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1 

1. Introduction 

During the last decades Continuously Operating Reference Stations, CORS, 
which collect data from Global Navigation Satellite Systems have become an im-
portant part of the global, regional and local geodetic infrastructures.  

GNSS covers multiple Satellite Navigation Systems including the US Global 
Positioning System GPS, Russian GLONASS, European Galileo and Chinese 
BeiDou. All systems have some similarities. They all have the space segment 
with a number of satellites transmitting signals for navigation, and the ground 
segment with reference stations and uplinks for monitoring the behaviour of the 
system and updating the system data like orbit information transmitted to us-
ers. The third segment is the user segment. The user community ranges from 
hikers to scientists. In this thesis we concentrate on GNSS and CORS on the 
national level for reference frames and for Network RTK applications in science 
and surveying. 

The International Terrestrial Reference Frame is maintained using the global 
GNSS network (Altamimi et al., 2016) and further continental densifications 
like EUREF Permanent GNSS Network, EPN, to provide a uniform regional ref-
erence frame (EPN, 2019a; Bruyninx et al., 2012). On the national level, more 
dense networks are used to maintain national reference frames and to monitor 
local and regional deformations.  At the same time the real-time usage has in-
creased. Private companies are building networks of their own providing net-
work RTK services. 

In all CORS work it is essential that coordinates and coordinate time series are 
accurately referring to the true values and have no biases. We have seen numer-
ous studies about the periodic, secular or sporadic behaviour of the time series, 
antenna related issues etc. (Poutanen et al., 2004, 2005; Penna et al., 2007), or 
antenna calibrations (Görres et al., 2006, Kallio et al., 2019). 

Today, there are high expectations for autonomous vehicles (cars, ships and 
airplanes). All of these systems require usage of multiple navigation and posi-
tioning sources. One of them is naturally GNSS. An accuracy requirement of 10 
cm has been set. In this environment the correctness of the reference frame in 
use and of the observations from CORS stations is crucial information. Any in-
accuracies will leak into end users’ position solution. 

The expectations for the accuracy of positioning are getting all the time higher. 
The coordinates are easily obtainable both in national and global frames, and 
an accurate relation between these is required. This leads automatically to the 
importance of site selection for CORS stations providing the basis for reference 
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frames as well as correction services for positioning. Any biases at CORS sta-
tions leak automatically into end users’ solutions. Metrology can contribute a 
traceable ground truth when studying the biases. Also, the detailed documenta-
tion and quality of the CORS sites and especially antenna calibration are becom-
ing more important.  
 

1.1 Motivation and aim of the dissertation 

In 1998 the Finnish Geodetic Institute FGI created the current national refer-
ence frame EUREF-FIN  based on two GPS campaigns in 1996–1997 (Ollikainen 
et al., 2000a, 2000b) and using the permanent GPS network FinnRef, built in 
1994–1996 (Publications 1 and 2). In 2013–2014 the network was upgraded to 
track all navigation satellite systems and the number of stations was increased 
from 13 to 20. When the FGI was merged into the National Land Survey of Fin-
land (NLS) in 2015, the NLS continued to operate and maintain the FinnRef 
network (Publication 5).  

The network is also used for monitoring deformations of the reference frame. 
For these purposes it is essential that the coordinates and the coordinate time 
series, used for transformation between reference frames, are correct and have 
as small as possible errors and biases (Publications 1–4). The National Land 
survey will also utilize the FinnRef network for network RTK for its internal use 
from 2020 on. 

Finland is in a postglacial rebound area that distorts the reference frame and 
height system (Publication 3). We know from repeated precise levelling and tide 
gauge time series the effect on the height system. GNSS time series give a tool 
for 3D monitoring of crustal deformations. However, there are some differences 
in the outcome depending on the processing strategy or connection to the refer-
ence frame (Publication 3). Also some error models and biases need still a closer 
look.  

CORS stations can further be used for offering a real-time differential GNSS 
service and RTK measurements, giving an easy access to the reference frame 
(Publication 6). The key element is to verify that the coordinates measured by 
the end users refer to the national reference frame without significant biases. 
 
 

1.2 Objectives and research questions 

 
Coordinates and time series, and services provided using the CORS network are 
of major concern. The major objective is to guarantee the best quality coordi-
nates and coordinate time series from the FinnRef permanent GNSS network. 
Objectives have been divided in this thesis into four research questions. 
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Research questions 
 

(1) How should a modern GNSS network (CORS network) be established 
and utilized in Finland? 

(2) How does the land uplift and crustal deformation obtained from GPS 
time series relate to independent methods and a Nordic solution? 

(3) Can we provide a ground truth for evaluating the GPS accuracy? 
(4) How does a modern GNSS network provide access to a reference frame 

for users? 
 

These research questions are answered with six publications (1–6). Figure 1 
shows the connections among the publications, and together with table 1 it 
shows the connections among the publications and research questions. In Pub-
lication 1 the first regional CORS network, including FinnRef, covering the Fen-
noscandian land uplift area is introduced. Publication 1 also gives the first pre-
cise point positioning (PPP) GPS analysis results by the BIFROST group. In 
Publications 2 and 3 the (double difference) GPS analysis of FinnRef is intro-
duced. Publication 2 shows the periodical effects found on time series and pub-
lication 3 compares the first FinnRef results to the BIFROST results (Publica-
tion 1) and the results from the repeated precise levelling and tide gauge time 
series in Finland. In Publication 4 is introduced a method of comparing GPS 
baseline results with metrologically traceable ground truth. This way, optimal 
GPS processing parameters can be validated against the true values. In Publica-
tion 5 the new FinnRef network is introduced. All knowledge from the existing 
network and information from Publications 1, 3 and 4 and other sources were 
considered when network was designed. In Publication 6 is shown how a high 
quality, well designed but sparse CORS network performs in Network RTK pro-
duction. Results are compared with ground truth and with the results using two 
commercial networks. 

 

Table 1. Relation between publications and research questions Q1-Q4). 

Publication Q1 Q2 Q3 Q4 
#1 Johansson et. al., 2002 X X   
#2 Poutanen et al., 2002 X X   
#3 Mäkinen et al., 2003  X   
#4 Koivula et al., 2012   X  
#5 Koivula et al., 2012 X    
#6 Koivula et al., 2018    X 
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Figure 1. Relation of the Publications 1–6 and research questions. 

 

1.3 Research process and dissertation structure 

1.3.1 Finnish Permanent GNSS Network FinnRef 

The author has been actively working with and was involved in all the actions 
related to the Finnish Permanent GNSS network FinnRef from the very begin-
ning when the original network was designed and built in 1993–1996. During 
2012–2013 the author was leading the project aimed at upgrading FinnRef from 
GPS only to a modern GNSS network, and making the final decisions on details 
related to the network. Currently, the author participates in a project group 
where FinnRef is further densified to fulfil NLS internal needs for network RTK. 

The initial idea for the Fennoscandian Regional Permanent GPS network 
came from the directors of the Nordic Mapping Agencies and was proposed by 
the Nordic Geodetic Commission (Kakkuri et. al. 1995). In 1992 the Finnish Ge-
odetic Institute decided to build a network of 12 GPS stations (Figure 2). The 
selection criteria for stations were (Chen and Kakkuri 1994): 

  
(1) maximum land uplift difference can be detected, 
(2) stations are on bedrock,  
(3) absolute gravity can be measured at the station,  
(4) there should be open sky above 15 degrees,  
(5) stations can be easily connected to the precise levelling network, 
(6) electricity and telecommunication should be accessible.  
 

