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Abstract

The paper presents principles and performance of new on-line automatic system for GNSS data post-processing developed at the
University of Warmia and Mazury in Olsztyn. The system allows for obtaining a precise position of the user receiver on the basis of fast-
static and kinematic GNSS data. The system requires minimal user input. The user uploads RINEX data files collected with a GNSS
receiver, the system carries-out all data processing, and the user gets back resulting coordinates via email. The internal software operates
in static, ultra-fast-static and kinematic modes. The developed algorithms support combined processing of multi-GNSS (GPS+Galileo)
and multi-frequency observations in a single mathematical model. The solution is obtained with respect to three neighboring GNSS
reference stations (multistation solution) and takes advantage of precise tropospheric and ionospheric corrections. The system offers
centimeter-level accuracy with baselines lengths of up to 100 kilometers.

Keywords: Global Positioning System (GPS); Global Navigation Satellite System (GNSS); precise satellite positioning; automatic GNSS
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1. Introduction

In recent years, the international scientific community carried out important number of studies on the development of
algorithms based on the precise satellite positioning. Majority of these studies concerns the precise determination of the
position on the basis of long static GPS sessions used for geodynamic studies as well as for preserving international
terrestrial coordinate systems in geodesy [1]. The developed software packages,for example Bernese, GAMIT/Globk,
PAGES, GIPSY allow for obtaining high accuracy determinations of coordinates of sites that predispose them to use for of
geodetic, geodynamic and engineering purposes. These programs allow for the post-processing of baselines connecting the
stations with GPS receivers with lengths of up to several hundred or even over a thousand kilometers [2]. However, the
conditioning factor to obtain high accuracy of the solution is to conduct long observation sessions which allows for the
correct solution of carrier phase ambiguity. What is more, these packages are highly sophisticated and thus the broad
knowledge in the field of GNSS data post-processing is required. These software packages are used not only to estimate the
coordinates of the sites, but also to model the additional parameters such as precise orbits and clocks of satellites, receiver
antenna phase center offsets and the parameters characterizing of the ionosphere and troposphere. Although primarily
designed for geodynamic studies, these software are frequently the basis for the automatic systems of GPS data post
processing [3, 4].

On the other hand commercial software packages (e.g., Ashtech GNSS Solutions, Topcon Tools, Javad Justin, etc.),
which enable to process data from short sessions also have their limitations. These systems mostly do not operate in a
network solution, but in a single baseline mode. Hence these software packages do not take into account mathematical
correlations between the GPS observations. Another drawback of the existing, commercial software is that these programs
do not use highly efficient algorithms for the elimination of ionospheric or tropospheric refraction, which greatly limits their
capabilities. Significant decorrelation of ionospheric delay occurs when long baselines are processed. Since ionospheric
delays and ambiguities are highly correlated, the correct solution of the carrier phase ambiguities is very difficult. For these
reasons these software packages are designed primarily to process short and medium baselines and require relatively long
data spans.
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Alternative to the mentioned above commercial and scientific post-processing software presentautomatic GNSS post
processing systems. These systems require minimal user input and knowledge in the field of GNSS data post-
processing.Several systems has been yet developed. Many of these, like Canadian CSRS-PPP [5], US APPS [6], GAPS
developed at UNB [7] andmagicGNSS developed by GMV [8] operate worldwide. On the other hand, these systems rely on
the Precise Point Positioning (PPP) approach. PPP method has few limitations and drawbacks, the main are lower accuracy
and longer convergence time in relation to the relative positioning method [9, 10]. There are also automatic post processing
systems which operate in relative positioning mode, however these are related to particularpermanent networks and thus
operate locally or regionally [11]. One of these systems is Polish POZGEO offered by the ASG-EUPOS national network
[12], however this software does not process both short sessions and kinematic data.

Due to limitations of the existing post-processing software, an effort was put in order to develop a new automatic system
operating at the area of Poland. The new system presented in this paper has several advantages over existing software
packages and automatic systems. The system is based on algorithms fromthe GINPOS scientific GNSS post-processing
software developed at the University of Warmia and Mazury in Olsztyn [13].

