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Abstract 
 
In the past two decades, the number of observations and the accuracy of satellite-based 

geodetic measurements like Global Navigation satellite systems (GNSS) greatly increased, 

providing measured values of displacements and velocities of permanent geodetic stations. 

Establishment of the geodetic control networks and collecting geodetic observations, in 

different epochs, are a commonly used method for detection of displacements and 

consequently disaster management. Selecting proper processing parameters for different 

types of monitoring networks are critical factors of the deformation monitoring analysis 

using GNSS, which is the main aim of this research. In this study, a simulation study and a 

controlled survey were performed using simultaneous GNSS measurements of 5 geodetic 

pillars, established by Lantmäteriet at Gävle airport. Sensitivity analyses were performed on 

different types of monitoring networks using different set of processing paarameters . These 

scenarios consider different sets of parameters, different types of monitoring networks, and 

various number of monitoring stations to evaluate the detectable displacements and 

compare with the known millimeter displacements (simulated one). The results showed that 

the selection of processing parameters depends on the type and size of the monitoring 

network and the location of the monitoring stations. Analyses also show that online 

processing services can provide mm-cm level accuracy for displacement detection if 

sufficient observation time is available. Finally, checks were performed on the two of 

sample scenarios to find the minimum observation time required for reaching to the most 

accurate simulated (preset) displacements.  

 
Keywords: Deformation detection, processing parameters, GNSS, online post-processing. 
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1 Introduction 

 

Deformation monitoring is considered as one of the most critical applications of geodesy 

and surveying engineering; it shows the changes that occur to the natural bodies and man-

made structures over time. Deformation refers to any action that distorts or changes the 

shape of bodies due to external and internal factors (Kapovic et al., 2005). Deformation has 

a direct effect on the stability of bodies on the surface of the earth and may lead to 

catastrophic consequences if neglected (Dardanelli, 2014).  Due to safety reasons, 

monitoring of deformation is a necessity (Halim & Ranjit, 2001). There are several external 

factors that cause deformation to occur like plate tectonics, earthquakes, severe weather, 

or any human action that distorts the shape of structures. Internal factors may cause 

deformation also like the aging of structures, so it is essential to monitor the structures 

continuously and detect any abnormal changes. 

 

The main aim of making deformation monitoring is to check whether the behavior of objects 

to be monitored are as per expected. If prior notifications about the deformation are not 

available, it is impossible to guarantee the safety of engineering structures over time or to 

take actions before deterioration of the situation. Moreover, the results from deformation 

monitoring systems must be reliable; that is why a high precision and high accuracy 

technique should be implied in performing monitoring procedures. The monitoring of 

structures has a long history, but geodetic approaches are the most widely used because of 

the high reliability and accuracy of these approaches. In geodetic monitoring a set of 

reference points must be established, and monitoring should be done on these points 

periodically to detect any deformation. 

 

In geodesy, regardless of the technique used, the displacements should be detected in 

horizontal and vertical directions. The methods and instruments used for deformation 

monitoring to detect these displacements have changed a lot over the years. In classical 

deformation monitoring, various approaches and instruments were used for detecting 

horizontal and vertical displacements. Regarding vertical displacements, instruments such 

levels and approaches such as (spirit and/or trigonometric) leveling were used.  For 
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detection of horizontal displacements, instruments such as theodolites and total stations 

and approaches such as triangulation are used. Until today, these approaches are widely 

used in some countries, but it has some noticeable drawbacks that do not make it feasible. 

For example, these instruments do not provide continuous data about the structure to be 

monitored that is essential to understand the behavior of structures over time. An 

alternative to these classical methods is using Global Navigation Satellite System (GNSS) 

technology that provides continuous data about the monitored structures and requires less 

effort to implement (Hofmann-Wellenhof et al., 2001).  

 

GNSS is a constellation of satellites that transmit signals to the receivers on the earth for 

positioning purposes. Examples of GNSS are American’s NAVSTAR Global Navigation System 

(GPS), Russia’s GLONASS system, Europe’s Galileo system, and China’s BEIDOU system.  In 

recent years, the effectiveness of using GPS for monitoring the deformation of natural 

phenomena and man-made structures was proven in many occasions (Meng 2002; Yi et al. 

2013). GPS has become a perfect alternative to classical monitoring instruments on many 

occasions. One of the first studies of using GPS in structural health monitoring deformation 

was performed by the Alma Mater University of Bologna, Italy in 2000. This was after 

switching off the selective availability (SA) code by the United States (Dardanelli, 2014). In 

this attempt, the authors used 50 GPS stations to monitor a whole area of the Po valley that 

was affected by subsidence phenomena (Bitelli et al., 2000). Another important example of 

using GPS in deformation monitoring, at an early stage, was carried out by Metropolitan 

Water District of Southern California, the USA for monitoring the earthen dam deformation 

(Dardanelli, 2014; Duffy et al., 2001).  

 

Accuracy, reliability, and sensitivity are the most important characteristics of an effective 

monitoring system. Accuracy defines the quality of the data, reliability is the ability of the 

system to detect blunders in the observations, and sensitivity is the ability of the system to 

detect the minimum movement of the structure (Piras et al., 2009). There are several 

geodetic techniques for monitoring the deformation of structures by using reference control 

points in the form of reference monitoring network or relative monitoring network 

(Chrzanowski, 1986). In reference network, some of monitoring reference points are placed 
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outside the body of the structure to be monitored. However, in the case of the relative 

monitoring network, all the monitoring points are placed on the body of structure.  

 

As mentioned earlier, conventional methods are still used for monitoring purposes. 

Nevertheless, to get accurate and reliable results, the structures must be monitored 

continuously and accurately, which is not achievable by using conventional instruments. On 

the contrary, GNSS will provide continuous and more accurate data than classical methods 

(He et al., 2004; Ding et al. 2000). However, several processing parameters affect the quality 

of results derived by post-processing of GNSS data; these parameters are crucial and 

significantly change the results if not selected carefully.  

 

GNSS technology meets all requirements needed for a reliable monitoring system, due to 

that, nowadays, it has been used widely in many monitoring tasks. The quality of data 

obtained from GNSS is affected by several factors such as the amount of error in 

observations, several reference points in the monitoring network, the choice of observation 

parameters, the duration of observation at each station in the network and many more.  All 

these factors have an impact on deriving the final results of displacement monitoring. The 

user shall be cautious in dealing with each factor, neglecting, or carelessness in dealing with 

any of the factors that will result in the poor quality of the data.  

 Research Objectives 1.1

 

GNSS can be used for finding the exact coordinates of a single point or multiple points with 

millimeter accuracy based on a specific coordinate system. Deformation monitoring is done 

by repeating the observations, using the same settings, on the points and comparing the 

results of first and final observations. Most widely used strategy for monitoring purposes is 

using a set of control points, in other words establishing a network on the body to be 

monitored. Reliable results cannot be achieved by using one or two points because of poor 

coverage, but using several control points that are homogeneously distributed on the 

structure to be monitored will guarantee the success of monitoring process. Prior to 

collecting the data using GNSS, a geodetic monitoring network shall be designed to meet all 

the high-quality standards (Yetki et al., 2008). Many studies have been conducted on 
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deformation monitoring using GNSS, but there is a gap in selecting the appropriate 

processing parameters, the main aim of this study is to fill this gap and provide the evaluate 

different sets of processing parameters used in deformation monitoring using GNSS 

technology. Specifically, this study has the following goals to accomplish: 

 

AIM1. To evaluate processing parameters that would detect minimum displacement in 

deformation monitoring using GNSS observations in a local network. 

AIM2. To check the types of GNSS networks in deformation monitoring. 

AIM3. To evaluate the quality of the deformation data processed by online post-

processing services, and compare it with results from local network. 

AIM4. To check minimum observation time required to detect minimum displacements. 

 

Accomplishing the aims in this study will be beneficial towards better understanding the 

effects of GNSS processing parameters in general and in deformation monitoring 

applications in particular. It has to be noted that the results of AIM1 and AIM2 depend on 

each other, so in this study analyses will be made by integration of both aims to produce a 

common best scenario. It is essential to know which method to follow in deformation 

monitoring using GNSS; this will lead to quick detection of displacements and changes in the 

shape of structures that will help in preventing catastrophes and mitigating the potential 

damages. In this study, 2mm error in displacement was used as a threshold for detecting 

displacements, i.e. parameters will be chosen on the bases of detecting errors less that 

2mm. Moreover, Leica Geo Office 8.4 (LGO) will be used as the main software for 

performing the post processing. LGO is commercial processing software from Leica 

Geosystems that is widely used in processing and managing surveying and GNSS data.  
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 GNSS Data Processing Parameters 1.2

 

There are several processing parameters to select in GNSS tasks; these parameters affect 

the quality and reliability of the observations. Choosing parameters depend on some factors 

like the purpose of the observation, the accuracy required, and so forth. Elevation Cut-off-

angle degree, type of ephemeris, frequency type, tropospheric model, ionospheric models 

are just a few examples of various processing parameters. In this study, the default models 

of troposphere and ionospheric models offered by processing software will be implied. 

However, three parameters that have significant effects on the results will be tested, these 

parameters are: 

1.2.1 Cut-off-angle  

It is the angle with respect to horizon that the receiver will reject signals coming from 

satellites below that angle. Cut-off-angle of 10 and 15 degrees above the horizon are the 

most common values (El-Rabbany, 2002). Choosing the cut-of-angle degree depends on 

factors such as the location on the receiver and the surrounding environment, if the receiver 

is located in a location close to buildings, trees, or any other barriers the cut-of-angle has to 

be increased to reject low quality signals. Cut-off-angle has major effect on the quality of 

coordinates derived by GNSS processing that is why special care should be given to what 

degree should be used in different cases. In this study, cut-off-angles of 10, 15, 20, and 25 

will be tested alongside other parameters. 

1.2.2 Precise and Broadcast Ephemeris 

The positions of satellites are known by ephemeris data that is sent by signal from the 

satellites to the receivers (Tsui, 2000). Broadcast ephemeris is obtained by tracking of 

satellites from 4 tracking stations in US, whereas precise ephemeris derived by making 

observations from 20 stations distributed round the world. The accuracy of precise 

ephemeris is higher than broadcast ephemeris due to the fact that in precise ephemeris the 

orbits of satellites are not predicted but calculated (Seeber, 1994). It is important to note 

that the accuracy of each type of ephemeris is different from the other one. In this study 

both types will be tested alongside other processing parameters. 
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1.2.3 Type of frequency 

The signals transmitted from the satellites composed of two carrier frequencies (L1 and L2). 

L1 is generated at 1575.42 MHz and has a length of approximately 19 cm, L2 is generated at 

1227.60 MHz and has a length of approximately 24.4 cm. availability of both types of 

frequencies is essential in correcting GNSS errors such as ionospheric errors (Hofmann-

Wellenhof et al., 2001).  

Modulating the carrier waves with pseudorandom codes allow determining the positions on 

the surface of earth. These codes are precise code (P-code) and coarse acquisition code 

(C/A- code). P-code has frequency of 10.23 MHz and modulated on L1 and L2 carrier 

frequencies, C/A code has a frequency of 1.023 MHz and modulated only on L1 frequency. 

The general structures of L1 and L2 frequency are shown in equation (1) & (2) (Seeber, 

2003). 

 

 
SL1(t) = ApPi (t)Di (t) sin(ω1t) + AcCi (t)Di (t) cos(ω1t) 

 
(1) 

 

Where; Ap is amplitude of the P-code, Pi is  P-code, Di is data stream, Ac is the                

amplitude of the C/A-code,  Ci is the C/A-code, sin(ω1t) is the  carrier signal, t is the time, and 

i stands for the i-th satellite. 