The site selection and mast designing work begun in the office and continued in 
the field. (Koivula et. al, 1999a), (Publication 1). The first masts were built in 
1993 and the last station KUUS (Kuusamo) was installed in 1996. All sites except 



Introduction 

5 

SODA (Sodankylä) were built on bedrock. The first generation stations had 
three different types of masts for the antennas. A standard mast was a 2.5 meter 
height steel grid mast. The height of the mast was sufficient to mitigate the mul-
tipath of the ground reflections, but low enough that the thermal expansion of 
the mast during the yearly cycle was not significant. The annual height change 
is less than a millimetre. Three stations had concrete pillars, and higher masts 
at two stations had an invar stabilization system for height. (Paunonen, 1992)  

On top of the steel grid mast there was a triangular plate that had a mounting 
hole for antennas on every corner, but only one mount place was ever used. 
Three different choke-ring type antennas were used (AOAD/M_B, AOAD/M_T 
and ASH700936A_M). Observations began with TurboRogue SNR-8100 re-
ceivers, but those were changed to Ashtech Z-XII receivers in 1995 due to relia-
bility issues. The Ashtech antennas were covered with SNOW radome and the 
AOAD/M_T antennas with DUTD radomes. The METS (Metsähovi) and TUOR 
(Tuorla) stations did not have a radome.  

The author tested the influence of radomes on coordinates in the early 1990’s 
and concluded that it influences on height estimates as a small mm-level bias 
(only published in Finnish). This was considered to be acceptable compared to 
the situation where antennas are snow covered many months a year. Already in 
the beginning we decided not to change the setup, and especially not to touch 
the antenna mount in order to guarantee continuous uninterrupted time series.  

The data with 30 s observing interval was collected to the FGI using a dial-up 
modem. In 2005 an ADSL (Asymmetric Digital Subscriber Line) connection was 
initialized and data collection was made hourly. The quality of the data was 
checked with the teqc program (Estey and Meertens, 1999). Mainly the number 
of epochs and multipath was monitored. 

Three stations (METS, JOEN, VAAS and SODA) belong to the EPN network 
(EPN, 2019a) and METS belongs also to the IGS network (IGS, 2019). These 
connections enabled also a national realization of ETRS89, called EUREF-FIN 
that was created in 1998 (Ollikainen et al., 2000a and 2000b). In this work the 
author processed the data from the FinnRef based frame for densification. 

In 2012–2013 the FGI upgraded the FinnRef network (Figure 2), Publication 
5). All experiences from the old network as well as from other CORS operators 
were taken into account when the new network was designed. The first decision 
was that a completely new network will be built. New stations were built next to 
the old ones and several new locations were searched for as well. The main focus 
was to get better geographical coverage over Finland than the original FinnRef 
had. The connection between the old and new networks came via dual stations 
where the new mast and the receiver were installed alongside the old ones. The 
old and new networks were run in parallel until November 11, 2016 (i.e. 3-4 
years of common operation). From that day on only the original EPN stations 
(METS, SODA, VAAS, JOEN) continued as dual stations.  
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Figure 2. Original FinnRef network (left) and updated FinnRef network (right). Gray circles are 
EPN stations and stars also IGS stations.  

 
A new antenna platform design was introduced, firstly so that snow will not ac-
cumulate on top of the mast, and secondly so that the new construction will 
cause less multipath. All antennas were individually calibrated and all had iden-
tical radomes. All stations have an identical construction.   

 

1.3.2 GPS data and time series analysis of FinnRef network 

In this chapter the data processing of publications 2 and 3 is explained. We used 
five years of FinnRef data, 1996–2001. We processed the data with the Bernese 
4.0 software (Rothacher and Mervart, 1996) and created scripts that allowed 
fully automatic processing of the data. All FinnRef data were processed as 24 
hour sessions using IGS precise orbit products. Baselines were created automat-
ically and ambiguities solved baseline by baseline. In a final daily run an iono-
sphere-free linear combination of data was used and ambiguities were pre-elim-
inated keeping only METS fixed to its ITRF (International Terrestrial Reference 
Frame) coordinates. The normal equations were saved. The final coordinate so-
lution for the FinnRef stations was a combination of a full GPS week where 7 
days of normal equations were combined into one weekly solution. Time series 
of these weekly solutions are used for detecting velocities of the stations. 

Very soon it was evident that the data had some periodic effects (Publication 
2 and Poutanen et. al., 2004, 2005). For evaluating the periodicity of the data 
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we used the Lomb periodogram (Press et al., 1996) since it allows unevenly sam-
pled data like the FinnRef data with numerous gaps.  

From the coordinate time series we solved for the velocity vectors of the sites 
relative to the fixed point (METS). The uplift rates were solved with three dif-
ferent methods. In the first method a robust regression (Huber, 1981) was used 
for linear trend fitting. In the second method also a sinusoid was solved and in 
the third method all the winter data between November and March were dis-
carded. In the comparison to the uplift values from tide gauge records, repeated 
precise levelling and BIFROST solution, only the first method was used.  
 

1.3.3 Validating GPS based distances in metrological sense 

The FGI is the national standards laboratory for length. This gives us a unique 
opportunity to validate GPS related distance measurements to the metrologi-
cally defined traceable ground truth (Publication 4). In the publication, the 
other authors performed the scale transfer from Nummela Standard baseline to 
Kyviškės baseline using Electronic Distance Measurement (EDM) instruments, 
and computed the uncertainty of the transfer. They also did the GPS observa-
tions at the Kyviškės site. The Nummela Standard Baseline itself is not suitable 
for GNSS observations because it is in the forest and the pillars are under a small 
shelter. The present author did all the GPS processing and comparison to the 
metrological ground truth and wrote the publication.  

The Kyviškės Baseline (Buga et al., 2008) has pillars on an open field. We col-
lected 2 × 24 hours sessions of GPS data simultaneously from all pillars using 
geodetic dual frequency GPS receivers and choke ring antennas.  All antennas 
were individually calibrated by Geo++. 

The GPS analysis was done with Bernese software version 5.0 (Dach et al., 
2007) using different processing options (table 2). All baselines were processed 
separately. The parameters changed were the ambiguity resolution strategy, 
cut-off angle, ionosphere model, and antenna calibration tables. We used rela-
tive and absolute antenna calibration tables from the IGS and also antenna spe-
cific tables by Geo++. For the ionosphere we used the global CODE model (Uni-
versity of Berne) and a local model created from our own data.  

Baseline lengths with different processing parameters were then compared to 
the metrological ground truth and conclusions were made concerning optimum 
GNSS processing parameters. 
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Table 2. Different processing parameters tested for baseline length processing with Bernese 
Software. 

Parameter Values tested 
cut-off angle 5⁰, 10⁰, 20⁰  
Ionosphere model Local (used 2-freq data from pillar 4)  

Global (CODE model) 
Antenna calibration Relative type calibration (IGS) 

Absolute type calibration 
Individual absolute (Geo++) 

Ambiguity resolution L1 (sigma dependent) 
L1&L2 (sigma dependent) 
narrow-lane 
QIF 

 

1.3.4 Validating the sparse GNSS network for network RTK 

In 2012 and 2013 the FinnRef network was upgraded with high quality equip-
ment as described in Ch. 1.3.1. At the same time an open Differential GNSS, 
DGNSS, positioning service providing 0.5 m accuracy was released. In Publica-
tion 6 we investigated if this sparse FinnRef network (an average inter-station 
distance of 200 km) could be utilized for network RTK as well. De facto inter-
station distances of 50–70 km are used by commercial service providers. 

Our ground truth are the official coordinates of benchmarks selected for a test 
field. The test field was created so that the distance to the closest FinnRef station 
varies between 18.8 and 122.3 km. Also the positioning services by two commer-
cial service providers in Finland were included in the test since they are offering 
the RTK services for their customers.  Test were done using two different RTK 
receivers. The principles of the data analysis, performed with Matlab are de-
scribed in Publication 6. 
 

