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Abstract: The use of geodetic techniques, in particular of the global positioning system (GPS), or other global navigation satellite systems 
(GNSS), for monitoring different kinds of deformations is a common practice. This is typically performed by setting a network of 
geodetic GPS/GNSS receivers, allowing accuracies in the order of millimeters. The use of lower-cost devices has been recently studied, 
showing that good results can be achieved. In this paper, the impact of the software used for the data analysis is also investigated to verify 
whether a fully low-cost monitoring system, i.e., both hardware and software, can be set up. This is done by performing a series of relative 
positioning experi-ments in which data are processed by different software packages. The main result is that by using a low-cost u-blox 
EVK-6T GPS receiver and analyzing its data with free and open-source software, movements of the order of a few millimeters can be 
detected when a short baseline with daily solutions is used. 

Author keywords: Global navigation satellite systems (GNSS); Deformations; Low-cost receivers; u-blox receiver; Free and open-source 
GNSS software; Bernese; Leica Geo Office (LGO) Combined; goGPS.

Introduction

Human society, in its turbulent development, is meeting increasing
threats and difficulties related to the ominous behavior (or reaction)
of its environment, be it natural or built. Natural hazards and those
related to large structure and infrastructure failures create the need
for punctual and prompt risk monitoring to mitigate effects in terms
of life safety and economic protection. A large part of such risks is
revealed by a precursory change of geometry, or deformation, such
as mentioning the motion of a landslide or the deformation of a
large structure, like a dam, a bridge, and so on. In such cases, the
continuous determination of the position of N points in time, such
as a geodetic monitoring system, is one of the possible effective
approaches used to control the risk and, when necessary, to give a
prompt alarm, when certain probability thresholds are exceeded.

The establishment of a permanent global navigation satellite sys-
tem (GNSS) network is certainly one way to perform such monitor-
ing, as witnessed by a large amount of literature of both a scientific
and technical nature (Roberts et al. 2004; Chan et al. 2006; Meng
et al. 2007; Watson et al. 2007; Borghi et al. 2009; Kaloop and Li
2009; Fastellini et al. 2011;Wang 2011; Yi et al. 2013). A small net-
work of permanent GNSS stations, 10 km or less of diameter, which

covers many cases, can provide coordinates accurate to millimeters
for such stations, with, e.g., 1-day latency. However, one limiting
factor of this approach is the cost of such a system based on geodetic
receivers. This restricts the possibility of its application to institu-
tions that can afford it and reduces the number of permanent stations
that can be built, with a correspondent decrease in the efficiency of
the monitoring system. In recent years, however, the attention of the
GNSS community has been drawn to the possible application of
low-cost GNSS receivers, which for such small networks might be
capable of producing useful results (Heunecke et al. 2011; Buchli et
al. 2012; Benoit et al. 2014; Cina and Piras 2014). For this reason,
the authors of this paper have started studying the problem to show
that the approach can be very advantageous from an economic stand-
point when low-cost receivers are used and an inexpensive (or even
free) open-source software package is applied to build an authentic
low-cost monitoring system.

The paper reports the results of an experiment in which two
very short baselines of different lengths (70 m and about 3 km)
were monitored with u-blox GPS receivers for 36 days. Data were
processed with different software applications in different modes
to understand the potential of the system and to compare the per-
formances of some scientific, commercial, andopen-source software
packages. Furthermore, considering that single-frequency observations
alongwith anunrefined ionosphericmodelwereused, experimentswere
performedonseveralbasesup to30kmtoevaluate thedegradationof the
accuracyof thebaselineestimationwith respect to thebaseline length.

Very Short Baseline Experiment: Hardware,
Configuration, and Software

The hardware used in the experiment consisted of two permanent
GPS stations, also called continuously operating reference stations,
which were well established and analyzed over a long time span, and
a u-blox receiver, which simulated the monitoring station (marker
name, UBLX).More precisely, the pre-existing reference stationswere
• MILA, which uses a TOPCON Odyssey E receiver with

TPSCR3_GGD CONE antenna (both from TOPCON
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Corporation, Tokyo), located at the premises of Politecnico
di Milano, Leonardo Campus; and

• PROV, which uses a TOPCON Legacy E receiver, with
JAVAD RegAnt antenna (JAVAD GNSS, Inc., San Jose, CA),
located at the premises of the Provincia di Milano.