 
                                             SL2(t) = BpPi (t)Di (t) sin(ω2t)                               (2) 

 
Where; Pi  is the P-code, i-th is the satellite, and Bp is the amplitude of P-code, and t is the 
time  
 

L3 type of frequency is sometimes referred to ionosphere-free frequency; it is a 

combination of L1 and L2 frequency.  Since the delay effect of atmosphere on signals is 

different for L1 and L2 so the combination of the two types will eliminate the effect of this 

error. For short baselines, L1 and L2 frequency works the best that would decrease noise. In 

contrast to that, for long baselines, L3 free-ionosphere works the best (El-Rabbany, 2002). In 

this study, following types of frequencies will be tested: L1, L1 and L2, and L3. 
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2 Theory  

 GNSS positioning 2.1

 

The position of the receiver on the surface of the earth is determined by computing the 

distances from receiver to a minimum of four satellites. This distance is computed by taking 

observations on the signals transmitted from satellites to receivers. According to Ghilani ( 

2017) two different observation procedures are used: pseudoranging and carrier phase 

shift. In pseudoranging, the distances are computed by measuring the time that takes the 

signal to travel from the satellites to the receivers. The velocity of travelling signal is known, 

so the pseudoranges can be computed by following simple mathematical formula (equation 

3). This approach of distance determination, as mentioned in previous section, is also known 

as code measurements, and has two types: Coarse acquisition (C/A-code) precise (P-code). 

These codes are known of pseudorandom noise (PRN) code because each code is consisting 

of streams of binary zeros and ones that look like random signals  (El-Rabbany, 2002). The 

receiver produces its own code at the time of receiving the signal from the satellite, and a 

comparison will be made between the two codes to find the time difference. Taking in to 

consideration that there is difference in accuracy between the satellite and the receiver 

clocks; accurate atomic clocks that are used on the satellites but normal clocks are used in 

the receivers. So the computed time difference will not be accurate that is why the 

computed distance or range is called Pseudorange(Schofield & Breach, 2007).Pseudorange 

principle is shown in figure (1). 

 

 

 Pi= ∆t.c (3) 

 

Where 

 Pi= pseudorange between the satellite and the receiver 

∆t = time difference calculated by PRN code observation 

C = the velocity of the signal which is equal to the speed of light (Known) 
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Figure 1.Principle of Pseudoranging in GNSS (Dawod, 1991) 

 

A more accurate approach implied in GNSS for calculating the distances between the 

satellites and receivers is called the carrier phase-shift observations. In this approach, the 

phase changes that happen to the carrier wave transmitted from the satellite to the 

receivers are observed. The working basics of this approach are identical to the EDM 

instruments, but in case of GNSS, the signals will not be returned back to the satellite, so the 

phase shift has to be observed at the receiver. However, again, the time measured in the 

receiver does not have the same level of accuracy as the one measured on the satellite. In 

order to avoid this problem, a differencing technique, taking differences between phase 

observations is implied. Single differencing, observing two satellites by one receiver, remove 

the timing issues. In addition to that, systematic errors also can be removed by using what is 

known as double differencing; in other words subtracting the results of single differencing 

from receivers. Another problem in carrier phase observations is that only the phase-shift of 

the last cycle is observed, but the total number of cycles of the carrier wave is unknown. To 

solve all the mentioned issues triple differencing is the most widely used technique(Ghilani, 

2017).   

 

The differencing approach used in carrier-phase observations, described briefly above, do 

not yield positions directly for the points occupied by receivers. But instead, the baselines, 

which are the vector distances between the receivers, are computed. The baselines take 

consideration of horizontal and vertical coordinates of each point occupied by the receivers 

(Ghilani & Wolf, 2006). The baselines are the most important component in phase 
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measurements, and due to the information obtained from baseline computation, the 

unknown parameters can be calculated. For example, if we have a known coordinate point 

(A), reference point, and we want to calculate the coordinates of the point (b), unknown, 

then simply we place two receivers on both points to make the observations at the same 

time. By this approach, the differences in Easting, Northing, and Elevation (ΔEAB, ΔNAB, and 

ΔHAB) can be computed between stations A and B. So the coordinates of the unknown 

point (B) can be found by implying equation (4): 

 

 

 

 

 Errors in GNSS observations 2.2

 

In the real world, all observations contain some amount of errors. In order to get accurate 

results, these errors must be removed or minimized as much as possible. Deformation 

monitoring is one, if not the most, sensitive type of applications in surveying and geodetic 

fields, and implying reliable approaches to deal with errors is a necessity. According to 

(Ghilani & Wolf, 2012) there are two main sources of errors that influence surveying 

observations in general: Systematic errors and random errors.  

 

The First type of error sources that affect the quality of observations is systematic errors; 

such errors may appear in observations due to environmental or/and instrumental factors 

or due to personal errors (Ghilani & Wolf, 2012). These types of error always occur with the 

same amounts in observations due to that it is possible to remove it completely in 

observations. .According to (Schumacher, 1981) systematic errors are unknown in 

magnitude and direction because one cannot physically perceive the true value. These 

errors may appear in observations by different mathematical signs depending on the 

circumstances at the time of observations, to eliminate the effect of such factors it is always 

 

 

EB = EA +ΔEAB 

NB = NA +ΔNAB 

HB = HA +ΔHAB 

 

(4) 
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recommended to prepare a proper work plan before making the actual observations. A 

proper work plan may include choosing the best time for making the observations, choosing 

and checking the instruments, deciding on the best observation methods, and etc.  

 

The Second type of error sources that significantly affect the quality of observations and 

consequently affecting final results is Random errors. These types of errors will remain in 

the observations after eliminating of systematic errors, and are present in all surveying 

observations (Ghilani & Wolf, 2012). Random errors are a continuously changing type of 

errors, i.e. the value and sign of these errors are not known and the source of occurrence 

cannot be predicted. These errors can be minimized by using better instruments, by 

repeating the observations, having redundant observations, and applying adjustment to the 

observations. 

 

A common type of error that occur in surveying observations are mistakes or blunders. 

These mistakes most often caused by carelessness, or tiredness of the surveyor who 

performs the surveying task. This type of error may have big or small values but have 

tremendous effect on the final results if proper approaches were not followed in removing it 

from the observations. Wrong recording of an observation value or making the observations 

on wrong targets are examples of these types of errors. These errors could be avoided by 

repeating the measurements at the site and following a check list in performing each 

surveying task. 

 

In GNSS observations, all the mentioned types of errors are expected to occur that affect 

the final derived results. GNSS system is consisting of several numbers of satellites orbiting 

at an altitude of more than 20 200 km above the surface of the earth, the constellation of 

such system ensures that at any given point on the earth a minimum of four satellites will be 

visible at any epoch of time. Satellites are continuously sending signals to the receivers on 

the ground; each signal has a navigation message with it that contains information about 

the name of satellite, the time it left the satellite, health of satellite, and so forth.  

 

According to El-Rabbany (2002) four major sources of errors affect the accuracy of GNSS 

observations: errors that originate from satellite, errors due to signal propagation, errors 
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that originate from the receiver, and the errors due to the geometry of satellites during the 

observations (Figure 2). It is necessary for GNSS users to be aware of all the errors 

accompanied by observations and all the factors that affect the quality of signals. The basic 

observation of GNSS is to compute the distance between the receiver and the satellite, by 

computing the distances from at least four satellites the approximate location of the 

receiver. The computed distances, GNSS observations, will be influenced by various sources 

of errors as mentioned above. Generally, the errors in GNSS can be demonstrated by using 

equation (5). 

 

 Prs = ρrs + c ( dtr − dTs ) + Irs + Trs + εrs (5) 

 
Where (Prs) is the pseudorange between the satellite (s) and the receiver (r). ρrs is the true 

geometric range, c is the speed of light that is known, and dtr and dTs represent the receiver 

and satellite clock errors. The symbols Irs and Trs represent the ionospheric and tropospheric 

delays respectively. Finally, εrs is the combination of the multipath and receiver noise errors. 

                                      Figure 2. Error sources in GNSS observations (El-Rabbany, 2002) 

 

In this section, for the sake of better understanding, GNSS errors caused by different 

sources will be demonstrated separately. Firstly, temporal errors caused by satellite and 
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receiver clocks will be described in the clock-related error’s section. Then errors caused by 

signal propagation from the satellites until reaching to the receivers on the ground will be 

illustrated in signal propagation errors. Then satellite orbital errors will be explained 

separately followed by the receiver noise errors. Finally, the effects of Dilution of Precision 

on the accuracy of positioning will be presented. Deformation monitoring is a very sensitive 

topic that deals with millimeter level of accuracy, which is the reason why the GNSS users 

must be familiar with error sources to scientifically remove them from the observations.  

2.2.1 Clock-related errors 

 

The most important component in GNSS observations is related to the accuracy of time 

measurement( Misra & Enge, 2006). In fact, the major factor in GNSS system is time; for that 

reason, Very precise atomic clocks are used in designing satellites to measure the time to a 

high level of accuracy (Misra & Enge, 2006). However, the clocks in the receivers have lower 

accuracies than satellite clocks, and usually, they are larger in size and cheaper in price. It is 

not feasible to put expensive satellite clocks on GNSS receivers because at that time the 

prices will be so high that it cannot be affordable by normal users. Signals transmitted from 

the satellites have a navigation message with it that contains the information about the 

time the signal is being transmitted. Due to the atomic clocks, the time measured very 

precisely from the satellite. On the other hand, the receiver is recording the time it receives 

the signal by using normal clocks built in inside the receivers, but since the clocks are not as 

precise as the atomic clocks, there will be some sort of uncertainty in the measurements. 

These errors can be solved by estimating clock error as an unknown additional parameter in 

the position estimation process.  

 

2.2.2 Signal propagation errors 

 

GNSS signals are traveling a long journey through the atmosphere when transmitted from 

satellites to receivers. In the upper part of the atmosphere, the signals keep their 

characteristics such as constant speed, and there is not much effect on the signals by the 

surrounding atmosphere. However, the signals face major disturbances in the lower 
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atmosphere, especially in both ionosphere and troposphere layers. Moreover, when the 

signals reach close to the surface of the earth other error sources will influence the signals 

such as the multipath error that has a significant effect on degrading the quality of signals. 

The following are the major sources of errors due to signal propagation: 

 

2.2.2.1 Sagnac effect 

 

Satellites are rotating around the earth at a velocity that is much higher than the velocity of 

rotation of the earth around itself. As a result of this difference, the distance computed 

from the transmitted signals is not representing the actual distance because at the time 

signals reach to receivers the satellites have moved away from their location. If this relative 

distance is not considered in observations, an extra error will affect the measured range 

(Karaim et al., 2018). So Sagnac effect is a relative error caused by the difference in rotating 

speed of the satellites and the earth during signal propagation ( Kaplan & Hegarti, 1997). 

Ephemeris parameters that are carried out by the navigation message contain information 

about the locations of the satellites (Karaim et al., 2018). But this information has to be 

corrected since the Earth would have rotated at the time of signal transmission as well, so 

applying a correction is needed for getting the correct range between the satellite and the 

receiver that accounts for signal reception time, not the transmission time (Noureldin et al., 

2013). This error has to be compensated by adding an extra parameter when calculating the 

range between the satellite and the receivers. 

 

2.2.2.2 Ionosphere and troposphere errors 

 

The ionosphere layer, which is the upper layer of the atmosphere, ranges about 1000km 

away from the surface of the earth. This layer is known of containing some types of gases 

that are ionized by the radiation of the sun, the effect of this type of gases on the signals can 

be removed by 99.99% by using double frequency receivers and using ionosphere-free 

combination (Juan et al., 2012). However, if only a single frequency receiver were used for 

observation, this ionosphere delay shall be modeled. The navigation message in the signals 

contains some ionosphere models that can be used for making that correction. However, 
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these models are not accurate enough, and only 50% of errors can be fixed even most 

accurate ones account for solving only 80% of errors. Maybe the most common models are 

GPS Klobuchar and Galileo NeQuick (Klobuchar, 1986). The troposphere is the lower part of 

the atmosphere and it is known of consisting of two parts; dry part and wet part. The wet 

part that composes about 10% of the overall layer is difficult to model but the dry part can 

be modeled easily (Karaim et al., 2018). The impact of delays caused by the troposphere 

layer is critical and has major effect on the accuracy of positioning (Seeber, 1994). Both 

layers of the atmosphere may delay the transmission of signals and consequently degrade 

the quality of signals if not modeled correctly when calculating the range between the 

satellite and receivers. 