1.4 Structure of the dissertation 

The summary of this dissertation comprises four chapters. The first chapter in-
troduces the subject, gives the motivation to the research topics and introduces 
materials and methods. The second chapter gives the necessary theoretical 
background and the third chapter explains major findings. The fourth chapter 
is for discussion and recommendations for future research.  
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2. Theoretical foundation 

2.1 Background 

Continuously Operating Reference Stations (CORS) is a common name for all 
GNSS receiver/antenna combinations that are permanently installed and col-
lect continuously data. There are several factors that can impact on the expected 
positioning accuracy of GNSS. These errors can be divided into satellite, me-
dium, receiver and model based errors. Typical values for major GNSS position-
ing strategies are shown in Table 3 as shown in (GSA, 2018). The table has been 
updated by the author with information about Network RTK (NRTK) and CORS 
data processing. In the table 3 CORS PPP refers to a post processing solution 
when PPP is a real time solution. PPP requires an initialization time of 15 
minutes or longer (Kouba et. al., 2017) before it converges to final accuracy level. 
This is a challenge in real time applications. 

 

Table 3. Typical values for major GNSS positioning strategies as indicated in GSA, 2018. 
Methods marked with * has been added by the author. SPP refers to single point positioning, 
RTK to real time kinematic, NRTK to Network RTK, PPP to precise point positioning and DD 
to doube difference. 

Method Observable Position-
ing 

Frequen-
cies 

Horizontal 
accuracy 

Coverage 

SPP Code Absolute SF/DF 5-10 m DF 
10-30 m SF 

Global 

DGNSS Code Relative SF <1 to 5 m 100’s km’s 
RTK Carrier Relative DF 1 cm + 1 ppm 10’s km’s 
*NRTK Carrier Relative DF 2 cm Areal 
PPP Code/Carrier Absolute DF < 10 cm to 1 m  Global 
*CORS PPP Carrier Absolute DF < 1 cm daily Global 
*CORS DD Carrier Relative DF < 1 cm daily Global 

 

2.2 Principle of Geodetic GNSS positioning 

When the true distances to three satellites, the coordinates of which are accu-
rately known in Earth-Centered Earth-Fixed (ECEF) reference frame, are 
known, we can determine our position (Figure 3). All GNSS satellites are trans-
mitting microwave signals with frequencies between 1.2 and 1.6 GHz. The car-
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rier waves are modulated with information that give access to time and thus al-
low the ranging. Navigation data is modulated on top of the code providing in-
formation like orbits of the satellites.  (Hoffmann-Wellenhof et al. 2008) 

All GNSS systems provide three different types of observables in several fre-
quencies.  

1. The pseudorange that is the signal propagation time from a satellite to 
the receiver scaled with the speed of light.  

2. The carrier phase 
3. The change in the signal frequency due to the Doppler effect between 

the receiver and the satellite. 
 

 

 

Figure 3. Principle of GNSS positioning. In an error free environment three accurate distance 
measurements from known orbits is enough for determining users’ position. If the distance 
measurements are contaminated by an unknown receiver clock offset, one more satellite is 
needed. Other error sources may necessitate more satellites. 
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2.2.1 GNSS observables 

 
The basic observable for GNSS positioning are pseudoranges (Hauschild, 2017). 
Code pseudo-ranges can be written as    

 

, 
 

and the phase measurement in units of metre 
 

 
Where, 
s satellite 
r receiver 
j signal (L1, L2 etc.) 
c speed of light 
t time 

 pseudorange from satellite s to receiver r for signal j at time t 
 true distance 
 phase center offset of receiving and transmitting antenna 
 instrumental delay of receiver 

 instrumental delay of satellite 
 receiver clock offset 

 satellite clock offset 
 relativistic correction 

 ionospheric delay (code delay or phase advancement) 
 tropospheric delay 
 wavelength of frequency 
 phase wind-up correction 
 integer ambiguity  
 noise 

 
Superscript s refers to satellite, subscript r to receiver and j is the identifyer for 
the carrier frequency. In both cases we end up with a distance measurement as 
shown in a figures 3. In the case of carrier measurements also ambiguities need 
to be solved either to real or integer values. Ambiguities are the number of full 
wavelength cycles between a satellite and the receiver in the first epoch of the 
observation.  As shown in the figure 4 and in previous equations the distance 
measurements are distorted by a number of errors and biases that have to be 
taken into consideration. Satellites are transmitting two or more frequencies al-
lowing to minimize the effect of the ionosphere in measurements. This is based 
on the fact that the ionosphere is a dispersive medum at the frequencies of GNSS 
signals, so that group delays and phase advancement are frequency-dependent. 
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Figure 4. Pseudorange and error sources in GNSS observations.  

 
The observed receiver coordinates are also affected by geophysical phenomena 
like the tidal deformation of the solid Earth. These are normally taken into ac-
count in the processing software.  

 

2.2.2 Relative positioning 

The most traditional way to deal with the error sources in surveying is using 
differencing of observables. It combines the data from a number of CORS sta-
tions. Typically, CORS stations data are stored with a 30 s observing interval. 
For coordinate maintenance purposes the observation sessions are typically 24 
hours long. In the differential method the basic observables are differences be-
tween satellites and receivers (Fig. 5). The advantage of the approach is that it 
eliminates the residual clock error of satellite and receiver, and reduces atmos-
pheric errors and orbit errors. Differencing increases the noise level of the ob-
servables. Also the results will be coordinate differences between CORS stations, 
which will however be more precise than any absolute coordinate solution for 
those stations could hope to be. 

Figure 5 shows the most common differencing methods. Between satellites the 
single difference eliminates receiver related errors like the receiver clock. Be-
tween receivers the single difference eliminates satellite based errors like the 
satellite clock errors. The double difference combination of both single differ-
ence types eliminates both satellite and receiver errors. Also atmospheric errors 
are highly reduced if the receivers are close to each other. In triple differencing, 
that is a difference of double differences in consecutive epochs, also the integer 
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ambiguity is eliminated, provided there are no loss-of-lock to the signal, i.e., cy-
cle slips. The triple difference observable is mainly used for detecting cycle slips. 

Differentiation does not eliminate all the biases. The satellite position has a 
different line of sight from all receivers. The effect of the bias on orbits of coor-
dinates of the reference receiver is dependent on the baseline length between 
the receivers. When the broadcast ephemerides (of accuracy of 1 m) are used, 
the bias is estimated to be 0.05 ppm, and in the case of IGS precise ephemerides, 
0.0025 ppm. This indicates 2.5 mm bias for a 1000 km baseline. Ionospheric 
delays are spatially correlated and therefore are highly reduced in the differenc-
ing process. (Odijk and Wanninger, 2017). 

Differential receiver clock and hardware biases and differential ambiguities do 
not reduce or cancel out since they are not spatially correlated. They need to be 
estimated together with differential coordinates of the receivers. (Odijk and 
Wanninger, 2017). 

There are still some biases that remain unmodelled. They are caused by iono-
spheric scintillation, multipath, radio interference, signal attenuation and dif-
fraction. From these biases multipath is a dominant one. If a reference CORS 
station is affected by these biases their effect immediately leaks into the solution 
of other stations as well. For this reason special care has to be taken when se-
lecting reference stations. (Odijk and Wanninger, 2017). 