The UBLX receiver was placed at Politecnico di Milano, about
70 m from the MILA station and 2.8 km from the PROV station.
The apparatus used was an EVK-6T receiver, which is an evaluation
kit for the LEA-6T module, with its standard ANN-MS patch
antenna (u-blox AG, Thalwil, Switzerland) [Fig. 1(a)]. Using such

Fig. 1. (a) u-blox EVK-6T with its ANN-MS antenna (image by Eugenio Realini); (b) Trimble Bullet III antenna (image by Stefano Caldera)

Fig. 2. Locations of the receivers involved in the very short baseline experiment (©Mapbox, Data ODbL©OpenStreetMap contributors)



a low-performance antenna was done to keep the cost of the hard-
ware used in the experiment as low as possible; a higher quality
antenna could be used as well, for example, one equipped with a
small dome for avoiding snow accumulation (this kind of antenna
exists on the market at costs lower than $100) [Fig. 1(b)]. The cost
of a u-blox evaluation kit providing raw data (typically the models
ending with T), including the ANN-MS antenna, is about $300. For
this experiment, a notebook was used to power the receiver and to
provide storage for logging the raw data. The location of the
receivers is shown in Fig. 2. The UBLX antenna was fixed on a small
iron platform (about 15� 15 cm2) by its own magnetic base. The
platform was in turn fastened to the top of a pole, which was rigidly
attached to the corner of a railing. The system did not allow for sig-
nificant and permanent movements with respect to the target of this
study. With strong winds, storms, etc., the antenna may have had
oscillations, but they were of short duration and could not affect
the daily solutions computed in this work.

Three different software applications were used in the experi-
ment, Bernese GPS 5.2 software (Dach et al. 2007), Leica Geo
Office (LGO) 8.0, and goGPS v0.4.2. Bernese GPS is well known in
the scientific community; the interested reader can find more details
in Dach et al. (2007) and in the software manual [Astronomical
Institute (2007)]. The results derived by such software will be

considered as the truth in the following sections. The LGO software
is a well-known commercial software by the Leica Geosystems
Company. Like Bernese GPS, LGO adjusts single bases by phase
double differences. The goGPS software (Realini and Reguzzoni
2013; Herrera et al. 2015) was originally a navigation software
developed at Politecnico di Milano in Italy (Geomatics Laboratory
of the Como Campus) for teaching purposes. Both theMATLAB and
Java versions of the software have now been offered to the interna-
tional community under free and open-source software (FOSS)
licenses, such as GPLv3 and LGPLv3, respectively. Therefore, the
software has evolved in time with contributions from the geodetic
community, including some of the authors of this paper. The goGPS
software can now adjust stationary bases by double differences using
the Kalman approach (Kalman 1960). It is worth pointing out that
the goGPS results in Realini and Reguzzoni (2013), reported to be
in the meter to submeter level, are related to kinematic positioning.
This involves several limitations with respect to the expected accu-
racy, compared with the static daily positioning performed in this pa-
per. The main difference between kinematic and static positioning
lies in the redundancy of the system to be solved. Additionally, sev-
eral improvements weremade to goGPS algorithms since the experi-
ments reported in Realini and Reguzzoni (2013), which contributed
to the performances reported in this paper. The most important

Fig. 3. IGb08 adjustment network: triangles = IGS stations; circles = EPN stations; squares = experiment permanent stations (©Mapbox, Data ODbL
©OpenStreetMap contributors)



improvements are the implementation of a precise time synchroniza-
tion between rover receiver and reference station (i.e., interpolating
observations on a common reference time) and an outlier detection
and removal method, based on the leave-one-out technique (Biagi
and Caldera 2013), and applied to code and phase double differenced
observations. Note that, according to the original target, other FOSS
software has also been used, such as RTKLIB 2.4.2 (Takasu and
Yasuda 2009). The results for the MILA-UBLX baseline showed
repeatability at a decimeter level (in particular, 11 cm in EAST, 4.7
cm in NORTH, and 16.7 cm in UP); therefore, it was decided to
exclude this software from the subsequent tests. For the sake of com-
pleteness, included in the Appendix are the configuration parameters
for all the software used in this work, including RTKLIB.