 

2.2.2.3 Multipath errors 

 

Some of the signals transmitted from the satellites are not received by the receiver’s 

antenna directly; instead, it might be reflected from the features surrounding the receiver. 

This effect is known as multipath and the quality of observations will be low if those signals 

were included in the calculations (Meguro et al.,2009). Most often the delayed version of 

that signals, which are the result of multipath, will be superimposed on the normal signals 

that degrading the quality of LOS signals (Karaim et al., 2018). Usually Multipath occurs 

because of the reflectance characteristics of the environment surrounding the receiver, 

some surfaces reflect signals more than other ones. Figure (3) demonstrates the multipath 

error occurrence. 
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Figure 3. Multipath Error (Van Sickle, 2015) 

 

There are some solutions that can be followed to avoid multipath errors such as placing the 

receiver in a non-reflectance environment or using special type of antennas that are 

designed to reject the signals affected by the multipath error. Increasing the elevation angle 

during observation is another way for mitigating the effects of such errors (Braasch, 2017). It 

is recommended not to choose a low value cut-of-angle during data gathering and data 

processing of GNSS observations, due to the fact that if the antenna is not of special type to 

reject the signals from multipath error all the signals, including the ones resulted from 

multipath error, will be accepted that will lower the quality of observations. 

 

2.2.3  Satellite orbital errors 

 

The navigation message carried by the signals contains information about the predicted 

locations of satellites location of satellites. This information, which is called ephemeris, 

about the estimated satellite locations, are uploaded to the satellites by the main control 

segments on the earth. Every two hours the satellites broadcast the ephemeris data , but 

these data is only a prediction to the locations of satellites , so there is some degree of 

uncertainty in this type of ephemeris data (Noureldin et al., 2013). To get accurate locations 

of satellites precise ephemeris data should be used during post-processing, the precise 

ephemeris data can be downloaded from the official sites such as IGS website 

(ftp://cddis.nasa.gov/gnss/products/). 
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2.2.4 Receiver noise errors 

 

These types of errors are generated at the receiver side only and considered to be a 

complex type. There are many reasons behind the occurrence of receiver noise errors like 

noise originating from the antenna of receiver, cables and other components. Microwave 

radiation sensed by the antenna might be another source (Noureldin et al., 2013). Usually, 

these errors are very small in magnitude and can be removed from the observations by 

using the differential GNSS observation techniques. 

 

 GNSS Network Adjustment  2.3

 

Least squares adjustment is an effective statistical approach for adjusting or estimating the 

coordinates in GNSS control point network; it can be applied to horizontal or/and vertical or 

horizontal and vertical networks together (Schofield & Breach, 2007). Least Square 

adjustment is the most popular technique of adjustment in surveying engineering field. Also, 

the least squares adjustment can be used as a simulation technique to ensure that the 

required level of accuracy and precision will be met during performing the actual GNSS 

observations (Leick et al., 2015). Least Square adjustment lay on the principle that the sum 

of the square of errors if minimized will lead to most accurate and reliable results. The only 

condition for performing the least squares adjustment is that the observations must be clear 

from mistakes and systematic errors, in other words, must only contain random errors. 

According to (Wolf, 1987) applying Least Squares adjustment to surveying works has many 

advantages; the most probable value of each observation will be computed, the precision of 

the adjusted value values can be determined, large errors and mistakes will be detected, 

and it can be used to design the geodetic network before making the actual observations in 

the field. 

 

In GNSS network adjustment, two priory procedures shall be applied to the network before 

performing the actual adjustment. The purpose of these procedures is analyzing the data to 

remove any possible mistakes that would significantly affect the final results (Ghilani, 2017). 
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The first step is called (Pre-analysis); this step provides general information about the 

network such as the number of known and unknown stations, information about 

observations and baselines, degree of freedom, and so on. The second step is called 

(compute loops); this step provides statistics about each loop in the network such as the 

length of the loop, the stations included in the loop, and most importantly the closing error 

of each loop. It is necessary to carefully check each value to detect any big mistakes in the 

loops before performing the actual adjustment. 

 

As mentioned previously, in deformation monitoring systems two types of stations are 

included, which are monitoring stations and reference stations. The monitoring stations are 

placed on the body of the structure to be monitored while reference stations are placed 

outside of the area to be monitored, since the interested area to be monitored assumed to 

be unstable. Due to that reason, the baseline between the reference stations and the 

monitoring stations are long (some km). In contrast to that, the baseline length between 

monitoring stations are ought to be short (only hundreds of meters or less)(Huang & Wang, 

2014).  

 

Another reason for performing adjustment is that GNSS networks suffer from Datum 

Defects because the observations do not determine the reference for the network. Usually, 

there are three types of datum defects; translation, rotation, and scale. In GNSS network 

only translation defects occur, the reason for that is in GNSS observations the difference in 

easting, northing and elevation is computed between the two ends of the baseline that 

determine the actual rotation and no scaling issues will be involved since the actual distance 

of the baseline can be computed as well (Dawod, 2012). Due to the mentioned reasons, 

performing GNSS network adjustment is essential in GNSS applications.  

 

The main aim of performing the adjustment is to check the quality of the network, detecting 

systematic and large errors, not computing the actual coordinates; the errors must be 

detected in the GNSS observations and eventually removed or minimized for getting high-

quality results. One of the methods to accomplish this task is by using Delft’s statistical 

method that is implemented in the Leica Geo Office (LGO) program (Uznanski, 2008). LGO is 
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a powerful program by Leica Geosystems for managing and analyzing GNSS observations 

that would be used as the main program for this study. The quality of the adjustment shall 

be checked in terms of precision and reliability, so it is not enough that the observations are 

precise, but reliability and accuracy of observations is also a critical factor in the quality of 

observations (Geogroep, 2011). So analyzing the results of this adjustment is crucial for 

achieving reliable results; precision and reliability concepts shall be checked and analyzed 

before moving on to the second phase of adjustment. 

 

The precision of a network can be checked by using the standard deviations of the 

observations. Before performing the free adjustment that implies the Least Squares 

adjustment method, the user has to determine a priori standard deviation for the 

observations to indicate the expected precision of observations. After performing the 

adjustment, a posteriori standard deviation will be computed. Chai-square statistical 

method that divides the posteriori standard deviation by a priori standard deviation is 

usually applied to find the relation between the assumed and the calculated standard 

deviation. The result should be, or close, to 1. If the resulted value is more than one, it 

indicates that the precision of the observations was not as high as we expected. On the 

contrary, if the resulted value is less than one, it indicates that the precision of observations 

was higher than what we expected. If the result of the Chai-square test is not 1 or close to 1, 

it is an indication that something is wrong with the observations due to mistakes, systematic 

errors or the precision of observations are not at the expected level (Dawod, 2012). 

 

Usually, in GNSS processing software, the statistics of this test is given as pass or fail. In Leica 

Geo Office this result is shown as the F-test (Uznanski, 2008). In case the test failed, it is 

recommended to check the observations for any blunders or systematics errors and remove 

them. Finally, if none of the mentioned factors solve the problem, to change the assumed 

standard deviation until the test passes. 

 

The reliability of any GNSS network is perceived as the ability of the network to detect 

mistakes and outliers in observations, and it can be classified into internal and external 

reliability; internal reliability can be understood as the smallest error that can be detected 

by statistical tests. Usually the bigger the internal reliability value, less reliable is the 
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network. Internal reliability is also expressed in terms of redundancy, the bigger the 

redundancy value indicates higher reliability (i.e. strongly checked observations). On the 

other hand, external reliability is used to check the influence of the undetected errors in the 

observations on the adjusted coordinates. It is preferable that the external reliability should 

be identical for all observations (Geogroep, 2011; Uznanaski, 2008).  

 

In LGO, the internal reliability is illustrated as Minimum Detectable Bias (MDB), the 

redundancy is shown in percentage, and external reliability as Bias to Noise Ratio (BNR). For 

example; let us suppose that the values of analyses are as follow: (MDB value= 0.03), 

(redundancy= 90%), and (BNR=9.5). The MDB value indicates that any error (outlier) bigger 

than (0.03) will be detected, the redundancy value indicates that 90% of the observations 

were checked, and the BNR value of (9.5) indicates that the influence of the error of (0.03) 

on any coordinate in the network is less than (9.5 * a-posteriori standard deviation).  

 

Three statistical tests are performed in LGO post-processing; F-test, W-test, and T-test.  The 

F-test is a general test for checking for possible blunders.  W-test is the one-dimensional test 

that has a direct relation with F-test, sometimes the failing of F-test is just due to one 

observation that is why it is always recommended to apply the W-test after acceptance or 

rejection of F-test. Finally, T-test is a statistical test that takes the 2 or 3 dimensional 

components in the analyses , it is important to perform this test because in GNSS baselines, 

for example, it is not enough to test difference in easting, northing, or elevation alone but 

the baseline has to be checked as a whole (Geogroep, 2011). The statistics shall be checked, 

firstly, by using all observations to detect any possible outliers, then the observation with 

the outlier must be removed and the adjustment has to be repeated again. This process is 

continued until all the outliers are totally removed from the network (Dawod, 2012). 

 

The passing or failing of the W-test and T-test depends on the critical value assigned by the 

user. The selection of critical value has direct relation with the significant level value. 

Regarding W-test, in geodesy, the significance values of 0.001 to 0.05 are usually chosen, 

but it all based on how strict we want to perform the test. A significant value of (0.001) 

indicates one false rejection in 1000 observations has proven to be a practical choice in 

geodesy. On the other hand, T-test has its own significant values for 2 and 3 dimensions and 
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has a direct relation with W-test and F-test as well (Geogroep, 2011). Table (1) 

demonstrates the significance and critical values in W-Test, and table (2) and (3) showing 

the significant values and the critical values for T-test in 2 and 3 Dimensions. 

 

Table 1. Significance level and Critical Value of W-Test 

Significance Level 0.001 0.01 0.05

Critical Value 3.29 2.58 1.96             

 

Table 2. Significance level and Critical Value of 2D T-Test 

Significance Level 0.001 0.01 0.05

Significance Level (2D) 0.003 0.022 0.089

Critical Value 5.91 3.81 2.42  

 

Table 3. Significance level and Critical Value of 3D T-Test 

Significance Level 0.001 0.01 0.05

Significance Level (3D) 0.005 0.037 0.129

Critical Value 4.24 2.83 1.89  
 

Checking the statistical results will help to get a robust network before performing the final 

adjustment. It is essential to analyze the free adjustment network components carefully and 

remove any type of blunders or outliers detected by these tests. This step has to be 

repeated until all outliers are removed from the network. After this step, a constrained 

adjustment is performed by repeating the same procedure, the only difference with free 

network adjustment is fixing one of the control points in the network. Finally, when 

constrained adjustment is performed, an adjusted and reliable network is achieved. 
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3 Data collection and processing 

 Local network 3.1

To conduct the study, a geodetic network with five control points was established at the 

Gävleborg region in Sweden, specifically at the Gävle-Sandviken airport. Figure (4) shows 

the approximate location of the local network. 