 
 

 

Figure 5. Differencing methods. a) between satellites single difference, b) between receivers sin-
gle difference, c) double difference, d) triple difference 

2.2.3 Precise Point Positioning 

In precise point positioning the coordinates of a single CORS station can be de-
rived directly in a global reference frame. The PPP model assumes globally con-
sistent orbits and clocks that are provided by post processing of the global GNSS 
network and provided by, e.g., IGS. Therefore in PPP the orbits and clocks are 
considered fixed or heavily constrained. Since no differencing is done all the er-
rors and biases affect the results in full power. Here we concentrate only on PPP 
of CORS stations. The most common case is to use dual frequency data and form 
the ionosphere free IF data combination that highly eliminates the ionospheric 
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delay. The troposphere is a non-dispersive medium and therefore the tropo-
spheric delay cannot be eliminated by using dual frequency observations. Total 
tropospheric delay tells how much the signal is delayed and it is divided into dry 
and wet parts. 90% of the delay is caused by the dry part and can be modelled. 
The wet part is caused by the atmospheric water vapour. In special cases the 
delay can be given as one number in the direction of the zenith together with a 
mapping function that gives refraction to any desired direction. Simplified 
equations for ionosphere free code pseudorange   and phase pseudoranges 

 are (Odijk, 2017) 
 

 
 

 
Where, 
s satellite 
r receiver 
c speed of light 
t time 

 ionosphere free combination of pseudoranges   and  
  ionosphere free combination of corresponding carrier phases 

 true distance 
 receiver clock offset 
 satellite clock offset 

 tropospheric delay 
 ionosphere free combination of the carrier-phase wavelengths 
 noninteger ambiguity  
 measurement noise 

 
For orbit and satellite clocks the precise products (like the IGS products) are 
used and considered known. For the “dry” part of the troposphere, i.e., the con-
tribution of all constituent gases except water vapour, a model is applied. The 
“wet” part of the troposphere is described as the wet zenith tropospheric delay 
together with a mapping function. The unknowns for a typical PPP are coordi-
nates of the station, receiver clock, zenith tropospheric delay and IF ambigui-
ties.  

 
 

2.2.4 Network RTK 

Relative GNSS positioning can be done in real time when one receiver on a 
known location sends its data to the rover that solves the ambiguities (initiali-
zation) and the baseline between receivers. After initialization the measure-
ments can continue in real time. This method is called the Real Time Kinematic 
(RTK) method and it is restricted to distances less than 30 km due to atmos-
phere and orbital errors.  
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When several base stations are networked, the distance dependency can be 
reduced. A network of CORS stations located typically 50–70 km from each 
other send their data in real time to a processing centre. The processing centre 
carries out station-wise error modelling and furthermore uses the data for con-
structing an areal error model. Corrections are then sent to the user, who can 
determine the position with the same accuracy as in non-networked RTK. This 
method is called Network RTK, NRTK. Network RTK is a powerful way to give 
users access to the reference frame. 

Common ways to send data to the users are the RTCM and CMR formats. 
There are several different methods for determining corrections, VRS (Virtual 
Reference Station, Landau et al., 2002), FKP (FlächenKorrekturParameter, 
Wübbena, and Bagge, 2002), MAC (Master-Auxiliary Concept, Brown et al., 
2006), MAX (Master-Auxiliary Corrections) and PRS (Pseudo Reference Sta-
tions) being most widely in use. The oldest and best known is the Virtual Refer-
ence Station, VRS, concept. There, the error model is used at the processing 
centre to generate virtual data to the user’s position. The user is then performing 
RTK measurements with respect to the virtual reference station. In FKP also the 
error modelling is done at the processing centre and the coefficients of errors 
and data from one station are sent to the rover. In MAX the observations of the 
master station and differences to an auxiliary station are sent to the rover at 
same ambiguity level. The rover does the error modelling.  

 

2.3 Reference systems and frames  

The crust of the Earth is constantly moving and changing. All the points on the 
planet are moving due to plate tectonics, earthquakes and other phenomena de-
forming the crust. In order to accurately measure any coordinates we need an 
accurate reference system and its realization called the reference frame.  

The coordinates of GNSS satellites, and thus the coordinates of the user, are 
in a global reference system. For practical purposes, the user may need a local 
coordinate system, which means that a coordinate transformation will be 
needed. In the following, both global and regional coordinate systems and their 
realizations in use are introduced. 
 

 

2.3.1 ITRS and ITRF 

The most important and conventional terrestrial reference systems is the Inter-
national Terrestrial Reference System ITRS. The fundamental standards defin-
ing the ITRS are given in the Conventions of the International Earth Rotation 
and Reference Systems Service (IERS) (Petit and Luzum, 2010).  

The global realization of ITRS is the International Terrestrial Reference Frame 
(ITRF). It is maintained by the International Earth Rotation and Reference Sys-
tems Service (IERS), an official service of the International Association of Ge-
odesy (IAG). ITRFyy, with yy the year number of realization, is defined using 



Theoretical foundation 

16 

the global networks of GNSS, SLR (Satellite Laser Ranging), VLBI (Very Long 
Baseline Interferometry) and DORIS stations. Since 1988 there have been 12 
ITRFyy realizations, the latest one being ITRF2014 (Altamimi et al., 2016). 
Since the stations are located on different tectonic plates of the Earth, moving 
relative to each other, the coordinates realizing an ITRFyy are accompanied by 
epoch and velocity information.  

IGS is a service of IAG that produces precise orbit products for most accurate 
needs. IGS orbit and clock products are commonly used in processing of the 
permanent GNSS station network. In scientific processing also the Earth Orien-
tation Parameters (EOP) accompanying the precise orbits are applied. IGS or-
bits are given in ITRFyy, yy being the year of the realization. 

 

2.3.2 WGS84 

The Global Satellite Positioning System GPS is using the World Geodetic System 
1984 (WGS84). (NGA, 2014). The realization of WGS84 is performed using DoD 
permanent monitoring stations. The coordinates of the stations are defined in 
ITRFyy and the epoch is given as a GPS week. The current WGS84 (G1762) 
agrees with ITRF2008 on GPS week 1762 and is accompanied with velocities as 
well. WGS84 (G1762) was realized through six GPS Control Stations by USAF 
(US Air Force) and 11 permanent stations by the National Geospatial Intelli-
gence Agency (NGA), the coordinates of which were solved using IGS network 
data, coordinates and velocities as a reference. The latest realization has im-
proved the consistency between ITRF and WGS84 since both IGS and NGA have 
adopted IERS Conventions 2010 methods and models in their data analysis 
(NGA, 2014). 

Other GNSS systems, GLONASS, Galileo and BeiDou use their own reference 
frames, PZ-90 (Parameters of the Earth 1990), GTRF (Galileo Terrestrial Ref-
erence Frame) and BTRF (BeiDou Terrestrial Reference Frame), but they all 
are, like the WGS84, compatible with ITRF on the cm level. 

 

2.3.3 ETRS, ETRF and EUREF-FIN 

 
For practical purposes a time dependent reference frame has traditionally been 
considered unusable. EUREF, the subcommission of IAG, suggested that Eu-
rope should start using a system that is attached to the permanent part of the 
Eurasian tectonic plate. The system defined in that meeting is called European 
Terrestrial Reference System 1989 (ETRS89). The realization of the ETRS89 is 
maintained using EPN (EUREF Permanent GNSS Network) GNSS stations 
(Bruyninx et al., 2012). Currently there are 332 stations all over Europe, of 
which 20 are in Finland. The realizations of ETRS89 are called ETRFyy. The 
link between ETRS89, its realizations ETRFyy and ITRF are given in a EUREF 
memo (Boucher and Altamimi, 2011). 
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In Finland the national ETRS89 realization, ETRF96, is based on the coordi-
nates of 100 first order benchmarks, measured by the GPS campaigns in 1996–
1997, and of the 12 original FinnRef stations (Ollikainen et al., 2000a). EUREF-
FIN is tied to the EPN through four EPN stations in FinnRef network. EUREF-
FIN is the official reference frame of Finland identical to ETRF96 fulfilling the 
requirements of the INSPIRE directive. It is essential that the end users using, 
e.g., NRTK services will acquire proper EUREF-FIN coordinates. 

