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Abstract:

Commonly used real time kinematic (RTK) network (RTK Network) techniques, i.e., MAX, I-
MAX, FKP and VRS, are tested by taking monthly measurements for a year in Florida.
Additionally, RTCM message versions 2 and 3 are used with I-MAX and VRS measurements.
The results revealed that mostly, horizontal coordinates vary a few centimeters and generally
changes in vertical coordinates are less than two decimeters. In terms of horizontal coordinates,
the best results are produced by I-MAX3 method and FKP yielded the worst results. In terms of
vertical coordinates, almost all results look alike; however, the best results are produced by
VRS3 method. It appears that I-MAX3 performed better than I-MAX2 and VRS3 performed
better than VRS2. Yet, MAX did not stand out among other techniques.

Keywords: Master-Auxiliary Concept, Network RTK, RTK corrections, Virtual Reference
Station

Resumo:

As técnicas RTK (Real Time Kinematic) e RTK em rede normalmente usadas, ou seja, MAX, I-
MAX, FKP e VRS, foram testadas por medidas mensais realizadas durante um ano na Florida.
Adicionalmente, foram usadas as mensagens RTCM versdes 2 e 3 juntamente com as medidas I-
MAX e VRS. Os resultados apontaram que grande parte das coordenadas horizontais
variou alguns centimetros e as mudancas nas coordenadas verticais sdo menores do que
dois decimetros. Em termos de coordenadas horizontais os melhores resultados foram
alcancados com o método I-MAX3 e o FKP produziu os piores resultados. Em termos de
coordenadas verticais quase todos os resultados sdo parecidos; entretanto, os melhores
resultados foram alcancados com o método VRS3. Aparentemente I-MAX3 tem melhores
resultados do que I-MAX2 a que VRS3 apresenta melhores resultados do que VRS2.
Além disso, MAX n&o se destacou entre as outras técnicas.
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Palavras-chave: Correcdo Master-Auxiliary. RTK em rede, correcdes RTK, Estacdo de
Referéncia Virtual.

1. Introduction

Real Time Kinematic (RTK) Global Navigation Satellite Systems (GNSS) technique -
specifically, the Global Positioning System (GPS) - came on the market by early 1990s and since
then it has been used widely, for instance, in the field of surveying. Nonetheless, in RTK GPS, as
the distance between the rover and the reference station increases, the atmospheric conditions at
the rover and reference station become increasingly different. This decreases the accuracy and
makes it more difficult for the rover to fix the ambiguities. To extend the capabilities of RTK
positioning over long distances, Network RTK concept was investigated by Wubbena et al.
(1996). An RTK Network is a network of permanent GNSS receivers that continuously stream
satellite observations to a central server in which combined data is used to generate RTK
corrections for precise positioning use within the coverage area of the reference stations and
these network generated RTK corrections are called Network RTK. To minimize the influence of
distance dependent errors, Network RTK system performs three things: i) computes Network
RTK corrections, ii) interpolates these corrections, and iii) transmits them (Lachapelle and
Alves, 2002). For the computations of corrections, Network RTK server makes use of known
coordinates of permanent GNSS receivers and fixed carrier phase ambiguities and then computes
the corrections for atmospheric and orbital errors. In order to interpolate (or model) the distance-
dependent residual biases, several interpolation methods have been proposed over the years.
They include the Linear Combination Model (Han and Rizos 1996, Han 1997), the Distance-
Based Linear Interpolation Method (Gao and Li 1998), the Linear Interpolation Method
(Wanninger 1995), the Low-Order Surface Model (Wubbena et al. 1996, Fotopoulos and Cannon
2001), and the Least Squares Collocation Method (Raquet 1998, van der Marel 1998). The
theoretical and numerical comparison of the various interpolation algorithms has been made by
Dai et al. (2003), and it is concluded that the performance of all the methods is similar (Rizos
2002). For transmission of Network RTK corrections to users in real time, the commonly used
techniques are correction service which utilizes Master-Auxiliary Concept (MAX),
Individualized MAX (I-MAX), Area Correction Parameters or more commonly called Flachen
Korrektur Parameter (FKP) and Virtual Reference Station (VRS). There are significant
differences between these methods and therefore different quality RTK solutions are achieved
(see, e.g., Leica 2012a).

