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1. Introduction

The main advantage of navigation satellite techniques over the conventional
measurement is the speed and economy of work. Together with a network of ref-
erence station GNSS techniques it allows to determine position with accuracy at
the centimetre level [1]. The concept of measuring real-time kinematic (RTK — Real
Time Kinematic) was established in the mid 90’s and the great development of this
technique has taken place over the last decade. Two types of corrections can be dis-
tinguished in RTK measurements: from a single base station and from a network of
reference stations (RTN — Real Time Network). Currently, these types of networks
operate in Europe, Asia, Australia and North America. Their sizes vary from 5-6 sta-
tions providing support for position systems (e.g. those applied in agriculture) to
anetwork of several hundred of stations of regional range for surveying or engineer-
ing applications [2].

In this article the author is trying to determine the effect of adding GLONASS
signals on a number of RTK precision solutions with the use of ASG-EUPOS correc-
tions. The measurement was conducted under conditions of limited visibility hori-
zon in urban areas.

2. ASG-EUPOS

Multi-functional satellite positioning system ASG-EUPQOS (Polish: Aktywna Sie¢
Geodezyjna EUPOS) was established in 2008. It is one of the ground based augmenta-
tion system (GBAS) [3] and also a part of EUPOS (European Position Determination
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System) project. In the construction phase it was assumed that ASG-EUPOS will be
initially using GPS signals only, whereas in the future, the Galileo system will be-
come its primary signals source, while other navigation satellite systems will only
be used as supportive means [4].

The basic assumption and also advantage of the EUPOS project is the use of
uniform technical standards for network reference stations of all member countries.
This ensures a free exchange of data and projects to be active throughout its en-
tire area. This fact is particularly important in the border areas where solutions are
based on observations from neighbouring countries” reference stations [5].

EUPOS stations’ coordinates are determined both in ETRS89 and in local, state
systems. Each of the stations is equipped with a precise, dual frequency GNSS re-
ceiver. Currently there are 122 reference stations operating in ASG-EUPOS (includ-
ing 38 with GPS+GLONASS module) (Fig. 1); 19 of them belong to EPN or IGS net-
work [6]. These stations are distributed evenly across the country and the average
distance between them is 70 km [7].
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Fig. 1. Distribution of ASG-EUPOS stations

Source: http://www.asg-eupos.pl
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The primary objective of establishing ASG-EUPOS was to support surveyors. In
the future — in connection with the development of satellite navigation techniques —
reference stations are going to function as the fundamental geodetic control net-
work [6]. Already today ASG EUPOS is used in a number of other domains relating
to e.g. GIS or geodynamic research [8]. Moreover, within ASG-EUPOS numerical
weather models are created which allows now a reliable description of the state of
the atmosphere and in the near future, due to its high spatial resolution ASG-EUPOS,
will allow the construction of a NRT 4D atmosphere model for the area of Poland [9].

Accuracy and precision of RTK solutions depends heavily on terrain conditions,
type of used corrections and capabilities of measuring equipment. ASG-EUPOS,
used in a proper way, allows for the performance of geodetic measurements of very
high accuracy. A very important element of the RTK measurement is the so called
initialization, where a receiver determines its initial (starting) position. There is
a probability, though small, that the GNSS receiver will perform faulty initialization
which will cause the displacement of all points measured in session. Therefore, in
measurements done with real-time ASG-EUPOS services it is still recommended to
control measurements on points with known coordinates [3].

3. ASG-EUPOS Services

ASG-EUPOS currently offers five different services dedicated to work on satel-
lite observations which differ in methods of compiling data and accuracies possible
to achieve. A full list of all ASG-EUPQOS services with accuracies possible to obtain
and hardware requirements are presented in Table 1.

Table 1. ASG-EUPQOS services

Type of Measure- Data Minimum hardware
Name ment . Accuracy .
measurement . transmission requirements
technique
up to 0.03 m
NAWGEO kinematic (horizontal) L1/L2 receiver, RTK,
(RTK) up to 0.05 m communication port
Real-time Internet, (vertical)
services GSM (GPRS)
KODGIS kinematic up t0 0.25 m L1 receiver DGPS,
NAWGIS (DGPS) upto3.0m communication port
Post POZGEO | static
processing static Internet 0.01-0.10 m L1 receiver
services POZGEO D ki T
inematic

Source: http://www.asgeupos.pl/
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Three types of network corrections are available as a part of NAWGEO service:
VRS [12], FKP [13] and MAC [14]. Their flowchart is shown in Figure 2. Currently,
NAWGEO provides only VRS and MAC corrections; due to a very small number of
users FKP corrections were turned off in July 2011 [24].