 

 

Figure 4.Study area (left image) and control points in the local network (right image) (GSD-Ortofoto 1m© 
Lantmäteriet) 

 

The data of this study was gathered in 23rd and 24th of May 2018 by a group of researchers 

at the University of Gävle, Sweden. Five GNSS receivers were used for conducting the study; 

the receivers were fixed on the five concrete pillars in Gävle airport that were already 

established by the Swedish Mapping, Cadastral and land registration authority 

(Lantmäteriet). 
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 GNSS data collection 3.2

 

To execute the study, observations were taken on five GNSS receivers at three different 

epochs (Table 4). Three of receivers were left without displacement throughout the study, 

and two were displaced at their initial locations by a certain amount at each epoch. 

Deformation monitoring is a sensitive topic, and precision and accuracy are the main 

concerns, due to that, concrete pillars were used to play the role of control points. Using 

concrete pillars will ensure that the observations are reliable because there will be no 

deviation or movement of the receivers from their initial locations unless otherwise have 

been moved intentionally by the user. Wind speed and other weather conditions would 

have a minimum effect on the observations.  Five GNSS receivers of type (Leica GS 14) were 

fixed firmly on the top of each of the five concrete pillars by using tribrachs of the Leica GS 

14 instrument. To detect the movement, two of the five receivers (CP3 and CP4) were fixed 

on the pillars by using an adjustable tribrach (having a translation stage) that allows the user 

to move the receivers in easting and northing directions without removing it from the top of 

a pillar (Figures 9 & 10). Having a scale bar attached to this translation stage, the shifted 

amount could be accurately measured.  

 
The main aim of this study is to check how accurate the displacements can be detected 

using different parameters and scenarios. At the time that receivers at (CP3 and CP4) are 

displaced from their initial locations the other three receivers at points (CP1, CP2, and CP5) 

were kept at their initial location without displacing and without interrupting the 

observations.   

Table 4. Observation times at each control point 

Date Time Duration Date Time Duration Date Time Duration

Start 23/5/2018 10:49:43 23/5/2018 16:55:43 24/5/2018 9:29:43

End 24/5/2018 16:29:43 24/5/2018 8:29:43 24/5/2018 13:35:43

Start 23/5/2018 11:20:43 23/5/2018 16:55:43 24/5/2018 9:30:13

End 24/5/2018 16:29:43 24/5/2018 8:29:43 24/5/2018 13:35:43

Start 23/5/2018

End 24/5/2018

Start 23/5/2018

End 24/5/2018

Start 23/5/2018

End 24/5/2018
Duration= 31h 37m

CP

CP3 5h 40min 15h 34m 0s

Epoch 3

CP4

CP1

CP2

CP5

5h 9min

17:03:13

9:43:43

17:20:43

17:13:13

8:32:13

Duration= 32h 1m

Duration= 32h 31m

15h 34m 0s

Epoch 2Epoch 1

4h 6m 0s

4h 5m 30s

9:12:13
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In order to collect the data for this study, following tools were used at each control point: 

 

At CP1, the tools used for making data collection are shown in table (5). Figure (5) shows the 

tools in CP1 and the location CP1 with respect to the network. 

                                                                       Table 5. Tools for CP1 

 

 

 

 

 

 
Figure 5. Control Point no. 1 (CP1) in Gävle Airport.        

 

 
 
 
 

 

198 mm 

Tools Serial No/Type/Remarks

Receiver GS14  2811784   HiG 1

Tribrach 667307

Adapter for antenna GAD31 Leica  667217

Antenna Height from top of Pilar 198 mm

Antenna Oriented toward north Yes
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At CP2, the tools used for making data collection are shown in table (6). Figure (6) shows the 

tools in CP2 and the location CP2 with respect to the network. 

 
 
 

                                                                          Table 6. Tools for CP2 

Tools Serial No/Type/Remarks

Receiver GS14  2811767   HiG 2

Tribrach 667307

Adapter for antenna GAD31 Leica  667217

Antenna Height from top of Pillar 200  mm

Antenna Oriented toward north Yes  
 

 
 

 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 
 
 
 
 
                           

 
                                                                   

Figure 6. Control Point no. 2 (CP2) in Gävle Airport 
 

200 mm 
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At CP3, the tools used for making data collection are shown in table (7). Figure (7) shows the 

tools in CP3 and the location CP with respect to the network. 

 
 

 
                                                                 Table 7. Tools for CP3 

Tools Serial No/Type/Remarks

Receiver GS14  2811763   HiG 6

Tribrach+Translation stage Geodimeter Black + HiG's Translation stage

Adapter for antenna Geodimeter Black

Antenna Height from top of Pilar 236 mm

Antenna Oriented toward north Yes both Antenna and translation stage  
 

 
 
 

 
Figure 7. Control Point no. 3 (CP3) in Gävle Airport 

 

 

 
 

 

236 mm 

236 mm 

236mm 
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At CP4, the tools used for making data collection are shown in table (8). Figure (8) shows the 

tools in CP3 and the location CP with respect to the network. 

 
 
 

 
                                                              Table 8. Tools for CP4 

Tools Serial No/Type/Remarks

Receiver GS14  2811777   HiG 3

Tribrach+Translation stage Geodimeter Orange + KTH's Translation stage

Adapter for antenna Geodimeter Orange

Antenna Height from top of Pillar 240 mm

Antenna Oriented toward north Yes both Antenna and translation stage  
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
Figure 8. Control Point no. 4 (CP4) in Gävle Airport 

 

240 mm 
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At CP5, the tools used for making data collection are shown in table (9). Figure (9) shows the 

tools in CP3 and the location CP with respect to the network. 

 
 

                                                            Table 9. Tools for CP5 

Tools Serial No/Type/Remarks

Receiver GS14  2811780   HiG 5

Tribrach 667307

Adapter for antenna GAD31 Leica  667217

Antenna Height from top of Pilar 200 mm

Antenna Oriented toward north Yes  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
                            
 

 
Figure 9. Control Point no. 5 (CP5) in Gävle Airport 

 

 

200 mm 
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 Data processsing  3.3

 

To reach to the aims of this study, three epochs of observations were performed on CP3 and 

CP4, as mentioned previously, at each epoch the receivers were displaced from their initial 

locations by a known amount. Meanwhile, other receivers at points (CP1, CP2, and CP5) 

were kept in their initial locations with continuous observation during all three epochs 

without interruption. The actual amount of displacements in Easting and Northing directions 

at each point are recorded (Table 10). 

 

Table 10. actual displacement at CP3 and CP4  

Easting(mm) Northing(mm) Easting(mm) Northing(mm)

Epoch 1 20 10 10 35

Epoch 2 -8 15 8 4

Epoch 3 -8 15 7 6

CP3 CP4

 

 

The 2D displacement is computed for each epoch by implying a simple mathematical 

formula (Eq. 4). 

 

 

Where; 

 

D = actual displacement and i denotes on the epoch number 

Ei+1 is the easting of the point after displacement 

Ei is the Easting of the point before displacement 

Ni+1 is the Northing of the point after displacement 

Ni is Northing of the point before displacement 

Table (11) shows the actual 2D displacement at CP3 and CP4 

 

 2 2

1 1( ) ( )i i i iD E E N N      (4)  
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Table 11. Actual 2D displacements (in mill imeters) at points CP3 and CP4  

Epoch1 & Epoch2 Epoch2 & Epoch3 Epoch1 & Epoch3

CP3 17.0 17.0 34.0

CP4 8.9 9.2 18.0

Actual 2D Displacement(mm)
Control Point

 

To perform the analyses, firstly, the observation files from all the stations are imported into 

the LGO post-processing program for analyses. The coordinates of points computed from 

the LGO for each epoch will be used as inputs to calculate the amount of displacement. The 

displacements will be computed between (epoch1 and epoch 2), (epoch2 and epoch3), and 

(epoch1 and epoch3) by using the similar method explained by using Eq. (4).  

 

 At the last step, the actual displacements will be compared to Computed 2D displacement 

(actual 2D displacement – computed 2D displacement) to find the amount of difference. In 

this study, the differences between actual and computed displacements will be based on 

radial distances. The parameters that yield minimum difference will be chosen as the most 

accurate parameters. 

 

3.3.1 Processing parameters and monitoring networks 

 

To evaluate the post-processing parameters for detecting minimum displacements  (first aim 

of this study), following parameters were investigated in LGO: 

 

o Different cut-off-angle of (10, 15, 20 and 25) degrees 

o Precise or/and broadcast ephemeris 

o Different combination of GNSS signal frequencies (only L1, L1 and L2, or L3) 

 

Each of these parameters has different effects on the results, and our task is to find the 

most accurate one. Usually, during post-processing of GNSS data, users tend to use the 

default parameters, but the default parameters might not be the best option, especially 

when accuracy is the main goal as in case of deformation monitoring.  
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The number and type of control points used as references for computing the coordinates of 

monitoring stations have a major effect on the results. Consequently, the computed amount 

of displacement will not be accurate if an efficient number of reference control points are 

not used. For that purpose, alongside different processing parameters, the following types 

of monitoring networks were tested to find which type of network is the best for GNSS 

monitoring that was the second main aim of this study: 

 

o To use a local control point network for post-processing (i.e., CP1, CP2, CP3, 

CP4, and CP5) 

o To use a reference point from the Swedish national GNSS network (SWEPOS) 

and connect it to all points in the local network. 

o Connect a reference point (SWEPOS station) to only CP3 and CP4 at different 

epochs. 

 

After processing of the data, network adjustment was performed for each data set, and the 

results of adjustment and the values of statistical tests were checked for each post-

processing trial. In case the values were not within recommended standards (i.e., the value 

that allow the passing of the tests), changes were made, and outlier observations were 

removed, and post-processing was repeated until the tests were passed. This strategy will 

ensure getting high precision and high accuracy set of observations and consequently 

getting highly reliable results. Table (12) and (13) showing a sample of the results of 

statistical tests in LGO. 

 

Table 12. The values and status of statistical tests in LGO (Source: free network adjustment report from LGO) 

 

Critical value W-test:

Critical value T-test (2-dimensional):

Critical value T-test (3-dimensional):

Critical value F-test:

F-test: 0 (accepted)

1.96

2.42

1.89

1.37

Results based on a-posteriori variance factor  
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Table 13. The values and status of statistical tests in LGO (Source: LGO’s network post-processing report) 

Station Target MDB Red BNR W-Test T-Test

DX MAR.6 P4 0.0004 m 44 3.1 0.28 0.91

DY 0.0003 m 43 3.2 0.3

DZ 0.0007 m 44 3.1 1.23

DX MAR.6 P3 0.0004 m 46 3 -0.28 0.91

DY 0.0003 m 45 3 -0.3

DZ 0.0007 m 45 3 -1.23

DX P3 P4 0.0003 m 18 5.8 -1.11 0.83

DY 0.0002 m 19 5.7 0.95

DZ 0.0005 m 19 5.8 -0.51  

 

3.3.2 Displacement measurement using different online processing services 

 

After this step, the observation files of displaced points (CP3 and CP4) at each epoch were 

processed by using different online post-processing services, the coordinates and amount of 

displacement were computed. The results of this method were compared against each 

other and against coordinates and displacements computed using LGO in the previous step. 

The purpose of this comparison is to further checking the obtained displacements and 

assessing the quality of achieved results.  

 

In this study, four online processing services were used; three of the services use the 

differential approach for finding the coordinates of unknown points and one of the services 

use Precise Point Positioning technique(PPP) for computing the coordinates. The services 

are as follow: 

 SWEPOS’s online post-processing online service, which is a service provided by 

Lantmäteriet (The Swedish mapping, cadastral and land registration authority) 

(http://swepos.lantmateriet.se/). It is a differential processing service that uses the 

stations in the SWEPOS network for computing the coordinates of unknown points. 

  AUSPOS- online processing service that is a free online GPS data processing facility 

provided by Geoscience Australia (http://www.ga.gov.au/bin/gps.pl). This service uses 

IGS stations for determining the coordinates of unknown points. 

http://swepos.lantmateriet.se/
http://www.ga.gov.au/bin/gps.pl
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 TRIMBLE centerpoint RTX post processing service that is also a free differential 

services offered by Trimble company 

(https://www.trimblertx.com/UploadForm.aspx). 