The paper is organized as follows. Firstly, the functionality of the system as well as the methodology are described.
Secondly, the performance of the static and kinematic post-processing with the use of the developed system is presented.
Finally, the summary and conclusions are provided.

2. Concept and functionality of the system

Fast static and kinematic positioning require application of advanced and efficient methods for the ambiguity resolution.
Time which is requiredfor the ambiguity resolution and validation (time-to-fix) is afunction of the length of observing
session, distance between rover and reference receivers, number of tracked satellites, satellite and CORS network geometry
as well as successful mitigation of atmospheric errors [14, 15]. Although the precise relative positioning has been widely
used, still new approaches are developed in order to enhance reliability of the solution [16]. The developed software makes
use of the newest scientific achievements in the field of precise positioning algorithms [13, 17], application of new GNSS
signals (18-21] as well as of ionospheric and tropospheric delays modelling [22-26]. All of these lead to possibility of
shortening required observing session with preservation and even advancemetin accuracy of user receiver coordinates
determination.

The developed system is built of two main modules POZGEO-2 and NAWGEO-P, which allow for processing static and
kinematic data, respectively. The solution is performed in multi-station mode (network) in reference to three closest stations
from the ASG-EUPOS network [12]. The processed baseline lengthsmay reach even one hundred kilometers. The software
requires only Sminutes of data with at least 10 s recording interval for static and 10-minute long sessions for kinematic
mode. The accuracy of the final user coordinates are on the centimeter level, which was confirmed by a number of
numerical experiments.

Figure 1 presents a brief scheme for GNSS data processing with the developed system. Access to the system is provided
via www website where logged users upload their observational data in RINEXformat. In the next step, approximate
position of the user receiver is obtained. This is carried outby absolute single point positioning approach with the use of the
broadcast or precise orbits downloaded from the external servers. On the basis of the approximate position, the closest
reference stations from ASG-EUPOS network are chosen and observing files from these stations are downloaded. Before
the main modules of parameter estimation are executed, GNSS data preprocessing is performed. The main task of this step
is to find and correct carrier phase cycle slips in both static and kinematic data.

Afterwards, the main modules of estimation of relative static/kinematic precise positioning model are executed. Only a
brief description of the processing methodology is presented below. The main algorithms of the developed software are
based on the relative geometry-based model, thus we make use of the double differenced (DD) carrier phase and
pseudorange L1/L2 GPS data. However, the software is ready to apply new signals from GPS system (L5), as well as
Galileo data (E1&E5a). In multi-GNSS approach a tightly combined solution is performed using L1/E1 & LS5/ESa
frequencies. More details about the developed methodology may be found in [21]. The solution is completed in three-step
procedure. Firstly, a float solution is performed. In the next step integer carrierphase ambiguities are resolved and validated.
Finally, the known ambiguities are introduced and fixed solution is obtained [13]. The LAMBDA method is applied to find
the best DD integer ambiguity set [17]. The process of the ambiguity resolution (AR) is validated by both W-ratio and F-
ratio tests [27]. The applied relative observational model is presented in Eq 1. For generalization, the equation is derived for
applied frequency .
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Fig. 1. Overall algorithm for GNSS data processing with the developed automatic system

The tropospheric and ionospheric delays are mitigated by introducing external network corrections from the ionospheric
and tropospheric modelling modules connected with the system [25, 28]. The model parameters are estimated with use of
the least squares estimation with a priori parameters constraining [21, 29].The final geocentric coordinates of the user
receiver are converted to the national coordinate systems and finally a report is generated. The report contains final user
coordinates with accuracy analysis, applied models, processing settings, observations quality check and parameters
describing reliability of ambiguity resolution.

3. Numerical test

In this section the performance of the developed software and system is presented. The analysis is based on the accuracy
and reliability analysis of the fast static and kinematic positioning.