Very Short Baseline Experiment: Data Analysis

First, the data of the reference stations over a time span of 77 days
[from date of year (DOY) 21/2014 to 97/2014] were used to frame
them into the international IGb08 reference frame (Rebischung et al.
2012; Rebischung 2013). The software used for this was Bernese,
applying international guidelines for regional network densification
(Ferland et al. 2002; Kouba 2003; Petit and Luzum 2010), constrain-
ing the common stations GRAS, GRAZ, MEDI, PADO, PFA2,
TORI, WTZR, and ZIMM to official International GNSS Service
(IGS) solutions. In addition, five stations belonging to the EUREF
Permanent GNSS Network (EPN) have been included in the net-
work (Fig. 3). Automatic network adjustment and data analyses
were managed by the RegNet tool (Biagi and Caldera 2011). Then
37 days of data from the experiment were analyzed (from DOY 60/
2014 to 96/2014), with daily solutions computed for each of the
baselines using the three software applications.

The results in terms of (E, N, U) coordinates (with respect to
the mean values of the UBLX coordinates estimated with MILA

reference station and Bernese) are plotted in Figs. 4 and 5 for the
two baselines and the three software applications, when the 1-Hz
observations were adjusted (missing values for LGO in Fig. 5 are
caused by the software failing to provide a valid solution for those
DOYs). Because the main issue is deformation monitoring, the
presence of possible systematic biases in the estimated coordi-
nates is secondary; therefore, it is not important to analyze how
close the solutions are to zero in Figs. 4 and 5. The index of inter-
est is instead the stability of the daily solutions over time, i.e., the
so-called repeatability; this is simply the standard deviation of
the estimated coordinates over the period under test. Note that the
solutions are all single frequency (i.e., L1 only). All of the three
software applications were used with the following options: no
refined estimate of the troposphere, i.e., Saastamoinen model
only (Saastamoinen 1972), and no refined estimate of the iono-
sphere, i.e., Klobuchar model only (Klobuchar 1987) for LGO
and goGPS, whereas Bernese implements the model described in
Geckle and Feen (1982), and the integer ambiguity resolution is
enabled. Because of the very short baseline, possible mismodel-
ing in the atmospheric effects has a very limited impact on the so-
lution. More refined models or a network adjustment could be
used when longer baselines are considered. As for the integer
phase ambiguity resolution, goGPS applies the LAMBDA method
(Teunissen 1995; Verhagen and Li 2012). Because Bernese does
not provide LAMBDA as an option, the SIGMA method (Dach
et al. 2007) was chosen instead. Finally, all the presented results
were obtained by using broadcast ephemerides. An additional
adjustment was also performed with Bernese with precise ephem-
erides, verifying that no sensible difference existed in the solu-
tion, especially for the shorter baselines, which are of greater in-
terest for local monitoring problems.

The numerical results in terms of mean components of the base-
lines and their standard deviation (repeatability) are reported in
Tables 1 and 2. It should be noted that the reported standard

(a)

(b)

(c)

Fig. 4. Differences with respect to the mean values of UBLX coordinates estimated with MILA base station and Bernese [baseline: MILA-UBLX
(70m), rate: 1 s]: (a) the daily E adjusted values; (b) the daily N adjusted values; (c) the daily U adjusted values



deviations are just sample estimates based on the daily coordinates
with respect to their empirical means and not the formal figures
resulting from the least-squares adjustment, which are known to be
always too optimistic because of imperfect knowledge of the sto-
chastic model of the errors (e.g., Beutler et al. 1987; Han and Rizos
1995).

Furthermore, the same data stream has been decimated with
time lags of 5 s (200 mHz), 15 s (66 mHz), and 30 s (33 mHz)
and reprocessed in the same way. This was done to study the loss
of accuracy by increasing the time lag between data, because this

is a sensible parameter when the practical problem of electric sup-
ply and data transmission is tackled. It should be noted that setting
the u-blox sampling rate to time lags higher than 1 s (instead of
decimating 1-Hz observations) introduced synchronization prob-
lems with respect to the standard sampling rate used by reference
stations, in the sense that the receiver did not always start the
sampling at 0 s (e.g., 0, 15, 30, 45 s) and sometimes started at 1 s
(e.g., 1, 16, 31, 46 s).