In this study, the commonly used RTK Network transmission techniques, i.e., MAX, I-MAX,
FKP and VRS, are analyzed in order to assess their performances. To achieve this goal, data
collected for a year in Florida, USA, have been used.

2. Observation Equations

To describe RTK Network correction differences, let us begin with the definition of single
difference L1 phase equation between stations k and m, and satellite j as:
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where f1 is frequency of Ly, c is speed of light in a vacuum, t is measurement epoch, (DA'l(t) IS
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raw phase measurement, pA(t) is geometric range, IA(t) is total ionospheric refraction, Nas is

initial phase ambiguity and 10 js random measurement noise. Similar equations can also be
written for other frequencies, for example, L>. Here, a mere summary is given; however, for
detailed information readers are referred to Euler et al. (2001), Keenan et al. (2002), Euler and
Zebhauser (2003), Euler et al. (2004), among others.

To expand the observation equations, an ionospheric model and a residual parameter are
introduced. Additionally, the parameter for the non-dispersive term will be split into the
geometric range, the receiver and satellite clock errors, the broadcast orbit error, and the
tropospheric path delay. Thus, the expanded observation equation is given as:
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where %(1) IS geometric range, (1) IS modeled ionospheric refraction, 814 (1) is residual
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ionospheric refraction effect, T’: (t) is modeled tropospheric refraction effect, OTa (t) is residual
j [
tropospheric refraction effect, ' is station (antenna) - satellite vector, 8r'"™ s broadcast orbit

dt . . dt! . )
error, ~ A s total receiver clock error and ~ 1 is total satellite clock error.
If we use between station single difference (A), we can write,
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distance dependent effect on baseline AB.

Following these developments a common integer ambiguity level is generated and to further
reduce the amount of data transmitted to the rover, the above equation is separated into
dispersive and non-dispersive components as:
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j
where f, is frequency of L, and OAD 51 rrcm is double differenced carrier phase correction in

which RTCM (Radio Technical Commission for Maritime Services) is the message type used to
send the corrections. More explanation on the dispersive and non-dispersive components is
provided in the following section.

3. Atmospheric Effects

The aim of RTK Network is to minimize the influence of distance dependent errors on the
rover’s computed position. These distance dependent errors are mainly atmospheric errors.
Satellite signals while travelling through the atmosphere encounter refraction effects including
ray bending and propagation delays. For satellite signal travel, atmosphere is divided into two as
ionosphere and troposphere. Tropospheric delay is not frequency dependent, and therefore it
cannot be eliminated through linear combinations of L and L. observations as in the case of
ionospheric delay. On the other hand, to achieve high accuracy RTK Network results,
atmospheric errors are to be modeled or minimized.

In the case of RTK Network, the distance dependent tropospheric and ionospheric errors at the
rover are modeled by the network software. As a result, it is the quality of the atmospheric
modeling rather than baseline length that governs the magnitude of the residual errors (Leica
2012b). Network RTK techniques handle atmospheric effects differently. VRS method calculates
corrections for a virtual base station in the vicinity of a rover receiver. Since this virtual base
station is created very close to the rover, all distance dependent errors such as atmospheric and
orbital errors are reduced. I-MAX method, calculates corrections based on the rover position,
similar to VRS. However, instead of calculating the base station observations for a location close
to the provided rover position, original observation information is corrected at the base station
position and sent to the rover in a compact form. In FKP method, the server calculates the
correction parameters to reduce the distance dependent errors. Typically, the correction
parameters calculated at the server are based on the assumption that the distance dependent
errors change linearly between reference stations. However, interpolation errors will occur at the
rover if the true errors are non-linear (Leica 2012a). MAX requires the rover to be responsible
for most of the calculations meaning that MAX provides as much of the information from the
network and the errors it is observing to the rover as possible. With more information on the
state and distribution of dispersive and non-dispersive errors across the network, the rover is able
to use more intelligent algorithms in the determination of its position solution. The reason for
this split is that dispersive (consisting mainly of ionospheric refraction) and non-dispersive
(consisting primarily of tropospheric refraction and orbit errors) components vary at different
rates. In general, non-dispersive errors change slowly over time, while dispersive errors vary
more rapidly, especially in times of high ionospheric activity (Euler et al. 2004).