Observation from | | computing of |»| Selection of |, Interpolation of
station geomaterical and stations around correction for
ionosfpheric the measurement NMEA position of
correction for all point and user
stations in generate a
network correction model
for this stations
MAC FKP VRS

Determination of
receivers position

Fig. 2. Operating diagram of network corrections

Source: [3]

GLONASS has been fully operational since December 2011 [15, 16]. Since April
2011 GPS+GLONASS network corrections for the area of Slask-Matopolska and Ma-
zowsze are available in ASG-EUPOS (Fig. 3).

| 100 km | ZXGANP
I 1

Fig. 3. Reference stations of Slask-Matopolska ASG-EUPOS sub network

Source: http://www.asg-eupos.pl
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Only for the two metropolitan areas mentioned above it is possible to use
GNSS (GPS+GLONASS) network corrections. In the case of GNSS corrections from
a single base station, they are made accessible from each station equipped with
a GPS+GLONASS module.

The most precise of all ASG-EUPOS real-time services is NAWGEO which pro-
vides measurements of accuracy at the centimetre level [10]. As confirmed by re-
search, NAWGEOQ provides accuracy of +3 cm horizontally and +5 cm vertically [11].
Also, in the paper [10] it was proved that, within a small distance from reference
station, highly accurate results are also obtainable from single base station correc-
tions (2-3 cm for XY, and 5 cm for height) [10]. Similar results were obtained in
a study [22] where differences between multiple determinations of ellipsoidal height
with the use of RTK for the same point were ranged within 7 cm.

4. GLONASS

Russian navigation satellite system GLONASS (Globalnaya Navigatsionnaya
Sputnikovaya Sistema) was founded in the mid-70s as a response to American GPS.
The first GLONASS satellite was put into orbit in 1982 and the system became for the
first time fully operational in 1995 [17]. However, due to the financial problems of
the Russian Federation and relatively short lifetime of the first block of satellites this
state was maintained for a very short period of time [18]. GLONASS became fully
operational again in 2011, therefore it was only in recent years where there has been
a significant development of the system user segment.

The construction and the principle of operation of GPS and GLONASS satellite
navigation systems (Figs 4, 5) are very similar to each other.

Fig. 4. Space segment of GPS

Source: http://www.gps.gov
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Fig. 5. Space segment of GLONASS

Source: http://www.navipedia.net

Both systems nominally consist of 24 satellites. GPS satellites are unevenly dis-
tributed in 6 orbits with 4 satellites (Fig. 4), while GLONASS satellites are distrib-
uted evenly, with 8 satellites on each of the 3 orbits (Fig. 5). The main differences
between both systems are reference frames, timescale and methods of signal trans-
mission [19].

High angle of orbital plane inclination of GLONASS satellites provides better
coverage at high latitudes areas in relation to GPS satellites.

While GPS tracking stations are distributed uniformly over equatorial latitudes
providing for the continuous monitoring of each of the satellites, GLONASS's track-
ing stations are located only in the area of Russia, that causing deficiencies in conti-
nuity of tracking [20]. This leads to the formation of errors that, undetected in time,
may influence the accuracy of real-time solutions.

Adding supplementary GLONASS observations to the existing GPS signals in-
volves a number of benefits [19]. First of all there are a greater number of observa-
tions which may positively influence the accuracy and the quality of the obtained
solutions. Moreover, the use of two or more satellite systems allows for the applica-
tion of autonomous solutions and comparing them. Both satellite systems also allow
for reducing the time of a measurement session due to the faster gathering of obser-
vations in the same time interval. Moreover, in the case of real-time measurements
a greater number of satellites can result in the shorter initialization time of a receiver
and the increase of the measurement reliability [21]. Also, the use of additional sat-
ellite signals allows for conduction of RTK measurements in the areas, where due to
large obstacles it was not practicable.
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5. Measurement Technology

In the complex of AGH University of Science and Technology in Krakow meas-
urements using RTK GNSS corrections of NAWGEO service were made. For this
purpose, a network of four pairs of points (Fig. 6) located in the areas with large ter-
rain obstacles (Tab. 2) on the campus (urban area) was founded. Points” coordinates
were determined in dual, synchronous 4-hour static measurement.