The results are reported in Tables 3 and 4. Some comments are
as follows:
• For the repeatability, which is a prominent index when control

problems are faced, it can be seen that the standard deviations
of 1-Hz solutions are quite consistent for the two bases (of
lengths 70 and 2.8 km respectively), comparing one software
with the other. In particular, LGO and goGPS solutions are ba-
sically equivalent and only marginally worse than that of the
Bernese software. Nearly the same thing happens for the other
time lags.

• The decrease of data from 1 to 30 s lags does not affect signifi-
cantly the repeatability of daily solutions.

• The stability of the mean components of the bases estimated
with different time lags over the 37-day period is quite strong,
with some advantage from the Bernese software and goGPS
over LGO solutions.

• Ninety-nine percent confidence intervals around the mean are
generally below the 62-mm values, which makes the approach
useful for the mentioned monitoring problems.

Short Baselines Experiment

To evaluate the performance degradation when increasing the
length of the baselines, the computations were repeated by

Table 1. Baseline MILA-UBLX (70 m)

Software

Baseline components (m) Repeatability (mm)

EAST NORTH UP sE sN sU

Bernese −44.1604 −45.2588 6.1114 0.7 0.8 0.4
LGO −44.1602 −45.2589 6.1117 0.9 0.8 0.6
goGPS −44.1605 −45.2590 6.1106 0.7 0.9 0.5

Note: Rate: 1 s. Mean and standard deviation of the 37 daily baseline com-
ponents estimated by the three software applications.

(a)

(b)

(c)

Fig. 5. Differences with respect to the mean values of UBLX coordinates estimated with MILA base station and Bernese [baseline: PROV-UBLX
(2.8 km), rate: 1 s]: (a) the daily E adjusted values; (b) the daily N adjusted values; (c) the daily U adjusted values (Note: goGPS solution seems to be
the most robust against biases in the estimated coordinates, i.e. the closest to zero differences)

Table 2. Baseline PROV-UBLX (2.8 km)

Software

Baseline components (m)
Repeatability

(mm)

EAST NORTH UP sE sN sU

Bernese 2068.9699 1901.0493 3.0984 0.8 0.6 1.0
LGO 2068.9729 1901.0521 3.0964 0.9 0.8 1.3
goGPS 2068.9746 1901.0516 3.1008 1.1 0.8 1.3

Note: Rate: 1 s. Mean and standard deviation of the 37 daily baseline com-
ponents estimated by the three software applications.



differentiating with respect to three additional permanent stations
farther than the ones used before (Fig. 6). The practical target of
this test is to verify whether the proposed system can work, even
in a scenario without a dense network of permanent stations, and
without the need to install an ad hoc geodetic master station. The
test was based on the same procedure described in the previous
section, but processing data with a 30-s sampling rate using
goGPS software. In particular, the repeatability is reported in
Table 5 and plotted in Fig. 7 for the sake of comparison. The
increase of the baseline length up to 30 km leads to a significant
decrease in the performances, which was largely expected and
also happens when using standard geodetic receivers. However, it
has to be noted that the repeatability remains at the centimeter
level, which still enables the possibility of monitoring deforma-
tions, depending on the required accuracy in performing such a
task. In this sense the graphs shown in Fig. 7 can be used as a
transfer function between the required repeatability and the mini-
mum system requirement in terms of distance of the closest

reference station. These graphs hold for the conditions under
which this experiment has been performed, but they cannot be
straightforwardly generalized for every condition and with any
baseline. In particular, an incorrect ambiguity fixing could lead to
much worse results in terms of repeatability, thus making the
continuous transfer functions of Fig. 7 unrealistic. The increasing
chances on an incorrect ambiguity fix when increasing the base-
line length can be somehow measured by the increasing number
of unresolved ambiguities by the LAMBDA method, as reported
in Fig. 7.