Bol. Ciénc. Geod., sec. Artigos, Curitiba, v. 21, n% 4, p.814-831, out-dez, 2015.
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4. Application and Results

A triple frequency GNSS system (Leica GX1230) is used to collect the measurements. Antenna
and receiver are mounted on a fixed-height 2 m range pole. As can be seen in Fig. 1, the
measurements are taken at seven National Geodetic Survey (NGS) points along Road 714 in
Florida.

] ° y
[ ] 4
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AJ8511 AJ8512 Al8524 Al8514 AI8515 AI8516

Figure 1. Seven NGS points along Road 714 in Martin County, FL, USA (image from Google).

As can be seen in Fig 2, measurements are collected beginning by October 2012 and ending by
August 2013. In July 2013, no measurement is taken since it was vacation time. September 2013
measurements could not be made because Florida Permanent Reference Network underwent a
complete change over and this network upgrade was not completed until the end of September
2013 and thus no measurement was possible.
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Figure 2. The dates in which measurements were collected.

While collecting the measurements, to be consistent, at each point, the pole used is held with
help of a bipod. In order to be able to keep the number of visible satellites as equal as possible,
the measurements are taken consecutively along the line seen in Fig 1. With each technique 2
minutes data is collected at each point. Since 1 second data is collected duration of 2 minutes
data collection period, ideally 120 epochs of data is to be acquired at each point; nonetheless,
due to connection issues sometimes less than 120 epochs are collected. Our project area did not

Bol. Ciénc. Geod., sec. Artigos, Curitiba, v. 21, n® 4, p,814-831, out-dez, 2015.
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have many obstructions to block satellite visibility except for a few trees in the distance.
Multipath effect was not an issue at all since our points were NGS points in country site. In
addition, multipath has to be similar for all techniques at each point.

As mentioned already, our project is carried out in Martin County, FL which is in south eastern
Florida. Since the southern half of Florida is flat, so is our project area. Tropospheric parameters
might vary greatly in undulating areas; however, since our project area is almost completely flat,
tropospheric effect on the measurements was considered the same for all the points. On the other
hand, since the measurements are taken once a month, monthly changes must be considered.
Figs. 3, 4, 5 and 6 show mean temperature, mean pressure, mean relative humidity and
precipitation, respectively. This data is obtained from Florida Climate Center.
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Figure 3. Mean temperature (F)
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Figure 4. Mean pressure (mbar)
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Figure 6. Precipitation (inch)

As can be seen in Fig. 3, temperature decreases from October to March and from March to
August it gradually increases. In Fig. 4, pressure starts high and becomes the highest in
November afterward it fluctuates. For summer months, high pressure means warm, sunny days;
whereas, for winter months, it means cold, cloudy days. Low pressure is the complete opposite
of high pressure. Humidity is the amount of water vapor in the air and relative humidity is the
amount of water vapor relative to the total amount that the air can hold. As can be seen in Fig. 5,
it is high in December and it is the highest in April. Since south Florida has a tropical climate,
precipitation is high during summer months and this is also apparent in Fig. 6.