  Canadian Spatial Reference System (CSRS-PPP) that is a free online processing 

service offered by Natural Resources Canada that offers free processing of 

observation data using PPP approach (https://webapp.geod.nrcan.gc.ca/geod/tools-

outils/ppp.php)  

The user has to upload the Rinex files of unknown points collected at the field to each 

service; the results will be send back as a comprehensive report that contains the computed 

coordinates of unknown points, the reference points (in case of using differential service) 

used for in post processing , and the quality of the computed coordinates. It is worth 

mentioning that in this study the national coordinate system of Sweden (SWEREF 99) was 

used as the main reference system.  However, the online services provide data in various 

global coordinate systems that has to be transformed. In this study two free online services 

were used for transformation of data to SWEREF: 

1) For transforming the data from WGS1984 to UTM, APsalin online website 

(http://www.apsalin.com/convert-geodetic-to-universal-transverse-mercator.aspx) was 

utilised. This website converts the data with a high degree of accuracy in an efficient 

manner (Figure 10).  
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Figure 10. Free online website for converting geodetic coordinates in to UTM 

2) For converting the coordinates from UTM to SWEREF 99, Tool Online free website was 

utilized (https://tool-online.com/en/coordinate-converter.php). Figure (11) shows a caption 

of this website 

 

Figure 11. Online free website for coordinate transformation 

 

 

https://tool-online.com/en/coordinate-converter.php
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3.3.3 Effect of observation duration on detected displacement 

 

Observation time has a significant effect on the results obtained by GNSS observations ; in 

the final step of this study, different duration of observations will be applied to the best 

scenario obtained in the previous steps. The process will start from only 30 minutes of 

observation, then increasing it to 1, 2, 3, and 4 hours of continuous observation at each 

monitoring station. The purpose of this step is to find minimum observation time required 

to reach to the best scenario. Figure 12 illustrates a sample of the process in this step by 

connecting reference point (SWEPOS station) to all monitoring stations. 

 

 

Figure 12. Different observation duration by connecting a reference point (SWEPOS station) to all  monitoring 

points in the local network  
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4 Results 

After testing different post-processing parameters alongside using various types of GNSS 

monitoring networks, it has been clear that there is more than one scenario that yields 

accurate results for deformation monitoring. The accuracy mostly depends on the type of 

GNSS geodetic network and the location of GNSS receivers used for monitoring. In the case 

of using a local network, special parameters must be used because, usually, the baselines 

between control points in the local network are short. On the contrary, in other kinds of 

networks when the reference points are far, some kilometers, away from local network, 

different parameters must be used because the baselines will be long.  It is worth 

mentioning that using Broadcast ephemeris was excluded from the results due to 

unreliability reasons. Finally, for the sake of simplicity, only epoch (1-2) and epoch (1-3) 

were considered since epoch(2-3) is the middle range and computing the first and last 

epoch will reveal any errors present in the middle range. It worth mentioning that the 

ambiguity was fixed for all the observations and manual mode processing was implied in 

LGO. Please see Appendix (1) for a complete set of results using all possibilities.    

 

To demonstrate the results, differences were calculated between the actual and computed 

displacements from the GNSS observations (i.e., actual displacement-computed 

displacements) at CP3 and CP4. After this step, analyses were made to highlight the 

processing parameters that detect displacements errors less than 2mm, and to select most 

accurate  set of parameters that provide minimum error between actual and computed 

displacements. In this stage, different graphs will be used for presenting the results in an 

easy and simple way. Finally, the selected set of parameters will be shown for each type of 

monitoring network. 
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 Processing parameters and monitoring networks 4.1

 

4.1.1 Local Monitoring network 

 

In this type of deformation monitoring network, the observations and analyses were 

performed by using only the monitoring stations located in the study area, i.e. (CP1, CP2, 

CP3, CP4, and CP5) without connecting it to the outside reference point (Figure 13). The 

results are presented in the table (14), which illustrates the difference between 2D actual 

displacements and 2D computed displacements at different epochs for CP3 and CP4 by 

using different parameters (different degrees of cut-off-angle and different types of 

frequencies).  

 

Table 14. Difference between actual and computed 2D displacements (in Mill imeters) using precise ephemeris 

in a local network 

Epoch 1-2 Epoch 1-3 Epoch 1-2 Epoch 1-3

10 L1 -0.8 -2.7 0.0 0.8

10 L1 and L2 -0.8 -1.8 -0.1 0.6

10 L3 -2.7 -4.8 1.0 1.5

15 L1 -0.8 -2.1 0.0 0.6

15 L1 and L2 -0.8 -1.8 -0.1 0.6

15 L3 -2.6 -4.8 1.0 1.5

20 L1 -1.1 -1.9 0.1 0.8

20 L1 and L2 -0.4 -1.1 0.0 0.9

20 L3 -3.2 -4.7 1.1 1.8

25 L1 -1.3 -1.7 0.1 0.6

25 L1 and L2 -1.1 -1.4 0.0 0.5

25 L3 -3.9 -4.7 1.3 1.3

FrequencyCut-off-Angle
CP3 CP4
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Figure 13. Baselines between control points in a local network 

From the table (14) it is obvious that the amount of error at CP3 and CP4 are different, so it 

is essential to analyse errors at each point separately. A graphical representation of the 

difference between actual and computed 2D displacements at CP3 using different 

processing parameters can be visualized in figure (14). 

 

Figure 14. Difference between actual 2D and computed 2D displacement at CP3 in mill imeters 
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To select best parameters, it is essential to analyze the amount of error at each type of 

frequencies alongside with Root Mean Square Error (RMSE). Average difference between 

actual and computed 2D displacements calculated for each type of frequency using all cut-

off-angle degrees (10, 15, 20, and 25), then RMSE error were calculated for each scenario 

(Figure 15). The purpose of these analyses is to select best frequency type for this type of 

monitoring network at CP3. 

 

Figure 15. Average difference and RMSE for each type of frequency at CP3 

As it can be seen from figure (15), the combination of L1 and L2 type of frequency has the 

minimum difference with acceptable RMS error. After selecting type of frequency, next step 

is to select the cut-off-angles that yield minimum difference using L1 and L2 type of 

frequency at CP3 (Figure 16). 

 

Figure 16. Difference between actual and computed 2D displacement at CP3 (mm) using L1 and L2 frequency 
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It is obvious that more than one cut-off-angle degree yield accurate results in L1 and L2 type 

of frequency at CP3. The cut-off-angle of 20 - degrees can be used for detecting 

displacements less than 2mm. A graphical representation of the difference between actual 

and computed 2D displacements at CP4 using different processing parameters can be 

visualized in figure (17). 

 

Figure 17.  Difference between actual and computed 2D displacement at CP4 in mill imeters   

In next step, average difference between actual and computed 2D displacements were 

calculated for each type of frequency using all cut-off-angle degrees (10, 15, 20, and 25), 

then RMSE error were calculated for each scenario (Figure 18). The purpose of these 

analyses is to select best frequency type for this type of monitoring network at CP4. 

 

Figure 18. Average difference and RMSE for each type of frequency at CP4 
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Same as in CP3, the combination of L1 and L2 type of frequency has the minimum difference 

with acceptable RMS error. After selecting type of frequency, next step is to select the 

elevation cut-off-angles that yield minimum amount of error using L1 and L2 type of 

frequency at CP3 (Figure 19). 

 

Figure 19. Difference between actual and computed 2D displacement at CP4 (mm) using L1 and L2 frequency 

 

It is obvious from figure (19) that all elevation cut-off-angle values yield accurate results in 

detecting displacements less than 2mm in this type of frequency at CP4.  

Depending on the results of analyses, L1 and L2 type of frequency is the most accurate 

choice in the local monitoring network. Regarding cut-off-angle degree, it was obvious from 

the analyses at CP3 and CP4 that more than one option that can be used to detect 

displacements less than 2mm, but 15-degrees was common in both points with accurate 

results so it was chosen as the cut-off-angle degree for this type of monitoring network. 

Table (15) illustrates best parameters in this type of monitoring network depending on the 

analyses from both CP3 and CP4. 

 

Table 15. Best set of parameter in a local monitoring network depending on results at CP3 and CP4  

cut-off-angle(degree) Frequency Ephemeris

15, 20, 25 L1 and L2 Precise  
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4.1.2 Connecting a reference point (SWEPOS station) to all monitoring 

stations  

 

In this type of GNSS monitoring network, the observations and analyses are done by 

connecting one reference point (permanent station) from SWEPOS, which was Mårtsbo 

(MAR.6) reference point to all monitoring stations in the local network (Figure 20). This 

reference point is approximately (16.7) km away from the monitoring network and 

observation was obtained for (48h) without interruption during 23rd and 24th of May 2018. 

Table (16) illustrates the difference between 2D actual displacements and 2D computed 

displacements at different epochs for CP3 and CP4 by using different parameters (different 

degrees of cut-of-angle and different types of frequencies).  

 

Figure 20. Baselines between control points by connecting one reference point (permanent station) to all  

monitoring points in a local network 
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Table 16. Difference between actual and computed 2D displacements (in Mill imeters) using precise ephemeris  

by connecting MAR.6 to all  stations in local monitoring network 
 

Epoch 1-2 Epoch 1-3 Epoch 1-2 Epoch 1-3

10 L1 0.4 1.3 -0.6 -1.6

10 L1 and L2 2.2 2.3 -4.5 0.6

10 L3 -0.7 -0.7 0.0 -1.6

15 L1 2.0 1.2 -3.7 -1.3

15 L1 and L2 2.7 2.2 -5.4 0.9

15 L3 -0.7 -0.6 0.0 -1.5

20 L1 1.6 0.6 -4.4 0.4

20 L1 and L2 1.2 0.5 -2.8 0.4

20 L3 -1.1 -0.8 0.2 -1.5

25 L1 -0.9 1.4 0.2 0.2

25 L1 and L2 0.9 0.5 -2.4 0.4

25 L3 -1.1 -0.8 0.2 -1.5

FrequencyCut-off-Angle
CP4CP3

 

By analyzing results in the table (16) it is obvious that the difference between actual and 

computed displacements (amount of error) at CP3 and CP4 are different, so it is essential to 

analyse errors at each point separately. A graphical representation of the amount of the 

difference between actual and computed 2D displacements at CP3 using different 

processing parameters can be visualized in figure (21). 

 

Figure 21. Difference between actual and computed 2D displacement at CP3 in mill imeters   
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Average differences were calculated for each type of frequency using all cut-off-angle 

degrees (10, 15, 20, and 25), then RMSE error were calculated for each scenario (Figure 22). 

The purpose of these analyses is to select best frequency type for this type of monitoring 

network at CP3. 

 

Figure 22. Average difference and RMSE for each type of frequency at CP4 

 

As it can be seen from figure (23), L3 type of frequency has the minimum difference with 

acceptable RMS error. After selecting type of frequency, next step is to select the cut-off-

angles that yield minimum amount of error using L3 type of frequency at CP3 (Figure 23). 

 

Figure 23. Difference between actual and computed 2D displacement at CP3 (mm) using L3 frequency 
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At CP3, L3 type of frequency and 15-degrees cut-off-angle are the most accurate parameters 

in this type of monitoring network. A graphical representation of the difference between 

actual and computed 2D displacements at CP4 using different processing parameters can be 

visualized in figure (24). 

 

Figure 24. Difference between actual and computed 2D displacement at CP4 in mill imeters 

 

Average differences between actual and computed 2 displacements  were calculated for 

each type of frequency using different cut-off-angle degrees (10, 15, 20, and 25), then RMSE 

errors were calculated for each scenario (Figure 25). The purpose of these analyses is to 

select best frequency type for this type of monitoring network at CP4. 