Conclusions and Perspectives

Because deformation monitoring means identifying changes of
baselines in time, the main index providing the level of sensitivity

Table 5. Standard Deviation of the 37 Daily Baseline Components
Estimated by goGPS Software (Rate 30 s) with Different Baseline Lengths

Baselines Length (m)

Repeatability (mm)

sE sN sU

MILA-UBLX 64 0.9 0.9 0.5
PROV-UBLX 2811 1.0 0.8 1.2
MONZ-UBLX 11355 4.2 2.9 4.1
PAVA-UBLX 22668 3.8 6.8 7.3
CATU-UBLX 30527 8.5 8.5 11.6

Fig. 6. Location of the receivers involved in the short baseline
experiment (©Mapbox, Data ODbL ©OpenStreetMap contributors)

Table 4. Baseline PROV-UBLX (2.8 km)

Software Rate (s)

Baseline components (m)
Repeatability

(mm)

EAST NORTH UP sE sN sU

Bernese 1 2068.9699 1901.0493 3.0984 0.8 0.6 1.0
5 2068.9698 1901.0494 3.0981 0.8 0.6 0.9

15 2068.9698 1901.0494 3.0980 0.9 0.6 1.0
30 2068.9697 1901.0494 3.0979 0.8 0.6 0.9

LGO 1 2068.9729 1901.0521 3.0964 0.9 0.8 1.3
5 2068.9721 1901.0531 3.0952 1.0 0.9 1.4

15 2068.9721 1901.0531 3.0947 0.9 0.8 1.1
30 2068.9746 1901.0518 3.1016 0.9 0.8 0.7

goGPS 1 2068.9746 1901.0516 3.1008 1.1 0.8 1.3
5 2068.9747 1901.0516 3.1008 1.0 0.8 1.3

15 2068.9748 1901.0516 3.1008 0.9 0.8 1.3
30 2068.9749 1901.0516 3.1010 1.0 0.8 1.2

Note: Mean and standard deviation of the 37 daily baseline compo-
nents estimated by the three software applications with different data
sampling.

Table 3. Baseline MILA-UBLX (70 m)

Software Rate (s)

Baseline components (m)
Repeatability

(mm)

EAST NORTH UP sE sN sU

Bernese 1 −44.1604 −45.2589 6.1113 0.8 0.9 0.4
5 −44.1604 −45.2589 6.1113 0.7 0.8 0.4
15 −44.1604 −45.2589 6.1114 0.7 0.8 0.3
30 −44.1604 −45.2589 6.1114 0.7 0.8 0.3

LGO 1 −44.1602 −45.2589 6.1117 0.9 0.8 0.6
5 −44.1603 −45.2585 6.1115 0.9 0.9 0.7
15 −44.1627 −45.2575 6.1049 0.9 0.8 1.1
30 −44.1626 −45.2576 6.1052 0.9 0.8 1.2

goGPS 1 −44.1605 −45.2590 6.1106 0.7 0.9 0.5
5 −44.1605 −45.2590 6.1107 0.8 0.9 0.5
15 −44.1605 −45.2591 6.1108 0.8 0.9 0.5
30 v44.1605 −45.2590 6.1109 0.9 0.9 0.5

Note: Mean and standard deviation of the 37 daily baseline compo-
nents estimated by the three software applications with different data
sampling.



of a control system based on a low-cost GPS is called repeatability,
namely the RMS of the residuals of daily components of the bases
with respect to their mean values. To summarize the results, if a
compound index such as SI ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s 2ðEÞ þ s 2ðNÞ þ s 2ðUÞp
, where

SI = stability index, is taken for data at a 30-s lag, which is important
for applications, the values are those reported in Table 6. This
proves the possibility of detecting three-dimensional (3D) shifts
from 2 to 3 mm, or more, depending on the length of the control
baseline, and makes the implementation of a low-cost monitor-
ing system possible and useful in most cases. Here, low-cost is
the consequence of the use of a low-cost apparatus (in the order
of hundreds of dollars) and of FOSS. Indeed, from the experi-
ment to a routine application, some important steps have to be
taken:
• A monitoring box (MB) has to be built that is capable of sup-

plying electricity to the measuring apparatus, to protect it in
adverse environmental conditions, and to transmit the data to a

control center. Such a system has already been built in an ex-
perimental configuration in a joint venture by the two Italian
companies GReD (Lomazzo, Italy) and Proteco (Genova,
Italy).