3.1. Fast static positioning performance

The performance of the fast static positioning was evaluated on the basis of three test sites (PP03, PP02, RR04) inside the
ASG-EUPOS network in Poland. The GPS dual-frequency static observation data were collected on July 18, 2012. The
session lasted 8 hours starting at 5:30 UTC and ending at 13:30 UTC. Figure 2 shows user and reference stations used in the
experiment. The baseline lengths varied from 30 to 85 km. The whole observing session was divided into 96 independent
5-minute long sessions with 5 s interval and 15° elevation mask.

Empirical ambiguity resolution and validation success rate (ASR) and ambiguity validation failure rate (AFR) served as
the indicators of the reliability of AR process. ASR was defined as the ratio of sessions with correct AR over the total
number of sessions. The ambiguity validation failure rate depicts the ratio of sessions with incorrectly resolved ambiguities
which, however, passed the ambiguity validation process to the number of all sessions. The accuracy of the solutions was
analyzed on the basis of repeatability of the coordinates (standard deviations of coordinates components std), as well as the
mean coordinates residuals in respect to the reference coordinates of the user sites. The reference coordinates of the user
receivers were obtained on the basis of post-processing of whole 8-hour long session.
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Fig. 2. Experimental network and baselines used in the rover solution

Statistics of the fast static positioning performance at the tested sites are shown in Table 1. The residuals of the
coordinates obtained in each of 5-minute long sessions in respect to the reference position are illustrated in Fig. 3. As shown
in Table 1, the ambiguity success rate varied from 92.7% to 99.0%, which can be regarded as high value. At the same time,
the ambiguity validation failure was at the level of 0.0%. This indicates on the high reliability of the AR process and thus on
the reliability of the final solution.

0.1 T T T T 0.1 T T T T
| | dN =-0.004 m | | dH|=-0.013m
| | dE =0.002im . | stdH=0.017m
006 F——+———1—— stdN=0.009m | 006 F——+———1———4+—— —1— — -
| | std E=0.005m | | | |
| | AVSR =92.7 ‘P | | |
Lo _1__ R | | |
T 0.02 | | T 0.02 i Kal . R
= I I = IOIRS I o ok <
4 002 | | 5 o002 S0 e o8 | *C Yo,
0.2 —— 17— s B 002 ooyt v %
| | I I S e SN, *\. &
| | | | | | | | °
B e e e il B e e e e
prO3| || R
201 | | | | 201 | | | |
-01  -0.06 -0.02 002 006 0.1 20 40 60 80
dE [m] session
0.1 T T T T 0.1 T T T T
| | dN =-0.001 m | | dH|=-0.015m
| | dE =0.004/m | | stdH=0.007m
006 - —+———1—— stdN=0005m | 006 F——+———1———4+— — —1— — -
| | std E=0.003m | | | |
| | AVSR =99.0 | | | |
002 -1~ -t _ 002 } } } }
£ | | £ K | | ® |
A D
Z | | I 'V o o Ve
R -7 RIS YT VoI P
I I I I | oeee 0 I
| | | | | | | |
006 —— - - —l-— - -+ = B e e e
pPO2, | R T
201 | | | | 201 | | | |
-01  -0.06 -0.02 002 006 0.1 20 40 60 80
dE [m] session
0.1 T T T T 0.1 T T T T
BE= BEES
| | =-0.000 m | | stdH=0.011m
006 - —+———1—— stdN=0008m | 0068 F——+———1———4+— — —1— — -
| | std E=0.005m | | | |
| | AVSR =99.0 | | & |
002 F--1-- -t 0.02 o —— 4 N
= | | € , \',Q o 1% %1 °
£ | | £ Cy ] e e | o e %
g | | I ? .u}*’*: o ® ‘.J:
002 -7~ T T -0.02 T T * e
| | | | | | | |
| | | | | | | |
B e e e e B e e e e
RRO4, | | Lo
201 | | | | 201 | | | |
-01  -0.06 -0.02 002 006 0.1 20 40 60 80
dE [m] session

Fig. 3. Horizontal (left panel) and vertical (right panel) coordinate residuals of the tested sites PP03 (top), PP02 — middle, RR04 bottom