Figures 7 to 11 show Kp values (Kp is an index showing how disturbed the Earth’s magnetic
field is on a 9-point scale) and ionospheric Vertical Total Electron Content (VTEC), which
depict ionospheric conditions. The images for Kp index values are obtained from NOAA
(National Oceanic and Atmospheric Administration) Space Weather Prediction Center. VTEC
values are downloaded from the CODE (Center for Orbit Determination in Europe) Data
Analysis Center stored in IONEX (lonosphere Map Exchange) format. All these figures are
produced for three successive days i.e., one day before the measurements are taken and one day
after the measurements. In the figures, UTC (Coordinated Universal Time) time is used for
easier comparison; however, local time in Florida is 4 hour behind UTC time.
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Figure 7. (a) Kp index values for DOY 285 to 287, 2012 and (b) for DOY 316 to 318, 2012; (c)
VTEC values for DOY 285 to 287, 2012 and (d) for DOY 316 to 318, 2012.
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Figure 8. (a) Kp index values for DOY 351 to 353, 2012 and (b) for DOY 012 to 014, 2013; (c)
VTEC values for DOY 351 to 353, 2012 and (d) for DOY 012 to 014, 2012.
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Figure 9. (a) Kp index values for DOY 046 to 048, 2013 and (b) for DOY 074 to 076, 2013; (c)
VTEC values for DOY 046 to 048, 2013 and (d) for DOY 074 to 076, 2013.
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Figure 10. (a) Kp index values for DOY 109 to 111, 2013 and (b) for DOY 137 to 139, 2013; (c)
VTEC values for DOY 109 to 111, 2013 and (d) for DOY 137 to 139, 2013.
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Figure 11. (a) Kp index values for DOY 164 to 166, 2013 and (b) for DOY 230 to 232, 2013; (c)
VTEC values for DOY 164 to 166, 2013 and (d) for DOY 230 to 232, 2013.

In Fig. 7, Kp values range between 0 and 5. This implies some geomagnetic activity. The
minimum VTEC values are around 6 TEC unit (TECU) and maximum values are around 42
TECU. In Fig. 8, Kp values range between 0 and 4 meaning that there is no significance of
effects of geomagnetic storms. The minimum VTEC values are about 12 TECU and maximum
values are about 30 TECU. As can be seen, VTEC values display regular periodical pattern. In
Fig. 9, Kp values range between 0 and 6. This indicates that there is geomagnetic storm related
activity. The minimum VTEC values are approximately 12 TECU and maximum values are
approximately 66 TECU. As seen in Fig. 9d, when geomagnetic storm occurs, VTEC values
rises. In Fig. 10, Kp values range between 0 and 5. As a result, there is some geomagnetic
activity is in effect. The minimum VTEC values are roughly 6 TECU and maximum values are
roughly 54 TECU. Some days VTEC values exhibit irregular pattern. In Fig. 11, Kp values range
between 0 and 3. This suggests quiet geomagnetic activity. The minimum VTEC values are
about 6 TECU and maximum values are about 42 TECU.

In this study, MAX, I-MAX2, I-MAX3, FKP, VRS2 and VRS3 are considered. The 2 and 3
represent RTCM versions; for example, VRS2 and I-MAX2 mean that these techniques used
RTCM version 2 and VRS3 and I-MAX3 used RTCM version 3. RTCM message version 3 was
used with MAX and version 2 was used with FKP. For more information about RTCM formats
and their effect on the results, see Berber and Arslan (2013).

Along the same line (see Fig. 1), a static survey is also run to coordinate these seven sites.
During this survey, around 2.5 hours data is collected at each station with 5 seconds sampling
rate. Detailed information about this static survey can be found in Berber et al. (2012). Since
static method yields the most precise results, these coordinates are considered the “truth” and the
differences between them and Network RTK results are calculated. These results are shown in
Figs. 12-17. In these figures, x axis shows the measurement taken in the respective month and y
axis shows the difference between the technique used and static survey results in meters. Since

Bol. Ciénc. Geod., sec. Artigos, Curitiba, v. 21, n% 4, p.814-831, out-dez, 2015.
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the established datum for Florida Permanent Reference Network system is on NAD83 (Epoch
2002), all the computations are done using this datum.
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Figure 12. Differences between MAX and static survey results at each point.
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Figure 13. Differences between IMAX2 and static survey results at each point.
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Figure 17. Differences between VRS3 and static survey results at each point.