Fig. 6. Distribution of points network against KRA1 station

Source: GoogleEarth

Data in Table 2 shows the percentage number of obstacles per each pair of points.

Table 2. Obstacles on each of the points in the network
(in percentage values)

1001 1002 1004 1005

44.98% 54.35% 48.03% 54.65%
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Figure 7 shows the exemplary values of terrain obstacles for the 1002a and
1002b pair of points.

2i0°

180°

Fig. 7. Size of obstacles for1002a and 1002b pair of points

For every pair of points measurement was performed with use of two GNSS re-
ceivers where one worked in GPS mode and the second additionally used GLONASS
(GNSS corrections). For the measurement, a set of GNSS Javad Triumph-1 receivers
was used. Points in pairs were located 1.0-1.5 m from each other (Figs 8, 9).

Fig. 8. Location of 1001a and 1001b points
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Fig. 9. Points 1001a (GPS) and 1001b (GNSS)

At each of the points RTK measurements were made with the use of network cor-
rections (VRS 3.1) and corrections from a single base station (KRA1 —located 140-260
m away, PROS - 30 km, KATO - 66 km) of NAWGEO service. Thus, on each pair
of points four different solutions in combination GPS and GNSS (GPS+GLONASS)
were applied. Observations in hour sessions with 5 seconds intervals were analysed,
whereby the aim was to determine the effect of adding GLONASS observations on
the number of precise solutions. Results of ellipsoidal height changes at each point
are shown in Figure 8. The calculated coordinates were divided according to the
type of obtained solution: fixed ambiguity resolution (fix), float ambiguity (flo) and
standard, navigation solution (std).

6. Results

For each of the points the number and type of solutions using each of the cor-
rections were presented. Also, the percentage share of each type of solution was
provided. The results are shown in Tables 3-6 and in Figure 10 [23].

Table 3 is a summary of particular solutions for the pair of points 1001. In the
case of VRS corrections and those from KRA1 station 100% of precise solutions for
both cases were obtained throughout the entire period. In the case of 1001-PROS
vector, GPS signals gave better results — the number of precise solutions was higher
than in GNSS.
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Fig. 10. Time series of points” height changes broken down by solution type (VRS — network solution, POJ_XXXX — solution using a single reference station)
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For the longest vector KATO-1001 the GNSS measurements worked better, as
the precise solutions were obtained (17.2%), which was not the case while using
GPsS.

Table 3. Comparison of solutions for point 1001

KRA1 PROS KATO VRS

GPS GNSS GPS GNSS GPS GNSS GPS GNSS

Point
Result

Bl [%] | 8| (%] | # | [%) | # | [%]| # | [%]| # | [%]| # | (%] | #| [%]

fix | 685 | 100.0 | 685 | 100.0 | 637 | 93.7 1599 88.1| 0 | 0.0 | 117 |17.2 | 452 | 100.0 | 452 | 100.0

flo] 0 00 | O 00 | 42| 6.2 | 81 |11.9|661|97.2|560|82.4| 0 0.0 0 0.0

1001

std| 0 | 00 | O 0.0 1101]01]00|19|28| 3 |04 0 0.0 0 0.0

At point 1002 (Tab. 4) with more than 54% of horizon obstacles in each case
a greater number of precise solutions was obtained when GNSS signals were used.
For vector KRA1-1002 100%, precise solutions were gained for GNSS, in the case
of GPS a part of the recorded measurements were obtained in the float or standard
mode. For the vector 1002-PROS in the GPS measurement only 10% precise solu-
tions were obtained (with GNSS nearly 50%), the rest were mostly float solutions.
For the longest vector 1002-KATO, the obtained results were almost the same for
both combinations of signals.