Table 1. Statistics of fast static positioning solution

N [cm] E [cm] U [em] ASR AFR
Test site

dN sdt N dE std_E dU std_U [%] [%o]
PP0O3 -0.4 0.9 02 0.5 -1.3 1.7 92.7 0.0
PP02 -0.1 0.5 0.4 0.3 -1.5 0.7 99.0 0.0

RR0O4 0.2 0.8 0.0 0.5 0.4 1.1 99.0 0.0
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The repeatability of the coordinates of each of the sites is on the sub-centimeter level. It can be seen from Fig. 3 that most
of the coordinate residuals for each component is smaller than 2 cm. There are slight differences in repeatability of the
position determination between the tested sites (Table 1). This may be caused by the differences in the observing conditions
e.g. satellite visibility. The best results were obtained forthe PP02 site.

3.2. Kinematic positioning performance

In this section the performance of the new system for post processing of kinematic GNSS data is presented. The evaluation
is based on the processing of GNSS data collected by the receiver in motion. The rover receiver was mounted on the
helicopterused for laser scanning, thus its motion may be described as fast and highly dynamic. The observing session lasted
1 h (9:00-10:00) on 26.09.2012. The session was divided into two independent 30-minute long sessions with 1 s recording
interval. During the session maximally 6 satellites were observed, thus the observing conditions may be regarded as harsh.
The sessions were processed in the kinematic mode, actual coordinates of the user receiver were determined every second
(epoch). The computations were performed in the multi-baseline solution in respect to three ASG-EUPOS permanent
stations. The lengths of the baselines varied from 14 to 31 km (Fig. 4).
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Fig. 4. Experimental network (left panel) and the trajectory of the rover receiver (right panel)

The solution obtained from the developed automatic system was compared to the solution from the commercial GNSS
post processing software aided with the INS system, which served as the reference results.Coordinate differences of the
rover receiver antenna of these two solutionswere compared and analyzed. In specific, standard deviation as well as the
mean coordinate residuals were computed (Table 2, Fig. 5). The results confirms high agreement of the solutions. The
standard deviations derived from the analyzed and reference solutions did not exceed 2 cm and 4 cm for the horizontal and
vertical components, respectively (Table 2). Over 96% of the horizontal coordinate differences were smaller than 5 cm. The
same indicator reached 55% for the height component. Higher height differences may be caused by different method for
tropospheric delay modelling. In the developed system, network-derived tropospheric corrections were applied, at the same
timethe applied commercial software is based on Saastamoinen model with standard atmospheric parameters, which
approach may be regarded as less sensitive to changing tropospheric conditions.

Table 2. Statistics of the comparison of the kinematic solutions obtained from developed system and reference commercial software

N E 0]
standard deviation [m] 0.02 0.01 0.04
mean difference [m] —0.03 0.00 0.05
ratio of coordinate differences <5 cm [%] 96 100 55

The figure below presents histograms of the horizontal coordinate differences between two analyzed solutions (Fig. 4). It
is clearly visible good agreement of the solutions. For the East component mean residual was about 0.00 m, at the same time
for the N component can be observed a slight shift between solutions. Mean North residual reached —0.03 m (Table 1,
Fig. 4). Summarizing on the basis of conducted numerical experiments, the developed system of post processing kinematic
GNSS data indicates on a high consistency of the analyzed solutions.
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Fig. 5. Histograms of the horizontal coordinate differences obtained from the developed system and commercial reference solution

4. Summary and conclusions

The new on-line automatic system for post-processing GNSS data was developed. The algorithms allow for obtaining
reliable precise position on the basis of fast static and kinematic GNSS data. The system is ready to use new GPS and
Galileo signals. The algorithms use geometry-based model with the application of the Lambda method for ambiguity
resolution. With the new system it is possible to obtain centimeter-level accuracy with only 5-minutes of GPS data, even at
baselines of tens of kilometers within the ASG-EUPOS referencenetwork. The numerical experiments confirm high
repeatability of the fast-static solution, as well as the good agreement of the kinematic solutions obtained from developed
system and reference commercial software.