 

2.3.4 Deformation of reference frames in Finland 

As described in the previous chapter, the ETRS89 compatible reference frame 
in Finland is EUREF-FIN. The coordinates are ETRF96 coordinates that were 
realized in epoch 1997.0. The coordinates were corrected with plate tectonics to 
the epoch 1989.0. In Finland the Eurasian tectonic plate moves annually about 
2.5 cm to the NE.  The heights refer still to epoch 1997.0 because no land uplift 
models were applied in the transformation. The rigid motion of the tectonic 
plate can be taken into account using the method described in the memo by 
Boucher and Altamimi (2011). They give transformation parameters between 
ITRF and ETRS89 realizations as 14 parameters in total, 7 values and 7 time 
derivatives. 

In addition to the rigid plate motion, there is the Glacial Isostatic Adjustment 
(GIA), the most notable effect of which is the postglacial rebound in the Fen-
noscandian area. This causes intra-plate motion as shown in Figure 6, showing 
the NKG RF03vel model by the Nordic Geodetic Commission (NKG) (Häkli et 
al., 2016). It shows that annual vertical velocities in Finland vary between 1 and 
9 mm and horizontal velocities are up to 2 mm.  

One way to improve the accuracy of transformations from ITRF to EUREF-
FIN is to use GIA models and GNSS time series as described in Häkli et al., 2016.  

    
 
 

 
 

Figure 6. Intra-plate motion in caused by postglacial rebound according to the NKG RF03vel-
velocity model. 
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2.3.5 Access to the reference frame 

Nowadays the easiest access to the national reference frame is provided through 
Network RTK Services. In Finland we have two nation-wide commercial net-
works and one governmental for NLS internal use. By using the NRTK it is cru-
cially important to be able to guarantee that the coordinates of the reference 
stations and especially the coordinates obtained using NRTK corrections refer 
to the national reference frame EUREF-FIN and do not have overly large errors 
or biases. 

The Author participated in the work of the committee to create the Recom-
mendations for Public Administration on measuring control markers in 
EUREF-FIN (JHS184, 2017). The Recommendation was created to guarantee 
the mutual compatibility and hierarchy of the measured coordinates. In the rec-
ommendation the coordinates are classified hierarchically into classes E1-E6 as 
traditionally has been done for centuries in surveying. The highest E1 class in-
cludes the FinnRef stations and the 100 benchmarks defining EUREF-FIN. The 
recommendation gives a possibility to measure lower order points (e.g. E4 or 
E5) using permanent GNSS stations having the E2 status. Any GNSS station can 
get official E2 status if rules given in (JHS184, 2017) are followed. Daily RINEX 
(Receiver Independent Exchange Format) files of the stations have to be sent to 
the FGI, who computes the official EUREF-FIN coordinates. FGI also monitors 
the quality of the stations continuously in order to guarantee that the coordi-
nates given remain valid. If the station appears to be unstable, the validity of the 
E2 coordinates will be discontinued. JHS recommends that all stations that are 
used for providing NTRK corrections should be categorized into the E2 class. 

 

2.4 Metrology  

“Metrology is the science of measurement and its application. It includes all the-
oretical and practical aspects of measurement, whatever the measurement un-
certainty and field of application.” “Metrological traceability is property of a 
measurement result whereby the result can be related to a reference through a 
documented unbroken chain of calibrations, each contributing to the measure-
ment uncertainty”. (BIPM, 2012). The basic idea of metrology is to perform the 
measurement or calibration so that uncertainties with respect to the definition 
of the unit of interest can be verified.  

 

2.4.1 Length Metrology at the FGI 

The Finnish Geospatial Research Institute FGI-GG is a National Standards La-
boratory of Length. Within this framework we calibrate electronic distance 
measurement (EDM) instruments and transfer the scale to geodetic baselines. 
In Finland, distance calibrations are mostly performed at the Nummela Stand-



Theoretical foundation 

19 

ard Baseline. The FGI measurement standards for length is the Väisälä interfer-
ence comparator with a quartz-gauge meter system. Baselines of 864 m and 432 
m measured at Nummela with the Väisälä interference comparator have typi-
cally an extended uncertainty between 0.1 and 0.2 ppm (k=2).  (Jokela, 2014).  

The scale can be transferred from the Standard baseline to any other baseline 
using a measurement standard that is calibrated at the Standard baseline. The 
FGI uses as a measurement standard Kern Mekometer ME5000 or tacheome-
ters which are calibrated at the Nummela Standard baseline. (Jokela et al., 
2002). The uncertainty of the new baseline includes the uncertainties of the 
Standard baseline and of the scale transfer. (Jokela et al., 2002 and Publication 
4). 

 
 

2.5 GNSS antenna calibrations 

 
GNSS antennas receive the signals transmitted by the GNSS satellites. Geodetic 
antennas have a physical antenna reference point (ARP) where the coordinates 
solved from observations should be referred to. This does not coincide with the 
electrical phase centre of an antenna seen by the actual signal.  The electrical 
phase centre changes depending on the frequency of the received signal and the 
azimuth and elevation of its source. The electrical phase centre does not coin-
cide either with the ARP, or with the physical centre of the antenna element. 
Antenna calibration gives a model for the offset between electrical phase centre 
and ARP. 

The goal of antenna calibration is to map carrier phase based pseudorange 
observations from the satellites to the ARP. Figure 7 shows the relation between 
the average phase center, antenna reference point ARP, phase center offset 
(PCO) and phase center variation (PCV) for one signal. Calibration offers a 
phase centre correction PCC that is divided into phase centre offset and phase 
centre variation.  

 

 

Figure 7. The principle of phase center correction PCC. The offset between antenna reference 
point ARP and average phase center is phase center offset, PCO. The correction associated 
with the direction to the satellite is called Phase Center variation, PCV. The ideal wave front 
around the phase center is shown as a dotted line.  
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Commercial software packages of receiver manufacturers have antenna models 
for at least their own antenna types. A uniform exchange format for antenna 
calibrations is the Antenna Exchange Format ATX that is commonly used at 
least in scientific data analysis. Figure 8 shows an example of an ATX file that 
shows the individual antenna calibration results of the MET3 antenna at the 
Metsähovi observatory. The calibration values are visualized in Figure 9. IGS 
maintains a list of institutions offering approved calibration services (IGS, 
2018).  

When a single antenna is calibrated it is called an individual calibration. When 
that value is expected to represent all antennas of the same type it is called a 
type calibration. It is also possible that type calibration values are determined 
by calibrating several antennas of the same type and a combination of them is 
then called a type calibration. Post processing software typically have type cali-
bration values for different antenna types.  

In the following, relative field calibration, absolute field calibration with a ro-
bot, and laboratory calibration in an anechoic chamber are described. Even if in 
the geodetic world the term “antenna calibration” is commonly used, it does not 
fulfil the definition of calibration in the metrological sense because the tracea-
bility chain and uncertainties to the definitions of SI units are not presented.  

 

 

Figure 8. Example of the antenna calibration ATX-file showing a beginning of the results for 
MET3 station.     