• A center with automatic software processing has to be estab-
lished to provide daily results (with suitable diagnostic
indexes) to the user.
This will increase the cost of a routine service; however, the

price compared to current solutions would be cut by at least a factor
of approximately five. Indeed the experiments will have to continue
in at least three directions including:
• Testing the MB in more realistic conditions in the field

(change of temperatures, bad weather, multipath, etc.) and
using existing different low-cost antennas;

• Studying the effect of substituting the reference station with
another low-cost receiver or a virtual reference station (VRS);
and

• Studying the possible improvements achievable by using low-
cost multiconstellation receivers, such as tracking GPS,
GLONASS, BeiDou, and Galileo.
This last step is crucial, because adjusting many data along dif-

ferent lines of sight, more spread out in the sky plot, has a very posi-
tive effect on the position dilution of precision (PDOP), and opens
the possibility that even better figures in the repeatability could be
achieved in the future.

Table 6. SI (in mm) by Software and Baseline Length (Rate: 30 s)

Software 64 m 2.8 km 11 km 23 km 31 km

Bernese 1.1 1.3 4.7 7.1 9.8
LGO 1.7 1.4 5.7 11.5 14.7
goGPS 1.4 1.8 6.5 10.7 16.7

(a)

(b)

(c)

(d)

Fig. 7. (a–c): standard deviations of the 37 daily baseline components estimated by goGPS software (rate: 30 s) with different baseline lengths; (d)
percentage of ambiguities resolved by the LAMBDAmethod



Appendix. Software Configuration Parameters

The following table provides the configuration parameters for all the GNSS processing software packages used in this work.

Acknowledgments

The authors express their gratitude to Dr. Daniele Sampietro for
his help during the Latex formatting of the manuscript and to the
Mapbox Inc. team for the kind permission to use the maps
generated using their service in this paper.

References

Astronomical Institute. (2007). Bernese GPS Software 5.0. manual, Univ.
of Bern, Bern, Switzerland.

Benoit, L., Briole, P., Martin, O., and Thom, C. (2014). “Real-time defor-
mation monitoring by a wireless network of low-cost GPS.” J. Appl.
Geod., 8(2), 119–128.

Beutler, G., Bauersima, I., Gurtner, W., and Rothacher, M. (1987).
“Correlations between simultaneous GPS double difference carrier
phase observations in the multistation mode: Implementation considera-
tions and first experiences.”Manuscr. Geodaet., 12, 40–44.

Biagi, L., and Caldera, S. (2011). “The automation of permanent networks
monitoring: remarks and case studies.” Appl. Geomatics, 3(3), 137–152.

Biagi, L., and Caldera, S. (2013). “An efficient leave one block out approach
to identify outliers.” J. Appl. Geod., 7(1), 11–19.

Borghi, A., Aoudia, A., Riva, R. E.M., and Barzaghi, R. (2009). “GPSmon-
itoring and earthquake prediction: A success story towards a useful inte-
gration.” Tectonophysics, 465(1), 177–189.

Buchli, B., Sutton, F., and Beutel, J. (2012). “GPS-equipped wireless sensor
network node for high-accuracy positioning applications.”Wireless sen-
sor networks, G. Picco and W. Heinzelman, eds., Lecture Notes
Computer Science, Vol. 7158, Springer, Berlin, 179–195.

Chan, W. S., Xu, Y. L., Ding, X. L., and Dai, W. J. (2006). “An integrated
GPS-accelerometer data processing technique for structural deformation
monitoring.” J. Geod., 80(12), 705–719.

Cina, A., and Piras, M. (2014). “Performance of low-cost GNSS receiver
for landslides monitoring: test and results.” Geomatics Nat. Hazards
Risk, 6(5–7), 3–20.

Dach, R., Hugentobler, U., Fridez, P., andMeindl,M. (2007).BerneseGPS soft-
ware version 5.0, Astronomical Institute, Univ. of Bern, Bern, Switzerland.

Fastellini, G., Radicioni, F., and Stoppini, A. (2011). “The Assisi landslide
monitoring: a multi-year activity based on geomatic techniques.” Appl.
Geomatics, 3(2), 91–100.

Ferland, Radicioni, Altamimi, Z., Bruyninx, C., Craymer, M., Habrich, H.,
and Kouba, J. (2002). “Regional networks densification.” Proc.,
Towards Real-Time Network, Data, and Analysis Centre 2002
Workshop, Ottawa, Canada.