  

Figure 25. Average difference and RMSE for each type of frequency at CP4 
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As it can be seen from figure (25), L3 type of frequency has the minimum amount of error 

with acceptable RMS error. After selecting this type of frequency, next step is to select the 

cut-off-angles that yield minimum amount of error using L3 type of frequency at CP3 (Figure 

26). 

 

Figure 26. Difference between actual and computed 2D displacement at CP4 (mm) using L3 frequency 

 

At CP4, L3 type of frequency and 15-degrees cut-off-angle are the most accurate parameters 

in this type of monitoring network. 

Depending on the results of analyses, L3 type of frequency is the most accurate choice in 

this type monitoring network. Regarding cut-off-angle degree, it was obvious from the 

analyses at CP3 and CP4 the most accurate was 15-degrees cut of angle that can be used for 

detecting displacements less than 2mm. Table (17) illustrates best parameters in this type of 

monitoring network depending on the analyses from both CP3 and CP4. 

 

Table 17. Best set of parameter in case of connecting a reference point to all  monitoring stations in a local 

network depending on results at CP3 and CP4 

cut-off-angle(degree) Frequency Ephemeris

15 L3 Precise  
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4.1.3 Connecting a reference point (SWEPOS station) to CP3 and CP4 only 

 

In this type of GNSS monitoring network, the analyses were done by connecting one 

reference point (permanent station) from SWEPOS network that was (MAR.6) station to CP3 

and CP4 only (Figure 27). The results are presented table (18), which shows the amount of 

error between actual 2D displacements and computed 2D displacements at different epochs 

using various parameters. 

 

 

Figure 27. Baselines between control points by connecting one reference point to CP3 and CP4 only 

 

 

 

Table 18. Difference between actual and computed 2D displacements (In Mill imetres) using precise ephemeris  

by connecting (MAR6) to CP3 and CP4 only 

Epoch 1-2 Epoch 1-3 Epoch 1-2 Epoch 1-3

10 L1 1.8 0.4 -3.2 -1.8

10 L1 and L2 2.4 0.7 -4.2 -1.6

10 L3 2.0 0.5 -0.8 0.5

15 L1 2.4 0.4 -3.5 -0.5

15 L1 and L2 3.1 0.6 -4.4 -1.2

15 L3 0.9 0.6 -0.8 0.5

20 L1 1.7 -0.8 -2.2 -1.1

20 L1 and L2 1.8 -1.5 -2.9 -2.1

20 L3 1.1 0.5 0.1 1.3

25 L1 1.5 -0.4 -2.3 -1.6

25 L1 and L2 1.6 -1.1 -3.1 -2.1

25 L3 0.9 1.5 0.5 -0.4

Cut-off-Angle Frequency
CP3 CP4
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It is clear from table (14) that the amount of error at CP3 and CP4 are different, so it is 

essential to analyse errors at each point separately. A graphical representation of the 

difference between actual and computed 2D displacements at CP3 using different 

processing parameters can be visualized in figure (28). 

  

 

Figure 28. Difference between actual and computed 2D displacement at CP3 in mill imeters 

Average differences were calculated for each type of frequency using different cut-off-angle 

degrees (10, 15, 20, and 25), then RMSE error were calculated for each scenario (Figure 29). 

The purpose of these analyses is to select best frequency type for this type of monitoring 

network at CP3. 

 

Figure 29. Average difference and RMSE for each type of frequency at CP4 
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As it can be seen from figure (29), L3 type of frequency has the minimum difference with 

acceptable RMS error. After selecting this type of frequency, next step is to select the cut-

off-angles that yield minimum amount of error using L3 type of frequency at CP3 (Figure 

30). 

 

Figure 30. Difference between actual and computed 2D displacement at CP3 in mill imeters using L3 frequency 

 

At CP3, L3 type of frequency and 15 degrees cut-off-angle are the most accurate parameters 

in this type of monitoring network. A graphical representation of the amount of error 

between actual and computed 2D displacements at CP3 using different processing 

parameters can be visualized in figure (31). 

 

Figure 31. Difference between actual and computed 2D displacements at CP4 
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In this step, average differences were calculated for each type of frequency using different 

cut-off-angle degrees (10, 15, 20, and 25), then RMSE error were calculated for each 

scenario (Figure 32). The purpose of these analyses is to select best frequency type for this 

type of monitoring network at CP4. 

 

Figure 32. Average difference and RMSE for each type of frequency at CP4 

 

As it can be seen from figure (32), L3 type of frequency has the minimum amount of error 

with acceptable RMS error. After selecting this type of frequency, next step is to select the 

cut-off-angles that yield minimum amount of error using L3 type of frequency at CP3 (Figure 

33). 

 

Figure 33. Difference between actual and computed 2D displacements at CP4using L3 frequency 
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At CP4, cut-off-angle 25-degree was the best option but 15-degree was the second best in 

this type of monitoring network.  

Depending on the results of analyses, L3 type of frequency is the most accurate choice in 

this type monitoring network. Regarding cut-off-angle degree, it was obvious from the 

analyses at CP3 that the best option was 15-degrees. However, in CP4, 25 and 15 were the 

best options. Since 15-degrees were common for both CP3 and CP4 so it was chosen as the 

cut-off-angle degree for this type of monitoring network. Table (19) shows the chosen best 

parameters for this type of monitoring network depending on results at CP3 and CP4. 

 

Table 19. Best set of parameters in case of connecting a reference point to only two monitoring stations in the 

local network depending on results at CP3 and CP4 

cut-off-angle(degree) Frequency Ephemeris

15 & 25 L3 Precise  

 Displacement measurement using different online processing 4.2

services 

 

In this study, four different online processing services were utilized for processing of GNSS 

data; SWEPOS, AUSPOS, Trimble RTX, and CSRS-PPP.  The accuracy of each service depends 

on several factors such as observation duration, number of reference points used for 

processing and so forth. The aim of this step is to check the possibility of using online 

processing services in deformation monitoring applications, and to compare the results 

obtained by LGO in previous steps.  

In this step, the actual and computed values of delta easting, delta northing, in addition to 

radial displacements, are also analysed between epoch (1 and 2) and (1 and 3) for CP3 and 

CP4. Analysing and showing delta easting and delta northing provide a better representation 

of the differences between actual and computed displacements. Moreover, the differences 

between actual and computed (delta E), (delta N), and (radials) are shown both using a table 

and a graph. Finally, the qualities of data of each online processing service are presented in 

a separate table. A complete sample report from each online source for CP3 is provided in 

appendix 3. 
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4.2.1 SWEPOS online service 

 

Table 20. Computed and actual values of easting, northing, and radial displacements between epoch (1 and 2) 

and (1 and 3) (mm) using SWEPOS online service 

Delta E Delta N radial disp. Delta E Delta N radial disp.

CP3 9.0 14.0 16.6 8.0 15.0 17.0

CP4 3.0 -6.0 6.7 8.0 -4.0 8.9

CP3 24.0 24.0 33.9 16.0 30.0 34.0

CP4 11.0 9.0 14.2 15.0 -10.0 18.0

actual

 1 to 2

1 to 3

epoch point
computed

 

Table 21. Difference between actual and computed Delta E, Delta N, and radials  by using SWEPOS online 

service  

epoch Point Delta E Delta N radials

CP3 -1.0 1.0 0.4

CP4 5.0 2.0 2.2

CP3 -8.0 6.0 0.1

CP4 4.0 -19.0 3.8

 1 to 2

 1 to 3
 

 

 

Figure 34. Difference between actual and computed Delta E, Delta N, and radials  (mm) by using SWEPOS 

online service 

According to the report from SWEPOS online service, with observation time of at least 2 

hours a mean error of 1cm in plan is expected. It is important to mention that the 

observation time of epoch 1, 2, and 3 were about 5 hours, 15 hours, and 4 hours 

respectively, so there is difference between the results of epoch 1-2 (better results) and 

epoch 1-3. The expected RMS in using SWEPOS’s multi-station solution is less than 3mm 

(Ivarsson, 2007). 
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4.2.2 AUSPOS 

 

Table 22. Computed and actual values of easting, northing, and radial displacements between epoch (1 and 2) 

and (1 and 3) (mm) using AUSPOS 

Delta E Delta N radial disp. Delta E Delta N radial disp.

CP3 12.0 15.0 19.2 8.0 15.0 17.0

CP4 10.0 -7.0 12.2 8.0 -4.0 8.9

CP3 21.0 19.0 28.3 16.0 30.0 34.0

CP4 13.0 13.0 18.4 15.0 -10.0 18.0

actual

 1 to 2

1 to 3

epoch point
computed

 

 

Table 23. Difference between actual and computed Delta E, Delta N, and radials by using AUSPOS  

epoch Point Delta E Delta N radials

CP3 -4.0 0.0 -2.2

CP4 -2.0 3.0 -3.3

CP3 -5.0 11.0 5.7

CP4 2.0 -23.0 -0.4

 1 to 2

 1 to 3
 

 

 

Figure 35. Difference between actual and computed Delta E, Delta N, and radials  (mm) by using AUSPOS 

 

Table 24. The quality of coordinates processed by AUSPOS (Source: AUSPOS report) 

Epoch Station Longitude (mm) Latitude (mm) Height(mm)

CP3 6.0 8.0 20.0

CP4 7.0 8.0 21.0

CP3 4.0 4.0 11.0

CP4 4.0 4.0 11.0

CP3 8.0 9.0 24.0

CP4 8.0 10.0 25.0
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4.2.3 Trimble RTX 

 

Table 25. Computed and actual values of easting, northing, and radial displacements between epoch (1 and 2) 

and (1 and 3) (mm) using Trimble RTX 

Delta E Delta N radial disp. Delta E Delta N radial disp.

CP3 -10.0 -12.0 15.6 8.0 15.0 17.0

CP4 11.0 -11.0 15.6 8.0 -4.0 8.9

CP3 -21.0 -34.0 40.0 16.0 30.0 34.0

CP4 17.0 17.0 24.0 15.0 -10.0 18.0

actual

 1 to 2

1 to 3

epoch point
computed

 

 

Table 26. Difference between actual and computed Delta E, Delta N, and radials by using Trimble RTX  

epoch Point Delta E Delta N radials

CP3 18.0 27.0 1.4

CP4 -3.0 7.0 -6.6

CP3 37.0 64.0 -6.0

CP4 -2.0 -27.0 -6.0

 1 to 2

 1 to 3
 

 

 

Figure 36. Difference between actual and computed Delta E, Delta N, and radials  (mm) by using Trimble RTX 

 

Table 27. The quality of coordinates processed by Trimble RTX (Source: Trimble RTX report) 

Epoch Station Longitude (mm) Latitude(mm) Height(mm)

CP3 9.0 13.0 19.0

CP4 9.0 15.0 20.0

CP3 4.0 8.0 12.0

CP4 4.0 8.0 12.0

CP3 12.0 13.0 20.0

CP4 12.0 13.0 20.0
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4.2.4 CSRS-PPP 

 

Table 28. Computed and actual values of easting, northing, and radial displacements between epoch (1 and 2) 

and (1 and 3) (mm) using CSRS-PPP 

 

 

 

 

 

Table 29. Difference between actual and computed Delta E, Delta N, and radials by using CSRS-PPP  

epoch Point Delta E Delta N radials

CP3 18.0 27.0 1.4

CP4 -3.0 7.0 -6.6

CP3 37.0 64.0 -6.0

CP4 -2.0 -27.0 -6.0

 1 to 2

 1 to 3
 

 

 

Figure 37. Difference between actual and computed Delta E, Delta N, and radials  (mm) by using SWEPOS 

online service 

 

Table 30. The quality of coordinates processed by CSRS - PPP (Source: CSRS-PPP report) 

Epoch Station Longitude (mm) Latitude (mm) Height (mm)

CP3 13.0 14.0 33.0

CP4 13.0 16.0 36.0

CP3 6.0 9.0 20.0

CP4 6.0 9.0 20.0

CP3 18.0 15.0 39.0

CP4 18.0 15.0 39.0
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As it can be noticed from the results, online processing services are capable of processing 

the data with a high level reliability. The results from different services are roughly close to 

each other. However, SWEPOS’s  online service results show more accurate results than 

other services. Figure (38) and (39) show the graphical representation of the differences 

between actual and computed radial displacements  at CP3 and CP4 using different online 

processing services. 