 

 

Figure 9. Visualization of the phase center variation, PCV. The PCV is very symmetric on high 
quality choke ring antennas. (Drawing U. Kallio) 

     1.4            M                                       ANTEX VERSION / SYST 
A                                                           PCV TYPE / REFANT 
created by: ant2atx May 01 2012 (c) 1998-2012 Geo++         COMMENT 
run by: Geo++ GmbH, Garbsen/Germany                         COMMENT 
                                                            END OF HEADER 
                                                            START OF ANTENNA 
JAVRINGANT_DM   SCIS00742                                   TYPE / SERIAL NO 
ROBOT               Geo++ GmbH               1    2012-08-24METH / BY / # / DATE 
     5.0                                                    DAZI 
     0.0  90.0   5.0                                        ZEN1 / ZEN2 / DZEN 
     4                                                      # OF FREQUENCIES 
FGI                                                         SINEX CODE 
   G01                                                      START OF FREQUENCY 
     +0.00     +1.01    +84.44                              NORTH / EAST / UP 
   NOAZI   +0.00   -0.42   -1.61   -3.34   -5.32   -7.25   -8.89  -10.09  -10.72  ... 
     0.0   +0.00   -0.36   -1.47   -3.13   -5.07   -7.00   -8.69   -9.95  -10.66  ... 
     5.0   +0.00   -0.37   -1.48   -3.15   -5.08   -7.01   -8.70   -9.96  -10.68  ... 
    10.0   +0.00   -0.37   -1.49   -3.16   -5.10   -7.03   -8.72   -9.99  -10.71  ... 
    15.0   +0.00   -0.38   -1.51   -3.18   -5.13   -7.06   -8.75  -10.03  -10.75  ... 
    20.0   +0.00   -0.38   -1.52   -3.20   -5.16   -7.10   -8.80  -10.08  -10.81  ... 
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2.5.1 Relative antenna calibration 

In relative antenna calibration, observations were collected in the field over a 
short baseline and PCO and PCV were determined with respect to a reference 
antenna. The method was developed at the US National Geodetic Survey (Mader 
1999). They used a short (5 m) baseline with fixed concrete piers with fixed an-
tenna mounting planes. The reference antenna was on one pier and the antenna 
to be calibrated on the other pier. The reference antenna was always an 
AOAD/M_T choke ring antenna that was commonly used at IGS stations. The 
main ideology was that when the double differencing is used in processing and 
all antennas are calibrated with respect to the same antenna, the effect of the 
reference antenna cancels out in the differencing process. However, this is ac-
tually valid only for short baselines, when the change in horizon orientation due 
to curvature of the Earth and the change of satellite positions in the sky are neg-
ligible. In NGS they used the same type of receiver at both piers and both receiv-
ers were connected to the same rubidium oscillator.  In the relative antenna cal-
ibration the PCO was determined as an average location of the phase centre and 
PCV had an elevation dependence only. (Hoffmann-Wellenhof et al., 2008)   

 
 

2.5.2 Absolute antenna calibration  

Geo++ and the Institut für Erdmessung (IfE), Universität Hannover developed 
a field calibration method that enables absolute antenna calibrations. Their 
method uses an accurately rotating and tilting robotic arm and allows to deter-
mine absolute PCO and PCV as a function of elevation and azimuth. They re-
move the effect of multipath by using differences of repeating satellite constel-
lations. The antenna will be in a different position on the second observation 
day, otherwise also the PCV would cancel out. The automated robot takes thou-
sands of observations with different orientations to detect PCV accurately. The 
PCV is then modelled using a spherical harmonic expansion as a function of az-
imuth and elevation and delivered to the users as an ATX file. 

GNSS antennas can also be absolutely calibrated under laboratory conditions. 
The antenna is mounted on a robot arm allowing rotation and tilting, and in-
stalled in an anechoic chamber that absorbs the radio signal, making it a nearly 
multipath free environment. The signal source, a GNSS satellite emulator, 
transmits the signals with required frequencies allowing determination of PCO 
and PCV. 
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3. Results 

In chapter 2 the research was divided into four research questions 
(1) How should a modern GNSS network (CORS network) be established 

and utilized in Finland? 
(2) How does the land uplift and crustal deformation obtained from GPS 

time series relate to independent methods and a Nordic solution? 
(3) Can we provide a ground truth for evaluating GPS accuracy? 
(4) How does a modern GNSS network provide access to a reference frame 

for users? 
 
 

3.1 Research question 1: How should a modern GNSS network 
(CORS network) be established and utilized in Finland?

In this chapter we discuss how our understandings have changed over 20 years 
about constructing the highest order geodetic reference network. Most of that is 
related to technological development and increased accuracy, but part of it is 
due to new needs and applications. 

Site selection criteria: In the 1990’s, in addition to the even coverage over 
the whole country, sites were selected to detect the maximum land uplift differ-
ence. Sites should also have open sky visibility above 15 degrees and be estab-
lished on bedrock having a possibility for absolute gravity measurements. Sta-
tions should be easily connected to the precise levelling, electricity and tele-
phone networks, and there should be a road to the site. The sites are in remote 
places and we had just a moderate protection against lightning.  

Today we have basically the same criteria. The stability of the bedrock was 
confirmed using a relative gravimeter. A spring gravimeter is very sensitive to 
vibrations. We had two tests that a candidate antenna mast location had to pass. 
Firstly, the bedrock was hammered and it should have a minimum effect on the 
gravimeter reading. Secondly, the observer was changing his weight from one 
leg to the other causing the rock, if it would be a loose piece, to move a little. 
This would have been seen in the gravimeter reading. In the new stations, a spe-
cial care has been taken to avoid problems with lightning. All equipment is con-
nected to a common ground and we have 2–3 step protection on the electric 
power feed.   
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Antenna platform: In the 1990’s we used several different mast types that 
were bolted to threaded rods cast with cement to drill holes in the bedrock. The 
standard mast was a 2.5 m steel grid mast that had a platform for 3 antennas on 
the top. The height change of that mast due to thermal expansion is less than 
0.8 mm over the yearly cycle. Three of the sites were a part of a local deformation 
network. Those sites had 2 m height concrete pillars. Three sites had taller 
masts; Kevo (8 m), Oulu (8 m) and Metsähovi (25 m). The two latter ones had 
an invar stabilization system for height (Paunonen, 1992), which compensated 
the heights changes due to thermal expansion.  

Today we use 3 meter high steel grid masts that are narrowed from the top to 
avoid the multipath that the older construction created (Figure 10). Also the new 
construction better prevents snow accumulating around the antenna. The an-
tenna mounting hole and the corresponding bolt to fix the antenna are made 
according to the ISO 286-2 tolerances for holes and bolts. This allows us to re-
move and reinstall the antenna with high accuracy if it has to be taken down for 
a new calibration. The orientation of the antenna is secured by marking the 
North on the antenna platform. 

GNSS receiver: In the 1990’s the receiver had to be a dual-frequency GPS 
receiver that was listed in the IGS catalogue.  

Today, the requirement is the same, but due to the technological develop-
ment, the receiver must be able to track all navigation satellite systems and all 
civilian signals.  

 
 

 

Figure 10. Old antenna mast (front) and new mast (behind) at the dual station Kevo. The old mast 
had a triangle shaped platform that caused multipath and the radome was conical. In the new 
construction the top of the mast is narrowed and the radome is spherical. Photo J. Näränen. 
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GNSS antenna. In the 1990’s the Allen Osbourne (AO) Choke-Ring T type 

antenna was considered as a de facto standard for CORS stations. During the 
construction of the FinnRef stations, also Ashtech began providing similar an-
tennas. We had a mixture of three slightly different Choke-Ring antenna types 
at the FinnRef stations, namely AOAD/M_B, AOAD/M_T and ASH700936AM.  

Today, the choke ring antennas are still de facto standards, but there are sev-
eral manufacturers. Antenna calibration has become more important, see be-
low. All our new FinnRef stations are equipped with identical JAVRING-
ANT_DM Choke-Ring antennas.  