Geckle, W. J., and Feen, M. M. (1982). “Evaluation of the ionospheric
refraction correction algorithm for single-frequency Doppler navigation
using TRANET-II data.” PLANS’82- Position Location and Navigation
Symp., IEEE, Hoboken, NJ, 13–21.

goGPS [Computer software]. Eugenio Realini and Mirko Reguzzoni,
Como, Italy.

Han, S., and Rizos, C. (1995). “Standardization of the variance-covariance
matrix for GPS rapid static positioning.”Geomatics Res. Aust., 62, 37–54.

Herrera, A.M., Suhandri, H. F., Realini, E., ReguzzoniM., and de Lacy,M. C.
(2015). “goGPS: Open-sourceMATLAB software.”GPS Solutions, 1–9.

Heunecke, O., Glabsch, J., and Schuhbaeck, S. (2011). “Landslide monitor-
ing using low cost GNSS equipment—Experiences from two alpine test-
ing sites.” J. Civ. Eng. Architect., 5(8), 661–669.

Java [Computer software]. Oracle Corporation, Redwood City, CA.
Kalman, R. E. (1960). “A new approach to linear filtering and prediction

problems.” J. Basic Eng., 82(1), 35–43.
Kaloop, M. R., and Li, H. (2009). “Monitoring of bridge deformation using

GPS technique.”KSCE J. Civ. Eng., 13(6), 423–431.
Klobuchar, J. A. (1987). “Ionospheric time-delay algorithm for single- fre-

quencyGPS users.” IEEE Trans. Aerosp. Electron. Syst., 23(3), 325–331.
Kouba, J. (2003). “Aguide to using international GPS service (IGS) products.”

hftp://igscb.jpl.nasa.gov/igscb/resource/pubs/GuidetoUsingIGSProducts
.pdfi (Feb. 16, 2015).

Leica Geo Office 8.0 [Computer software]. Leica Geosystems AG,
Heerbrugg, Switzerland.

MATLAB [Computer software].MathWorks, Natick, MA.
Meng, X., Dodson, A. H., and Roberts, G. W. (2007). “Detecting bridge dy-

namics with GPS and triaxial accelerometers.” Eng. Struct., 29(11),
3178–3184.

Petit, G., and Luzum, B. (2010). “IERS conventions (2010).” IERS
Technical Note No. 36, Verlag des Bundesamts für Kartographie und
Geodäsie, Frankfurt amMain, Germany, 179.

Realini, E., and Reguzzoni, M. (2013). “goGPS: Open source software for
enhancing the accuracy of low-cost receivers by single-frequency rela-
tive kinematic positioning.”Meas. Sci. Technol., 24(11), 115010.

Rebischung, P. (2013). “IGb08: An update on IGS08.” hhttp://igscb.jpl.nasa
.gov/pipermail/igsmail/2012/007853.htmli (Dec. 18, 2015)

Rebischung, P., Griffiths, J., Ray, J., Schmid, R., Collilieux, X., and Garayt,
B. (2012). “IGS08: the IGS realization of ITRF2008.” GPS Solutions,
16(4), 483–494.

Roberts, G.W.,Meng, X., andDodson, A.H. (2004). “Integrating a global posi-
tioning system and accelerometers to monitor the deflection of bridges.” J.
Surv. Eng., 10.1061/(ASCE)0733-9453(2004)130:2(65), 65–72.

Saastamoinen, J. (1972). “Atmospheric correction for the troposphere and
stratosphere in radio ranging satellites.” The use of artificial satellites
for geodesy, American Geophysical Union,Washington, DC, 247–251.

Parameter Bernese LGO goGPS RTKLIB

Processing mode Batch Batch Kalman filter Kalman filter
Frequencies L1 L1 L1 L1
Constellations GPS GPS GPS GPS
Ephemeris Broadcast Broadcast Broadcast Broadcast
Ionosphere Default Klobuchar Klobuchar Klobuchar
Troposphere Saastamoinen Saastamoinen Saastamoinen Saastamoinen
Elevation cutoff 15° 15° 15° 15°
Code error standard deviation Auto Auto 30 cm 30 cm
Phase error standard deviation Auto Auto 3 mm 3 mm
Ambiguity resolution SIGMA Auto LAMBDA LAMBDA
Cycle slip threshold Auto Auto 0.5 cycles 10 cm
PCO/PCV file I08.ATX I08.ATX I08.ATX I08.ATX

