with table 4, we can find out that the standard deviations are
increased in height but partially worse in horizontal position. This shows that the reliability
increases after deleting the unreliable satellites, but the accuracy was not improved
significantly. Further detailed data handling can be done until the standard deviation
minimizes, but it must be done manually and iteratively. This is complicated and not suitable
for near real-time automatic data processing.
It should be noticed that the results are really bad and not reliable, if they have the quality
indicator "medium™ in the Wal. In order to minimize "false alarms™ in monitoring, time
intervals having the float solution and the quality indicator "medium" should not be used and
excluded automatically. The problem is that there will be too many results in shadowing
environment which cannot be used and thus there will be many data gaps in a continuous
series of observations. This means the reliability will be low. As shown before, satellites with
disturbed signal and large elevation angles (more than 40°) have great influence on the
results. A possible solution for increasing the accuracy and reliability simultaneously is to
find out the satellites with disturbed signals automatically and eliminate them.

- Applying the antenna corrections
Individual calibration was carried out for each Trimble antenna choke ring by University of
Bonn, Institute of Geodesy and Geoinformation, making use of absolute anechoic chamber
calibration (Zeimetz & Kuhlmann 2008). This means each antenna has its own calibration
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data. The baselines were processed with the individual antenna corrections (antenna phase
centers offsets and variations). The differences in the results (with minus without calibration
data) are shown in table 5. If we compare the results of the session 3 and 6 that were
measured with Trimble antennas, we can see that the mean values change between -0.5 mm
and 0.3 mm in horizontal position and between -0.7 mm and 0.2 mm in height. The values do
not change significantly, since the antenna corrections of each antenna are very similar. The
standard deviations change between -0.1 mm and 0.2 mm in horizontal position and between
0.1 mm and 0.5 mm in height. The change of mean value is bigger than the standard
deviation. Furthermore, the change for the baseline P6-P8 is bigger than that of baseline P6-
P7. It may be because of the shadowing environment of P8. Generally, the standard deviations
become better particularly in height. The individual antenna calibration is expensive and costs
much more than the antenna itself. The question arises whether type calibration for those low-
cost antennas is enough or whether single calibration is necessary.

As another try, the baselines were then processed with only one antenna calibration data
(simulation of antenna type calibration). The results are exactly the same as the results
without calibration data. The reason is that two stations of the baseline have the same
antennas with identical orientations, the effects of antenna corrections are identical if the
baselines are very short. However, the antenna type calibrations could be necessary for long
baselines.

Table 5: Difference in results with and without calibration correction of the Trimble antennas

Session Time |Mean [mm] Standard Deviation [mm] Reliability

No. Interval | mOdN |mOdE |[mOdh [sOdN [sOdE |sOdh

Session3 |10min (O 0.3 -0.1 0 -0.1 0.1 100.0%

(Trimble) 15min (O 0.3 0 0 0 0.1 100.0%
20min |0 0.3 -0.2 0 0 0.1 100.0%
30min |0 0.3 -0.1 0 0 0.2 100.0%
60min |0 0.3 -0.1 - - - 100.0%

Session6 [10min |0.2 -0.4 -0.7 0 0.1 0.1 100.0%

(Trimble) 15min (0.2 -0.4 -0.6 0 0.2 0.2 100.0%
20min |0.2 -0.5 -0.6 0 0.2 0.4 100.0%
30min |0.2 -0.4 -0.6 0 0 0.5 100.0%
60min (0.2 -0.3 -0.6 - - - 100.0%

3.4 Summary and Discussion

From the test results we can find out that, depending on shadowing conditions, an observation
time of 10 to 20 minutes is necessary to solve the ambiguities steadily. An observation time of
more than 20 minutes, does not lead to significant changes in the standard deviations.
Therefore, a solution with 20-minutes observation time is recommended for a near real-time
evaluation. The results are, as expected, very sensitive to shadowing. An elevation angle of
10° in shadowing environment is necessary; otherwise there are not enough satellites
available for the calculation.
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Comparing the three different antennas with shielding with each other, we can find out that
the Vimcom antenna has an excellent performance in the shadowing-free environment (the
standard deviations of the all the coordinate components are less than 1 mm). However, it is
not suitable for a shadowing environment. This indicates that the correct selection of low-cost
antennas is very important. If float solutions are not considered, the u-blox antennas with
ground plate have standard deviations of up to 3 mm in horizontal position and 5 mm in
height in the shadowing-free environment, and up to 3 mm in horizontal position and 6 mm in
height in the shadowing environment. The Trimble antenna with choke ring has the best
performance on average. It reaches accuracies in the sub-mm range in horizontal position and
almost less than 1 mm standard deviation in height in the shadowing free environment, and up
to 3 mm in horizontal position and 6 mm in height in the shadowing environment. However, it
is unclear whether this is just a coincidence that the Trimble choke ring antenna has the best
performance, as the measurements were carried out at different times. Furthermore, it is
unclear whether the best performance due to the Trimble antenna or the choke ring, or due to
the combination of both components. Since the production of a choke ring is expensive, it
should be proved that the choke ring is able to reduce the multi-path effect better than the
ground plate. To answer these questions, further measurements shall be carried out, in which
the two antennas with identical shielding and the same antennas with different shielding are
set up close to each other and tested simultaneously.

Individual antenna calibrations are done for the Trimble antenna with choke ring. The
individual antenna calibration can lead to improvements in the results, but not significantly
for the short baselines. The type calibration does not bring improvement for the short
baselines, if the baselines are measured with same type of antennas (here the Trimble antenna)
that have the same orientation during the measurements.

4. CONCLUSION AND OUTLOOK

In this paper an automatic monitoring system using u-blox GPS receivers which was
developed at the 11GS was presented. Our focus is on the evaluation of quality of this GPS
monitoring system. The three different antennas with different shields are tested under
different shadowing conditions. Generally, accuracies from sub-mm up to a few mm in
horizontal position and up to 6 mm in height can be achieved by using the Trimble antenna
with choke ring. Compared to the target values the coordinate differences are in the millimeter
range in horizontal position and up to 15 mm in height.

In the future, further research should be carried out to obtain better accuracy. The mean values
of the coordinate differences between the measured and given baselines are a few centimeters.
If the coordinate differences remain almost constant with the time, they will be irrelevant for
monitoring.

As shown, low-cost GPS receivers can already achieve good accuracy in horizontal position,
so they provide a cost-effective way for GPS monitoring. However, the accuracy in height
should still be improved, especially for the stations in shadowing environment.

Only when accuracy of all coordinate components can be safely achieved in the range of a
few mm, the system can be applied for monitoring. The accuracy and reliability of the results
should be improved, particularly in shadowing environment.
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The results shown are calculated in post-processing. The system can already run automatically
from the data communication, data collection to data analysis (Zhang et al. 2012) in real-time.
This means that the results can be available in near real-time (e.g. every 20 minutes).

In the future, the results (information on baselines), the status of the power supply and
metrological data (additional information to support the monitoring measurements) should be
available for the user in near real-time via Internet.
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