Antenna Radome: There was a mixture of different radome types in use in 
the 1990’s, but none of them were commercially available for AO D+M anten-
nas. The University of Delft designed a conical radome made of glass fibre. We 
used those on some of the stations. On Ashtech choke ring antennas we used 
plastic conical SNOW radomes. The disadvantage with conical antennas was 
that the influence of the radome on the signal was not symmetrical around the 
phase centre of the antenna. This potentially can be seen as a bias or even as 
periodical behaviour when the constellation changes from day to day.  

Today all the antennas are covered with spherical SCIS radomes. 
Antenna Calibration: In the 1990’s there were no individual antenna cali-

bration values available. AO Choke Ring antennas were considered the best 
ones, and for them the antenna phase centre offsets from the ARP were availa-
ble. The first Ashtech Choke Rings were considered identical to the AO choke 
rings. Other antenna types were calibrated with respect to the AO which was 
considered as the reference antenna. With increased accuracies this was no 
longer sufficient.  

Today all antennas used in CORS stations are individually calibrated with ra-
dome on with azimuth and elevation dependence of the antenna phase centre.  

 
 

3.2 Research question 2: How does the land uplift and crustal de-
formation obtained from GPS time series relate to independ-
ent methods and a Nordic solution?

Publications 2 and 3 had two major findings. We were one of the first to show 
that the GPS time series have significant annual periodic behaviour in all com-
ponents (Koivula, 1999b, Koivula et al., 2002, Poutanen et al., 2004, 2005, Pub-
lication 3). This periodical effect has been later validated by all GNSS processing 
groups and studied further for example by Blewitt and Lavallée, 2002 and 
Penna et al., 2007. 

Another important finding is the influence of the rime and snow accumulating 
on the antennas distorting the height solution (see Figure 12). During the first 
years of CORS stations in the 1990’s, radomes were believed to solve the issue, 
but we showed that they do not solve the problem. During that time there were 
numerous ideas for solving this snow problem. People suggested heating ele-
ments, ventilators, rotating antennas etc. None of these really were taken into 
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practice, mainly because of other issues they cause for antenna modelling or ice 
accumulation onto the radome. However, the snow tends to fall away from the 
radome as soon as the temperature rises above zero (Figure 11). This would not 
happen if radomes were not used. This is a main reason why in the high latitudes 
the radomes are still used even if they are not recommended by EPN.   

Comparison between the uplift values from repeated precise levelling and a 
five year time series of FinnRef stations has an rms discrepancy of 0.6 mm/year. 
Comparison to other independent GPS analyses has actually a larger discrep-
ancy, about 1 mm/year. This is partially due to a different processing strategy. 
In PPP the results are highly dependent on the reference frame and quality of 
the orbit products. Orbital products are dependent on the quality and stability 
of the CORS stations used in orbit generation. The differential approach is not 
so dependent on orbits. It generally gives better relative accuracy, but it is not 
clear that the results are correct in a global sense.  

Our pioneering results showed that there is room for improvement especially 
when comparing different GPS processing strategies. Today the situation has 
improved when global coverage for high quality CORS stations is much better 
for orbit generation and reference frame realization. Also BIFROST GNSS time 
series are much longer. Lidberg et al., 2010, showed in their BIFROST solution 
that agreement between the PPP and double difference solutions agree on aver-
age at the 0.2 mm/year level.   

 
 

 

Figure 11. Relation between the height component of the FinnRef solution, temperature and 
snow depth (Publication 3).
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Figure 12. FinnRef station at OLOS in western Lapland as an example how hard rime and snow 
accumulate on the antenna mast and antenna. (Photo S. Marila) 

 

3.3 Research question 3: Can we provide a ground truth for eval-
uating GPS accuracy? 

In Publication 4 we showed that it is possible to validate GPS results with re-
spect to the metrologically traceable ground truth. By implementing this kind of 
approach, it is possible to evaluate how much different models and processing 
methods influence on the solution. 

We used an EDM baseline in a deformation network 25 times and noticed 
some variation in the scale compared to GPS (Ahola et al., 2008). This led us to 
investigate the length measurements of GPS vs. traceable EDM measurements 
at the Kyviškės baseline in Lithuania. Kyviškės has ideal GPS observation con-
ditions on an open field with distances ranging from 100 to 1320 m.  

We showed in Publication 4 that even if high quality choke ring antennas are 
used, the largest uncertainty comes from using the ionosphere free linear com-
bination of L1 and L2. Even if the uncertainties of L1 and L2 would be on the 
sub-millimeter level, the effect of constructing the ionosphere free L3 linear 
combination from them amplifies the effect. In our test this added up to a 4 mm 
difference in distance between antennas. This can be reduced to sub millimetre 
level when individually calibrated antennas are used (table 4). Therefore, indi-
vidual antenna calibration is highly recommended when highest accuracy will 
be required.   

It is feasible to measure an accurate ground truth for a small baseline or net-
work. In our case the extended uncertainties (k=2) of scale transfer at Kyviškės 
baseline range from ±0.2 mm to ±0.9 mm. For a network of CORS stations sep-
arated by tens or hundreds of kilometres a traceable ground truth is nearly im-
possible to utilize. However, our findings that individual antenna calibrations 
minimize the uncertainties of the coordinate results can be utilized for CORS 
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stations as well. There are number of projects where historic GNSS data from 
CORS stations are reprocessed due to improved models and methods, including 
individual antenna calibrations (EPN 2019b, Lahtinen et al., 2018).     

The work in metrology has continued in the JRP SIB60 “Metrology for Long 
Distance Surveying” project (Pollinger et al., 2015), (Kallio et al., 2019). 

Table 4. Statistic of GPS based distance measurements when compared to traceable ground 
truth. Both absolute type calibration and individual antenna calibration results are shown.  

  L1 (mm) L1&L2 (mm) QIF (mm) 
Absolute Mean -0.1 -0.1 0.0 
 Min -1.3 -0.7 -3.9 
 Max 1.0 0.7 2.8 
Individual Mean -0.1 -0.1 -0.1 
 Min -0.6 -0.5 -0.9 
 Max 0.4 0.3 0.8 

 

 

3.4 Research question 4: How does a modern GNSS network pro-
vide access to a reference frame for users?

The reference frame is defined typically by a national authority. Traditionally 
the access to the reference frame is provided through a set of benchmarks, the 
coordinates of which are in the national system, like EUREF-FIN in Finland. In 
RTK measurements these benchmarks are used as base stations. NRTK made it 
possible to perform measurements with a rover unit applying the NRTK correc-
tions based on a network of CORS stations. EUREF-FIN benchmarks and CORS 
stations are classified into six accuracy classes (E1-E6), of which E1 is highest 
defining the system. E1 and E2 classes are the highest nation-wide coordinate 
classes and maintained by authorities like the NLS. NLS/FGI provides EUREF-
FIN coordinates for the private NRTK stations if the provider follows the Rec-
ommendations for Public Administration and applies for E2 status for their 
CORS stations (JHS184, 2016). This ensures that the coordinates of the refer-
ence stations are defined in an official homogeneous way. 

The FGI validated that commercial RTK services provide reliable data at the 
accuracy level they promise. At the time of the test, the Trimnet had official E2 
coordinates (VRS) and the HxGN SmartNet did not (MAX), but unofficial E2 
coordinates were provided for them.  