Note: Default in the case of Bernesemeans that a simple ionospheric model (Geckle and Feen 1982) is applied to code observations, whereas no ionospheric
model is specified for phase double differences. ATX = extension for files in the ANTEX (ANTenna EXchange) format; PCO/PCV = phase center offset/
phase center variation.

http://dx.doi.org/10.1515/jag-2013-0023
http://dx.doi.org/10.1515/jag-2013-0023
http://dx.doi.org/10.1007/s12518-011-0061-1
http://dx.doi.org/10.1515/jag-2012-0030
http://dx.doi.org/10.1016/j.tecto.2008.11.022
http://dx.doi.org/10.1007/s00190-006-0092-2
http://dx.doi.org/10.1007/s12518-010-0042-9
http://dx.doi.org/10.1007/s12518-010-0042-9
http://dx.doi.org/10.1007/s10291-015-0469-x
http://dx.doi.org/10.1115/1.3662552
http://dx.doi.org/10.1007/s12205-009-0423-y
http://dx.doi.org/10.1109/TAES.1987.310829
ftp://igscb.jpl.nasa.gov/igscb/resource/pubs/GuidetoUsingIGSProducts.pdf
ftp://igscb.jpl.nasa.gov/igscb/resource/pubs/GuidetoUsingIGSProducts.pdf
http://dx.doi.org/10.1016/j.engstruct.2007.03.012
http://dx.doi.org/10.1016/j.engstruct.2007.03.012
http://dx.doi.org/10.1088/0957-0233/24/11/115010
http://igscb.jpl.nasa.gov/pipermail/igsmail/2012/007853.html
http://igscb.jpl.nasa.gov/pipermail/igsmail/2012/007853.html
http://dx.doi.org/10.1007/s10291-011-0248-2
http://dx.doi.org/10.1007/s10291-011-0248-2
http://dx.doi.org/10.1061/(ASCE)0733-9453(2004)130:2(65)


Takasu, T., and Yasuda, A. (2009). “Development of the low-cost RTK-
GPS receiver with an open source program package RTKLIB.”
Proc., Int. Symp. on GPS/GNSS, International Convention Centre
Jeju, Korea, 4–6. hhttp://gpspp.sakura.ne.jp/paper2005/isgps_2009
_rtklib_revA.pdfi (Dec. 18, 2015).

Teunissen, P. J. G. (1995). “The least-squares ambiguity decorrelation
adjustment: A method for fast GPS integer ambiguity estimation.” J.
Geod., 70(1–2), 65–82.

Verhagen, S., and Li, B. (2012). LAMBDA–MATLAB implementation, version
3.0, Delft Univ. of Technology and Curtin Univ., Delft, the Netherlands.

Wang, G. (2011). “GPS landslide monitoring: single base vs. network solu-
tions–a case study based on the Puerto Rico and Virgin Islands perma-
nent GPS network.” J. Geod. Sci., 1(3), 191–203.

Watson, C., Watson, T., and Coleman, R. (2007). “Structural monitor-
ing of cable-stayed bridge: analysis of GPS versus modeled deflec-
tions.” J. Surv. Eng., 10.1061/(ASCE)0733-9453(2007)133:1(23),
23–28.

Yi, T. H., Li, H. N., and Gu, M. (2013). “Recent research and applications
of GPS-based monitoring technology for high-rise structures.” Struct.
Control Health Monit., 20(5), 649–670.

http://gpspp.sakura.ne.jp/paper2005/isgps_2009_rtklib_revA.pdf
http://gpspp.sakura.ne.jp/paper2005/isgps_2009_rtklib_revA.pdf
http://dx.doi.org/10.1007/BF00863419
http://dx.doi.org/10.1007/BF00863419
http://dx.doi.org/10.2478/v10156-010-0022-3
http://dx.doi.org/10.1061/(ASCE)0733-9453(2007)133:1(23)
http://dx.doi.org/10.1002/stc.1501
http://dx.doi.org/10.1002/stc.1501

	http://dx.doi.org/uct.2007.03.012
	tit1
	aut1