 

Figure 38. Difference between actual and computed 2D displacements in radials (mm) at CP3 and CP4 using 

different online processing services  between epoch 1 and 2 

 

 

Figure 39. Difference between actual and computed 2D displacements in radials (mm) at CP3 and CP4 using 

different online processing services in epoch 1 and 3 

 

By comparing the results from LGO with online processing results, it is obvious that LGO 

results are more reliable. Nevertheless, online processing services provide accurate results 

with high level of reliability. In this study, SWEPOS online processing service results were the 

most accurate service among other online processing services. 
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 Effect of observation duration on detected displacement 4.3

In order to reach to the last aim of this study, the observation period for all the stations 

(monitoring stations and reference stations) were changed at each of three epochs to 

determine minimum observation time required to reach to best results by using most 

accurate parameters. The analyses were made by changing the observation time from 30 

minutes, then increasing it to 1 hour, 2 hours, 3 hours, and up to 4 hours. In this stage, the 

analyses were performed on the two samples of best scenarios obtained in the previous 

steps. The results were as follow: 

 

 Local Monitoring Network 

 

Table 31. Difference between actual and computed 2D displacements (in mill imeters) by using different 

observation durations in a local network 

Epoch 1-2 Epoch 1-3 Epoch 1-2 Epoch 1-3

30 minutes 1.2 3.8 2.3 1.2

1 Hour 1.7 2.6 1.7 0.6

2 Hours 1.3 2.6 0.6 0.5

3 Hours 1.6 2.1 0.8 0.2

4 Hours 2.4 0.2 0.5 0.4

Duration
CP3 CP4

 

 

                       

Figure 40. Difference between actual and Computed 2D displacements at CP3 and CP4 (mm) using different 

observation durations in a local monitoring network 
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 Connecting a reference point (SWEPOS station) to all the points in the local 

monitoring network 

 

Table 32. Difference between actual and computed 2D displacements (in mill imeters) by using different 

observation durations in connecting a reference point (MAR.6) to all  monitoring stations  

Epoch 1-2 Epoch 1-3 Epoch 1-2 Epoch 1-3

30 minutes 3.2 2.1 1.1 8.3

1 Hour 2.0 2.4 0.6 4.6

2 Hours -2.1 -1.6 3.1 0.6

3 Hours -1.4 -2.2 2.5 -0.9

4 Hours 0.7 -1.4 0.9 -1.8

Duration
CP3 CP4

     

 

 

Figure 41. Difference between actual and computed 2D displacements at CP3 and CP4 (mm) using different 

observation durations in connecting reference point (SWEPOS station) to all  monitoring points in local network  

 

As it is obvious from the results, increasing the observation time will increase the accuracy 

of the results. For sensitive deformation monitoring tasks such as detecting displacements 

less than (2) millimeters, at least four hours of observations are required at each monitoring 

station.  
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5 Discussion 

 Processing parameters and monitoring networks 5.1

 

5.1.1 Precise and Broadcast Ephemeris 

As it has been confirmed in previous studies, precise ephemeris tends to be more accurate 

than broadcast ephemeris. The results of this study showed that in deformation monitoring 

using GNSS, one parameter is common for all cases is using precise ephemeris instead of 

broadcast ephemeris. Processing using precise ephemeris is more reliable than broadcast 

ephemeris, results shown that the accuracy is much improved, and the ambiguity is solved 

for all observed points by using precise ephemeris. For long baselines, precise ephemerides 

tend to provide better results than broadcast ephemeris (Yahya & Kamarudin, 2008). In this 

study the maximum distance between the reference points and monitoring stations was 

16.7 km. 

5.1.2 Cut-off-angle  

The elevation cut-off-angle is not a fixed parameter for all types of monitoring networks. In 

case of spreading the monitoring control points on the body of the structure to be 

monitored (Local monitoring network), it is the best to use an elevation cut-off-angle of (15) 

degrees. Nevertheless, the analyses showed that (20 and 25) degrees were also efficient and 

could be used to get accurate results. In case of connecting one reference point to all 

monitoring stations, according to the results of this study, the best cut-off-angle degree was 

15-degrees. In case of connecting one reference point to only two monitoring stations, the 

best options were 15 and 25-degrees. In case of connecting two reference points to two 

monitoring stations the best option was 15-degrees of cut-off-angle. Decreasing the 

elevation Cut-off-angle degree means accepting signals from low elevation satellites; these 

signals travel a longer distance through atmosphere. Thus, these signals are subject to more 

atmospheric, tropospheric, and multipath error effects (Van Sickle, 2015).  
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Nevertheless, the elevation cut-off-angle should not be increased so much because the 

accuracy and repeatability decreases (Al-Shaery et al, 2011). The elevation cut-off-angle that 

yield most accurate results are 15-degrees (Ning & Elgered, 2012; Van Sickle, 2015), 20,30- 

degrees (Yahya & Kamarudin, 2008).  The elevation cut-off-angle also depends on the 

location of the receivers, if the receivers are close to buildings and barriers the cut-off-angle 

has to be increased for minimizing the effects of multipath errors. 

5.1.3 Frequency type 

Different types of frequencies should be used for different types of monitoring networks. In 

case of using only a local network for deformation monitoring, i.e. having short baselines, 

the frequency type that yield the most accurate results with minimum displacement error 

was the combination of L1 and L2 frequency. Utilizing the dual frequency (L1 and L2) in 

short baselines permits correcting major error known as ionospheric delay (El-Rabbany, 

2002). The distance between points is relatively short so L1 and L2 frequency was the best 

option. 

 

In case of connecting a reference point to all monitoring stations in the local network, the 

results of analyses showed that displacements less than 2mm can be detected when 

sufficient observation time is available. It was obvious at both CP3 and CP4 that L3 

frequency yields more accurate results than other types of frequencies. The long baseline 

length between reference and monitoring points causes ionospheric refraction errors to 

affect the quality of results. The effects of ionospheric refraction can be removed by using 

dual-frequency inospheric free (L3) frequency (Hofmann-Wellenhof et al., 2001). This type 

of monitoring network yields more redundant observation in the network, consequently 

more observations are obtained giving the user flexibility of removing inaccurate 

observations. Greater redundancy lead to greater precision in the determination of three-

dimensional positions of given points (Schofield & Breach, 2007).    

 

In the case of connecting a reference point to only two of monitoring stations in the local 

network, results showed that, generally, displacement errors less than 2mm can be 

detected. L3 type frequency was the dominant one in the processing parameters in this type  
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of network when considering analyses at both CP3 and CP4. This is understandable due to 

long baselines between the reference point and monitoring stations. The amount of error of 

this type of network is slightly higher than first two types due to lack of enough redundancy 

in the network, so even inaccurate observations cannot be removed from the network due 

to the limited number of observations. 

 Displacement measurements using different online processing 5.2

services 

The results achieved by processing the data by online processing services are highly reliable 

when sufficient observation time is available. Using online processing services mm to cm 

level of precision can be achieved (El-Mowafy, 2011). Nevertheless, each of the four online 

processing services used for analyses in this study have some limitations. Regarding 

SWEPOS’s online post-processing service, the coordinate system implemented by this 

service is International Terrestrial Reference Frame (ITRF), and to convert it to SWEREF99 

that is the national coordinate system of Sweden, the agency responsible for post-

processing (Lantmäteriet) is using a mathematical model (Helmert transformation) by 

depending on the nearest SWEPOS reference stations. This transformation is not with the 

same accuracy and precision in all cases that is why it is essential to check the analyses 

results carefully before using it for further studies . Please see Appendix (2) that illustrates 

transformation accuracy at each epoch for CP3 and CP4.  

 

It is worth mentioning that the uncertainties in computed positions by online processing 

services are within centimeters (table 24, 27, and 30). Nevertheless, the detected 

differences between actual and computed displacements are accurate up to millimeters 

accuracy (see figure 38 and 39). In this study, observations were limited to GPS only, adding 

GLONASS (and in future Galileo) can potentially provide more accurate and reliable results.  

Moreover, the datum in AUSPOS is ITRF 2008, while for each of CSRS-PPP and Trimble RTX is 

ITRF 2014, so conversion must be implied depending on required coordinate system.  

 

SWEPOS online processing service, AUSPOS, and Trimble RTX imply differential positioning 

technique for calculating the coordinates of unknown points . Online differential services  
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Compute the coordinates by relying on information from nearest International GNSS service 

(IGS) stations (Tariq et al, 2017). The report from AUSPOS shows that 15 IGS stations were 

utilized to derive the coordinates of CP3 and CP4. Closest IGS station was about 16km and 

the farthest one was about 1082 km. shorter baselines increase the quality and reliability of 

the data processed by online services (Isioye et al, 2019). Figure (42) shows a sample of the 

distances between IGS stations and CP3 used by AUSPOS, in addition to the state of 

ambiguity at each baseline. 

 

 

Figure 42. The number and distance of IGS stations used by AUSPOS for computing coordinates of CP (source: 

AUSPOS processing report) 

In this study, the minimum and maximum difference between actual and computed 2D 

displacement using different online processing services were as follow; SWEPOS online 

processing service were (0.4 and 16) mm, AUSPOS (0.4 and 5.7) mm, Trimble RTX (1.4 and 

6.6) mm, and CSRS-PPP (0.7 and 6) mm. According to (Alkan et al, 2016) the amount of error 

by using AUSPOS, Trimble RTX, and CSRS-PPP is 20mm by making four hours of observation. 

Abdel Aziz (2018) calculated the length error obtained for 4 hours of observation, and 

results were for AUSPOS (14) mm, Trimble RTX (19) mm, and the error using CSRS-PPP was 

(21) mm. Furthermore, it has been concluded that the amount of error by making four 

hours of observation utilizing AUSPOS and CSRS-PPP are 15mm and 19mm respectively 
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(Tariq et al, 2017). As it can be noticed, the results in this study confirm previous studies 

conducting using online services. Moreover, the obtained accuracy in this study is higher 

than mentioned researches due to the fact that the baseline between IGS stations and each 

of CP3 and CP4 are relatively shorter and numbers of used reference stations are higher 

compared to highlighted previous studies. In addition to that the duration of observation in 

epoch 1 and epoch 2 were more than 5 hours and 15 hours respectively, which significantly 

increases the accuracy. 

 In this step, in addition to computing radial displacements, the actual and computed delta 

easting and delta northing between for CP3 and CP4 at different epochs were presented. 

This approach shows the difference between computed and actual displacements in a 

better way and more comprehensive manner, and the results tend to be more accurate and 

more reliable than just using radials. Using only radials neglects the differences in easting 

and northing components, the results might not represents the true differences in all cases. 

We recommend implying easting and northing, in addition to radials, for future studies. This 

approach was added to this section due to long baselines between reference points , used by 

online processing services, and monitoring points in the local network.  