Acknowledgments:

This research was supported by a grant agreed by the decision DEC-2011/03/N/ST10/05317 from Polish National Center of
Science.

References:

[1] Bogusz, J.; Hefty, J. 2011. Determination of the not-modelled short periodic variations in the GPS permanent sites' positions, Acta Geodynamica et
Geomaterialia 8(3/163): 283-290.
[2] Dach, R.; Hugentobler, U.; Fridez, P.; Meindl, M. 2007. Bernese GPS Software Version 5.0.Astronomicallnstitute University of Bern, Bern. 364 p.
[3] Hofmann— Wellenhof, B.; Lichtenegger, H.; Wasle, E. 2008. GNSS — Global Navigation Satellite Systems GPS, GLONASS, Galileo and more.
Springer, Wien- New York. 516 p.
[4] Leick, A. 2004. GPS Satellite Surveying, 3rd edition, New Jersey: John Wiley and Sons.
[5] Natural Resources Canada Geodetic Survey Division. 2004. On-line Precise Point Positioning Project — How To Use — Document. V 1.1
[6] Muellerschoen, R. J.; Bertiger, W. L.; Lough, M. F.; Stowers, D.; Dong, D. 2000. An Internet-Based Global Differential GPS System, Initial Results,
in Proceedings ION National Technical Meeting2000, Anaheim, CA, Jan, 2000
[7]1 Rodrigo, F. L.; Santos, M.; Langley, R. B. 2011. Analyzing GNSS data in precise point positioning software, GPS Solutions 15: 1-13.
http://dx.doi.org/10.1007/s10291-010-0173-9
[8] Piriz, R.; Mozo, A.; Navarro, P.; Rodriguez, D. 2008. MagicGNSS: Precise GNSS Products Out of the Box, in Proceedings of the 21st International
Technical Meeting of the Satellite Division of The Institute of Navigation (ION GNSS 2008), Savannah, GA, September 2008, 1242—1251.
[9] Cai, C.; Gao, Y. 2007. Precise point positioning using combined GPSand GLONASS observations, Journal of Global Positioning Systems 6(1): 13—
22. http://dx.doi.org/10.5081/jgps.6.1.13
[10] Stepniak, K.; Wielgosz, P.; Paziewski, J. 2012. Badania doktadnosci pozycjonowania technika PPP w zaleznosci od dlugosci sesji obserwacyjnej oraz
wykorzystanych systemow pozycjonowania satelitarnego, Biuletyn WAT nr 1/2012, 429-450.
[11] Kashani, I.; Wielgosz, P.; Grejner-Brzezinska, D. A.; Mader, G. L. 2008. A New Network-Based Rapid-Static Module for the NGS Online
Positioning User Service - OPUS-RS, Navigation 55(3): 255-264.
[12] Bosy, J.; Graszka, W.; Leonczyk, M. 2007. ASG-EUPOS—a multifunctional precise satellite positioning system in Poland, European Journal of
Navigation 5(4): 2—6.
[13] Paziewski, J. 2012. New algorithms for precise positioning with use of Galileo and EGNOS European satellite navigation systems. PhD Dissertation,
University of Warmia and Mazury in Olsztyn (in Polish)
[14] Odijk, D. 2000. Stochastic modelling of the ionosphere for fast GPS ambiguity resolution, Proceedings Geodesy beyond 2000 - The challenges of the
Sfirst decade, IAG General Assembly, Birmingham, UK, July 19-30, 121: 387-392. http://dx.doi.org/10.1007/978-3-642-59742-8 63
[15] Wielgosz, P.; Paziewski, J.; Krankowski, A.; Kroszczynski, K.; Figurski, M. 2011. Results of the Application of Tropospheric Corrections from
Different Troposphere Models for Precise GPS Rapid Static Positioning, ActaGeophysica 60(4): 1236—1257. http://dx.doi.org/10.2478/s11600-011-
0078-1
[16] Bakula, M. 2013. Study of Reliable Rapid and Ultrarapid Static GNSS Surveying for Determination of the Coordinates of Control Points in
Obstructed Conditions, Journal of Surveying Engineering 139(4): 188—193. http://dx.doi.org/10.1061/(ASCE)SU.1943-5428.0000109
[17] Teunissen, P. J. G. 1995. The least-squares ambiguity decorrelation adjustment: a method for fast GPS integer ambiguity estimation, Journal of
Geodesy 70(1-2): 65-82. http://dx.doi.org/10.1007/BF00863419
[18] Cellmer, S.; Paziewski, J.; Wielgosz, P. 2013. Fast and precise positioning using MAFA method and new GPS and Galileo signals, Acta
Geodynamica et Geomaterialia 10(4): 393—400. http://dx.doi.org/10.13168/AGG.2013.0038
[19] Cellmer, S. 2013. Search procedure for improving modified ambiguity function approach, Survey Review 45(332): 380-385.
http://dx.doi.org/10.1179/1752270613Y.0000000045
[20] Paziewski, J.; Wielgosz, P.; Krukowska, M. 2013. Application of SBAS pseudorange and carries phase signals to precise instantaneous single-