As can be seen in Figs. 3 to 6, throughout the year, temperature is changing, pressure is going up
and down, the amount of water vapor in the air is rising and falling and there is more
precipitation during summer months. If we look at the Figs. 7 to 11, we see that mostly
ionospheric activity remains low; yet, on May 18, 2013 there is considerable geomagnetic
activity. Additionally, as seen in vertical TEC graphs, TEC values are varying substantially. In
spite of all these shifts in the atmosphere, as shown in Figs. 12-17, changes in horizontal
coordinates are most of the time a few centimeters and in vertical coordinates for the most part
less than two decimeters. These yearlong results in Figs. 12-17, indicate that Network RTK
system in Florida is robust against changes in atmospheric conditions.

In order to be able to further investigate the results in Figs. 12-17, Table 1 is prepared. In this
table, RMSE (Root Mean Square Error) values at each point for each technique used are
tabulated. If we look at the results closely, we see that almost all the results are alike except the
result at point 8514 for VRS2. This result indicates a bias which is also apparent in Fig. 16.
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Table 1. RMSE values at each point for each technique used (m).

MAX IMAX2 IMAX3 FKP VRS2 VRS3

Lat. Lon. H. Lat. Lon. H. Lat. Lon. H. Lat. Lon. H. Lat. Lon. H. Lat. Lon H.
8516 | oo2 [ 002 | 020 [ 002 | 002 | 021 | o002 | 0.02 [ 017 | 004 | Q.02 | 017 | 003 | 003 | 0.19 [ 002 | 0.02 | .18
2513 002 | 002 | 018 | go2 | 003 | 018 | Qo2 | 002 | O.18 | 003 | 0.03 0.18 | oo2 | 001 | 019 | po2 | 001 | O.18
2514 | 002 | 002 | 018 | 002 | Q02 | 018 | 001 002 | 020 | 005 | 002 | 018 | 032 | 045 | 203 0.02 | 001 | 017
8524 | oo3 | 002 | 021 | 003 | 002 | 020 | 002 | 001 | 017 | 007 | 002 | 017 | 003 | 002 | 017 | o003 | 002 | 017
8512 0.02 0.01 0.18 0.02 0.01 0.16 0.02 0.02 0.19 0.03 0.02 0.16 0.02 0.01 0.14 0.02 0.01 0.16
2511 0.03 | 002 | 015 | 003 | 0.02 | 0.14 | 0.03 002 | 017 | 005 | 003 017 | o003 | 002 | 014 | 003 | 002 | 013
510 0.03 0.02 0.13 0.03 0.02 0.13 0.04 0.03 0.23 0.04 0.03 0.19 0.03 0.02 0.12 0.03 0.02 0.12

5. Conclusions

In this study, to evaluate their performance, four RTK Network corrections, namely, MAX, I-
MAX, VRS and FKP were compared by taking monthly measurements at seven sites for a year.
Despite changing atmospheric conditions, variations in coordinates were stable throughout the
year. This can be ascribed to the good performance of the atmospheric modeling done by the
RTK Network software. Most of the time, horizontal coordinates change a few centimeters and
for the most part changes in vertical coordinates are less than two decimeters. Source of
decimeter level variations in the vertical coordinates can be having only 2 minutes data at a
point. In terms of horizontal coordinates, the best results are produced by I-MAX3 method and
FKP yielded the worst results. In terms of vertical coordinates, almost all results look alike
however the best results are produced by VRS3 method. It appears that I-MAX3 performed
better than I-MAX2 and VRS3 performed better than VRS2. This can be attributed to the
improvements in RTCM message types. On the contrary to expected MAX method did not stand
out among others even though MAX uses more advanced approach by providing rover with full
raw observations and coordinate information to allow the rover to calculate an optimized
solution by combining network data with its own data. In total, 418 measurements are taken (see
Figs. 12-17) and among them there are only 2 outlying observations and this corresponds
approximately to 0.5% error which is 10 times better than the accepted error level (significance
level a=5%).
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