Table 4. Comparison of solutions for point 1002

KRA1 PROS KATO VRS

GPS GNSS GPS GNSS GPS GNSS GPS GNSS

Point
Result

goI% | # [ 1% # | 1% # [ [%]| # [ [%]| # |[%]| # |[%]| # |[%]

fix | 520 | 729 | 713 | 100 | 74 | 109 | 334 | 49.1 | 29 | 43 | 29 | 43 | 641 | 89.0 | 651 |90.4

1002

flo| 92 |129| 0 | 0.0 | 593 | 87.2 | 346 | 50.9 | 650 | 95.6 | 651 | 95.7 | 9 | 1.3 | 69 | 9.6

std | 101 [142| 0 |00 | 13 {19} 0 fOO| 1 01| O |00 | 70 | 97| O |00

At point 1004 (Tab. 5) with 48% of the horizon obstacle a more precise solution
was obtained for the GPS signals than the GNSS only in the case of the PROS sta-
tion. For the other corrections, use of the GNSS signals gave better results which is
particularly evident in VRS solutions, where over 95% were precise in GNSS vs 20%
obtained with GPS.
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Table 5. Comparison of solutions for point 1004

KRA1 PROS KATO VRS

GPS GNSS GPS GNSS GPS GNSS GPS GNSS

Point
Result

#oI%] | # | %] ] # | 1% # [ (%] # | %) # |[%]] # |[%]]| # |[%]

fix | 352 | 85.9 | 364 | 88.8 | 360 |56.1| 186 [29.0 | 71 |11.1| 112 |17.4| 141 | 19.6 | 688 | 95.6

flo| 57 |13.9| 41 |10.0| 275 | 42.8 | 455 | 70.9 | 571 | 88.9 | 530 | 82.6 | 109 | 151 | 15 | 2.1

1004

std) 1 (02| 5 |12} 7 11| 1 {02 0 | 00| O |00 |470|653| 17 | 24

At point 1005 (Tab. 6) with a value of 55% horizon obstruction in all of the cases
significantly more accurate solutions were obtained with use of GNSS signals. This
is particularly evident in VRS and KRA1 station’s corrections. For each GPS solu-
tion there were some standard solutions of the lowest precision, which were not
observed in the case of the GNSS solutions.

Table 6. Comparison of solutions for point 1005

KRA1 PROS KATO VRS

GPS GNSS GPS GNSS GPS GNSS GPS GNSS

Point
Result

FOLI%] | # | %] # |[%]| # | [%]| # |[%]| # |[%]| # |[%]| # |[%]

fix | 258 | 38.2 | 675 | 100 | 262 | 38.2| 552 | 80.5 | 171 | 25.1| 209 |30.7| O | 0.0 | 675 |93.8

flo| 103 153 | 0 | 0.0 | 256 |37.3| 134 | 19.5| 495 | 72.8 | 471 | 693 | 69 | 9.6 | 45 | 6.3

1005

std | 314 |465| 0 | 0.0 | 168 |245| 0 |00 | 14 |21 | 0 | 0.0 | 651 |904| O | 0.0

Summarizing the number of precise solutions obtainable for each of the points
and type of correction the positive effects of adding GLONASS observation could
have been observed. Only a small number of results obtained with GPS signals gave
a greater number of solutions potentially more accurate than in the case of GNSS. As
shown in the studies, precise solutions (GPS and GNSS) allow us to determine 3D
position with the accuracy of about 3 cm, float solutions with the accuracy of a few
cm and standard (code, navigation) solutions of a few meters.

7. Summary

Adding extra GLONASS observations to existing GPS gives one the ability to
track more navigation satellites which may potentially increase the quality and ac-
curacy of the solutions. For each of the analysed VRS correction cases, the number
of precise solutions was greater or equal in comparison to GPS solutions. Similarly,
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for the shortest vector (KRA1) for each of the points same or more precise solutions
were obtained with the use of GNSS signals. For the longest vector (KATO) addition-
al GLONASS observations enabled the obtaining of more accurate solutions. Only
in the case of the (PROS) vector, which was an average length vector, the use of GPS
observations provided more accurate solutions for some of the points.

To sum up, in the areas where large obstructions exist, RTK solutions with the
use of GNSS signals enable us to obtain more accurate solutions than in the case of
GPS signals. This has been confirmed by the results obtained for both: corrections
from a single base station and network solutions.
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