Secondly we showed in our feasibility study that it is possible to achieve the 
same accuracy level with the FinnRef network using PRS corrections. FinnRef 
had only 1/5 of the number of stations compared to the commercial networks. 
Reducing the number of CORS stations decreases significantly the cost of build-
ing up a NRTK service. On the other hand we showed that even if it is possible 
to achieve a high accuracy level, a sparse CORS network also leads to increased 
false initializations at the rover end. This can only be overcome with a measure-
ment procedure where several independent measurements are made using in-
dividual ambiguity initialization.  
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Table 5. The accuracy values of the tests show that the commercial NRTK networks provide 
reliable coordinates with better than 2.5 cm accuracy (rms) horizontally. The sparse FinnRef 
network was able to provide the same accuracy level using PRS corrections.  

 All Obs Ini Obs Correct Ini Obs 
MP Rec. Network H rms V rms H rms V rms H rms V rms 
MAX GS14 Smartnet 0.028 0.052 0.028 0.052 0.023 0.048 
VRS R10 Trimnet 0.016 0.040 0.016 0.040 0.016 0.040 
PRS R10 NLS 0.028 0.060 0.028 0.060 0.022 0.056 
PRS R10 NLS (Ext) 0.045 0.103 0.045 0.103 0.027 0.095 
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4. Discussion 

 

4.1 Theoretical and practical implications 

An important theoretical result is the idea to use the metrologically traceable 
ground truth when validating GNSS processing parameters. This method ena-
bles us to validate models and parameters one by one against the real ground 
truth. We also showed in practice that this kind of approach can lead to recom-
mendations that have a basis in metrology.  

We were one of the first groups conducting this type of research and we have 
seen later that also other groups were taking GNSS metrology into their agenda. 
In recent years also the European Metrology Research Program (EMRP) has in-
cluded GNSS metrology into their agenda. We participated in the JRP SIB60 
“Metrology for Long Distance Surveying” project (Pollinger et al., 2015), (Kallio 
et al., 2019). The new project of the European Metrology program, called Geo-
metre, is starting in mid-2019. In Geometre we undertake an effort to introduce 
metrology into the local tie measurements of geodetic core stations equipped 
with GNSS, SLR, VLBI etc. This will strengthen the reliability and accuracy of 
global reference frames in the future.  

The new FinnRef, with nearly 50 stations in 2019 (Figure 13), will be the high-
est order network of the Finnish reference frame. The network is connected to 
the international IGS and EPN networks. We have used all the latest infor-
mation to make it as reliable as possible and stable in the long term. Most of the 
stations are on bedrock and their stability is monitored. This dense reference 
network will offer us a possibility for an active definition of the reference frame. 
Active definition means that the national reference frame is defined by the per-
manent GNSS stations and the positioning service they offer instead of a num-
ber of fixed benchmarks.   
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Figure 13. FinnRef network after the current dencification in 2019. White circles are new stations. 
Gray circles are EPN stations (20) and stars also IGS stations (2). FINPOS positioning ser-
vice uses all stations. 

Traditionally the national coordinate systems have been static and society has 
not been ready for time dependent coordinate systems. Today, and in the near 
future, precise point positioning (and the Galileo High Accuracy Service to-
gether with other global correction services) will become more common. This 
thesis verifies that the accuracy level of FinnRef is good and may in the future 
be used for a direct link between dynamic coordinates provided by PPP and the 
national reference system. Also we have a good reliable basis for discussion if 
semidynamic or dynamic reference frames should be utilized. In New Zealand 
the national Reference Frame NZGD2000 is already a semi-kinematic (Blick 
and Donelly, 2016). Our work has made it possible to: 

1. Create a dense FinnRef based velocity field for intra-plate defor-
mation models. This will improve the accuracy of transformations 
from measured GNSS coordinates to the national realization. 

2. Define a (semi-)dynamic reference frame in Finland accurately and 
reliably.  
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This work shows that FinnRef can also be used successfully for network RTK in 
our official reference frame. Currently the National Land Survey is engaged in a 
project where FinnRef will be utilized and densified for the network RTK needs 
of NLS. In the planning, the other needs of public bodies and broader society 
are also under evaluation. We are for example creating a service that evaluates 
the quality of received GNSS signals and may be used for warning professionals 
and citizens in case of natural or human made disturbances in the GNSS signal 
or positioning results. 

In 2018 the Parliament of Finland endorsed the “Report on Spatial Data Pol-
icy” (MMM, 2018). The report underlines the benefits of making precise posi-
tioning accessible for all. This thesis verifies that the FinnRef positioning ser-
vice, FINPOS, would give a direct access to the reference frame. It can be used 
also as a backbone for GNSS corrections needed for intelligent traffic applica-
tions in Finland. As the first example FINPOS already offers positioning services 
at Lapland’s Aurora Ecosystem for testing intelligent traffic in extreme weather 
conditions. The Aurora ecosystem is maintained by the Road Administration of 
Finland. The validity of the service is currently evaluated by the FGI under an 
ESA funded Arctic-PNT project. 
 

 

4.2 Reliability and validity 

As the National Standards Laboratory of Length we can verify the metrological 
ground truth for our GNSS metrology with a traceable uncertainty to the defini-
tion of the metre.  Comparison to the traceable ground truth is a reliable way to 
test the processing parameters and methods. The method is expandable and 
recommendable for any testing purposes. 

Our requirements for CORS stations are in line with recommendations by 
EPN and IGS. We have taken some steps further in stability and requirements 
for antenna mounts by not using buildings, but bedrock only. Certainly we are 
in a favourable position in Finland where a lot of bedrock is available. This rec-
ommendation is not valid everywhere in the world. Establishment of a long-
term stable antenna mount would be much more demanding. 

Our NRTK analysis software package GNSMART makes a continuous analysis 
of the phase residuals and creates elevation and azimuth dependent non-differ-
enced ionospheric free signal residuals (EAR). Figure 14 shows the EAR of 
SOD2 station. Low residual indicate that our mast construction together with 
individually calibrated high quality choke ring antennas provide high quality 
data for both reference frames and NRTK production.The station is only slightly 
disturbed in very low elevations where vegetation is causing multipath. 
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Figure 14. GPS L0 residuals of SOD3 station (see Figure 13 for location). 

  

4.3 Recommendations for further research 

From the metrological point of view, a true metrologically traceable 3D test field 
would give a possibility to test the uncertainties of GNSS processing parameters 
and models. In this thesis we used only distances. A new Geometre project by 
the European Metrology Research Program is a step in this direction. In the 
project we will define metrologically solid methods for defining local tie meas-
urements at fundamental geodetic stations. 

Most, if not all, current national reference frames created by GNSS are made 
using GPS only or GPS and Glonass data. An important research topic is to val-
idate the results when Galileo and BeiDou are included into the process. The 
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reference frame should be accurate and reliable with any combination of GNSS 
utilized by the end user.  

The influence of GNSS antennas and their calibration at CORS stations should 
be studied. We have already shown in the GPS-only processing the importance 
of individual antenna calibrations. Most of the EPN sites have individual cali-
bration values for GPS and possibly for Glonass. The impact of the upcoming 
GPS L5 and Galileo calibrations on GNSS processing and accuracy should be 
studied. However, it is unlikely that all European CORS antennas would be re-
moved and re-calibrated for Galileo and BeiDou.  

In the Arctic conditions it would be interesting to study if the antenna calibra-
tion values have a temperature dependency. Also the possible aging of radomes 
should be under investigation.  

Antenna calibration alone is not enough since the whole surroundings of the 
antenna influences on the results as well. If one could find a traceable way to 
construct a time dependent site specific correction model for CORS stations as 
a whole that would give a high impact on geodesy. 

Finally, as an answer to the “Report on Spatial Data Policy” accepted by Par-
liament, there should be a study on how an improved cost-free FinnRef and 
FINPOS would influence industrial development, innovations etc. 
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