7 J. Paziewski, K. Stepniak / The 9" Conference Environmental Engineering. Selected Papers, Article number: enviro.2014.235

frequency positioning, ActaGeodynamica et Geomaterialia 10(4): 421-430. http://dx.doi.org/10.13168/AGG.2013.0041

[21] Paziewski J.; Wielgosz, P. 2013. Assessment of GPS + Galileo and multi-frequency Galileo single-epoch precise positioning with network
corrections, GPS Solutions, online first. http://dx.doi.org/10.1007/s10291-013-0355-3

[22] Wielgosz, P.; Krankowski, A.; Sieradzki, R.; Grejner-Brzezinska, D.A. 2008, Application of predictive regional ionosphere model to medium range
RTK positioning, ActaGeophysica 56(4): 1147-1161. http://dx.doi.org/10.2478/s11600-008-0059-1

[23] Wielgosz, P. 2010. Quality Assessment of GPS Rapid Static Positioning with Weighted lonospheric Parameters in Generalized Least Squares, GPS
Solutions 15(2): 89-99. http://dx.doi.org/10.1007/s10291-010-0168-6

[24] Wielgosz, P.; Paziewski, J.; Baryla, R. 2011. On constraining zenith tropospheric delays in processing of local GPS networks with Bernese software.
SurveyReview 43(323): 472—483. http://dx.doi.org/10.1179/003962611X13117748891877

[25] Krypiak-Gregorczyk, A.; Wielgosz, P.; Gosciewski, D.; Paziewski, J. 2013. Validation of approximation techniques for local total electron content
mapping, ActaGeodynamica et Geomaterialia 10(3/171).

[26] Sieradzki, R.; Cherniak, I.; Krankowski, A. 2013. Near-real time monitoring of the TEC fluctuations over the northern hemisphere using GNSS
permanent networks, Advances In Space Research 52(3): 391-402. http://dx.doi.org/10.1016/j.asr.2013.03.036

[27] Wang, J.; Stewart, M.; Tsakiri.; M. 1998. A discrimination test procedure for ambiguity resolution on-the-fly, Journal of Geodesy 72(11): 644—653.
http://dx.doi.org/10.1007/s001900050204

[28] Wielgosz, P.; Krukowska, M.; Paziewski, J.; Krypiak-Gregorczyk, A.; Stepniak, K.; Kaplon, J.; Sierny, J.; Hadas, T.; Bosy, J. 2013. Performance of
ZTD models derived in near real-time from GBAS and meteorological data in GPS fast-static positioning, Measurement Science and Technology 24.
http://dx.doi.org/10.1088/0957-0233/24/12/125802

[29] Xu, G. 2007. GPS: Theory, Algorithms and Applications, 2nd ed. (Berlin Heidelberg Springer-Verlag).