It is worth mentioning that the difference between computed and actual displacements  and 

RMSE errors in epoch (1-2) were noticeably smaller than epoch (1-3), and the reason for 

that is duration of observation in epoch (1-2) was more than epoch (1-3). As mentioned 

previously, the observation duration in epoch1 was more than 5 hours and in epoch 2 more 

than 15 hours, whereas the observation in epoch 3 was only 4 hours. Among the four online 

processing services tested in this study, SWEPOS online processing service was the best 

option with minimum errors compared to other services. The reason for that is the 

closeness of the reference points used by SWEPOS to CP3 and CP4 in the local network. In 

online processing services, the duration of observation should be longer than in a local 

network due longer baselines between stations and therefore up to 24 hours of observation 

may be required for sensitive applications. However, for SWEPOS, the baselines are shorter 

and possibly shorter observation durations of 8-12 hours might be enough.  For higher 

reliability of the results, it is also recommended that the observations are repeated in two 

different days.   
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 Effect of observation duration on detected displacement 5.3

 

Finally, tests were performed for finding the minimum observation time required for 

reaching to most accurate results. Two cases were chosen as samples: The (local network), 

(Connecting one reference point to all monitoring stations). The observation time was 

increased from 30 minutes to 1hr, 2hrs, 3hrs, and 4hrs of continuous observation. Generally, 

shorter sessions of time would result in a lower accuracy (Wang, 2013; Hofmann-Wellenhof 

et al., 2001). The results showed that increasing the duration of observation will increase 

the accuracy. It is obvious from the results of analyses that for detecting displacements less 

than 2mm, at least four hours of observation are required. Nevertheless, the observation 

duration must be increased in case the distance between monitoring stations and reference 

stations are more than the ones mentioned in this study.  

 

 Aspects of sustainable development 5.4

 

Deformation monitoring is one of most important and sensitive applications of Surveying 

and engineering. The occurrence of natural hazards such as earthquakes and landslides are 

inevitable, and may have catastrophic effects. However, if proper monitoring systems that 

would detect smallest displacements of land are established in risky zones, the effects are 

significantly reduced. Engineering structures such as buildings, dams, highways and others 

are exposed to changes due to aging or external factors, these changes may put human life 

in dangerous and serious conditions if not monitored continuous ly. This thesis work was an 

attempt to analyze deformation monitoring using GNSS more deeply. Processing 

parameters and different monitoring networks were tested in this study. Moreover, 

analyses were made on processing GNSS data by using online processing services. This study 

has direct relation with sustainability and urban development because it deals with a 

sensitive topic such as deformation monitoring that is essential factor in engineering  and 

sustainable development. 
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6 Conclusions and Future work 

 Conclusions 6.1

Deformation monitoring is one of the most accurate applications of surveying and geodesy. 

The methods and instruments applied for this purpose have changed noticeably over time. 

Technology such GNSS has become widely used in the world and become an efficient 

alternative to conventional methods. The quality of the data obtained by using GNSS in 

monitoring the deformation of natural phenomena and man-made structures is highly 

reliable in terms of accuracy and precision. Nevertheless, the quality of data depends on 

several factors such as processing parameters, type of monitoring network, and the 

duration of observation. The main aim of this study was to evaluate the processing 

parameters that would detect minimum displacement in deformation monitoring using 

GNSS observations for different types of monitoring networks  

 

After processing the GNSS data using LGO software, it was obvious that different set of 

parameters should be used for different types of monitoring networks, and there are more 

than one set of parameters for each type of network that detect displacements less than 

2mm . The results showed that using precise ephemeris yields more accurate results than 

broadcast ephemeris for all the types of monitoring networks. According to results, in case 

of using a local monitoring network, short baselines, a combination of L1 and L2 frequency 

and elevation cut-off-angle of 15-degrees is the best options. In the case of connecting the 

monitoring network to reference point, long baselines, L3 type of frequency and (15) 

degrees of cut-off-angle are the best options. In addition to that, results shown that online 

processing services are powerful tools that can be used for sensitive applications such as 

deformation monitoring when sufficient observation time is available. 

 

Finally, Results of analyses performed on each type of monitoring network showed that by 

increasing the observation time, the accuracy increases, and less time is required when the 

baseline length between the monitoring points and reference points are shorter. Results 

showed that for getting relaible results in deformation monitoring  using GNSS, depending 

on baseline length, at least four hours of continuous observation is required. 
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 Future Work 6.2

This thesis work is a preliminary study and needs more investigation. Firstly, we recommend 

computing the differences between actual and computed displacements based on, in 

addition to using radials, easting and northing components. This approach will provide more 

accurate results in analyzing and detecting differences between actual and computed 

displacements. Secondly, GLONASS satellites can be added as one more processing 

parameter in different epochs of observation at each monitoring station. It is expected that 

the accuracy of displacement detection would increase significantly by adding one more set 

of satellites. Thirdly, we recommend using choke ring antennas for making the observations , 

the effect of multipath error that degrades the quality of signals would be reduced to 

minimum, and consequently improving the quality of observation data used for processing. 

In addition to that, it is the best to make longer observations and in two different days at 

each monitoring station. Finally, we recommend testing the height component at each 

monitoring stations, this would provide a comprehensive (3D) analyses on deformation 

monitoring using GNSS.  
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Appendix 1 
 

Differences between actual and computed 2D displacements for all geodetic networks 

scenarios: 

 Local Monitoring Network  

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.0 8.9 19.9 7.4 4.8 12.2

ΔN(mm) 14.0 16.8 30.8 -5.0 -6.9 12.2

2D (Computed disp.)(mm) 17.8 19.0 36.7 8.9 8.4 17.3
2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.8 -2.0 -2.7 0.0 0.8 0.8

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.5 8.9 19.4 7.2 4.8 12.0

ΔN(mm) 13.5 16.8 30.3 -5.1 -6.9 12.0

2D (Computed disp.)(mm) 17.1 19.0 36.0 8.8 8.4 17.0

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.1 -2.0 -2.0 0.1 0.8 1.1

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.0 9.0 20.0 6.6 5.1 11.7

ΔN(mm) 16.3 17.0 33.3 -4.4 -6.7 11.7

2D (Computed disp.)(mm) 19.7 19.2 38.8 7.9 8.4 16.5

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -2.7 -2.2 -4.8 1.0 0.8 1.5

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.8 9.1 19.9 6.6 5.1 11.7

ΔN(mm) 16.0 17.0 33.0 -4.7 -6.7 11.7

2D (Computed disp.)(mm) 19.3 19.3 38.5 8.1 8.4 16.5

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -2.3 -2.3 -4.5 0.8 0.8 1.5

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.8 9.0 19.8 7.6 4.7 12.3

ΔN(mm) 14.1 15.7 29.8 -4.9 -7.8 12.3

2D (Computed disp.)(mm) 17.8 18.1 35.8 9.0 9.1 17.4

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.8 -1.1 -1.8 -0.1 0.1 0.6

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.5 9.0 19.5 7.5 4.7 12.2

ΔN(mm) 13.4 15.8 29.2 -5.0 -7.8 12.2

2D (Computed disp.)(mm) 17.0 18.2 35.1 9.0 9.1 17.3

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 0.0 -1.2 -1.1 -0.1 0.1 0.8

L1- Cut of Angle 

10 deg -

(Precise)

L1-Cut of Angle 

10 deg-                   

( Broadcast)

L3 -Cut of Angle 

10 deg - 

(Precise)

L3 - Cut of 

Angle 10 deg -

(Broadcast)

L1 and L2 - Cut 

of Angle 10 deg- 

(Precise) 

L1 and L2-Cut of 

Angle 10 deg -    

( Broadcast)

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP4CP3
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Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.0 9.0 20.0 7.4 4.8 12.2

ΔN(mm) 14.0 16.0 30.0 -5.0 -7.6 -12.6

2D (Computed disp.)(mm) 17.8 18.4 36.1 8.9 9.0 17.5
2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.2

 (Actual Disp.-Computed Disp.)(mm) -0.8 -1.4 -2.1 0.0 0.2 0.6

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.5 9.0 19.5 7.2 4.8 12.0

ΔN(mm) 13.5 16.0 29.5 -5.1 -7.6 -12.7

2D (Computed disp.)(mm) 17.1 18.4 35.4 8.8 9.0 17.5

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.2

 (Actual Disp.-Computed Disp.)(mm) -0.1 -1.4 -1.4 0.1 0.2 0.7

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.9 9.1 20.0 6.6 5.1 11.7

ΔN(mm) 16.3 17.0 33.3 -4.4 -6.7 11.7

2D (Computed disp.)(mm) 19.6 19.3 38.8 7.9 8.4 16.5

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -2.6 -2.3 -4.8 1.0 0.8 1.5

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.8 9.1 19.9 6.5 5.1 11.6

ΔN(mm) 16.0 17.0 33.0 -4.7 -6.7 11.6

2D (Computed disp.)(mm) 19.3 19.3 38.5 8.0 8.4 16.4

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -2.3 -2.3 -4.5 0.9 0.8 1.6

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.8 9.0 19.8 7.6 4.7 12.3

ΔN(mm) 14.1 15.7 29.8 -4.9 -7.8 12.3

2D (Computed disp.)(mm) 17.8 18.1 35.8 9.0 9.1 17.4

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.8 -1.1 -1.8 -0.1 0.1 0.6

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.5 9.0 19.5 7.5 4.7 12.2

ΔN(mm) 13.4 15.8 29.2 -5.0 -7.8 12.2

2D (Computed disp.)(mm) 17.0 18.2 35.1 9.0 9.1 17.3

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 0.0 -1.2 -1.1 -0.1 0.1 0.8

L1- Cut of 

Angle 15 deg -

(Precise)

L1 and L2-Cut 

of Angle 15 deg 

-    ( Broadcast)

L1 and L2 - Cut 

of Angle 15 deg- 

(Precise) 

L3 - Cut of 

Angle 15 deg -

(Broadcast)

L3 -Cut of 

Angle 15 deg - 

(Precise)

L1-Cut of Angle 

15deg-                   

( Broadcast)

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP4CP3
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Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.0 9.0 20.0 7.4 4.8 12.2

ΔN(mm) 14.4 15.4 29.8 -4.9 -7.7 12.2

2D (Computed disp.)(mm) 18.1 17.8 35.9 8.9 9.1 17.3
2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -1.1 -0.8 -1.9 0.1 0.1 0.8

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.6 9.0 19.6 7.3 4.8 12.1

ΔN(mm) 13.8 15.5 29.3 -5.1 -7.7 12.1

2D (Computed disp.)(mm) 17.4 17.9 35.3 8.9 9.1 17.1

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.4 -0.9 -1.3 0.0 0.1 0.9

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.9 8.8 19.7 6.5 5.0 11.5

ΔN(mm) 17.0 16.3 33.3 -4.4 -6.9 11.5

2D (Computed disp.)(mm) 20.2 18.5 38.7 7.8 8.5 16.3

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -3.2 -1.5 -4.7 1.1 0.7 1.8

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.9 8.9 19.8 6.6 5.0 11.6

ΔN(mm) 16.9 16.3 33.2 -4.3 -6.9 11.6

2D (Computed disp.)(mm) 20.1 18.6 38.7 7.9 8.5 16.4

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -3.1 -1.6 -4.7 1.1 0.7 1.6

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.5 9.1 19.6 7.3 4.8 12.1

ΔN(mm) 13.9 15.2 29.1 -5.1 -8.0 12.1

2D (Computed disp.)(mm) 17.4 17.7 35.1 8.9 9.3 17.1

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.4 -0.7 -1.1 0.0 -0.1 0.9

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.4 9.1 19.5 7.4 4.8 12.2

ΔN(mm) 13.7 15.3 29.0 -4.9 -8.0 12.2

2D (Computed disp.)(mm) 17.2 17.8 34.9 8.9 9.3 17.3

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.2 -0.8 -0.9 0.1 -0.1 0.8

L1- Cut of Angle 

20 deg -

(Precise)

L1 and L2-Cut of 

Angle20 deg -    

( Broadcast)

L1 and L2 - Cut 

of Angle 20 deg- 

(Precise) 

L3 - Cut of 

Angle 20 deg -

(Broadcast)

L3 -Cut of Angle 

20 deg - 

(Precise)

L1-Cut of Angle 

20 deg-                   

( Broadcast)

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP4CP3
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Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.2 8.9 20.1 7.4 4.9 12.3

ΔN(mm) 14.5 15.0 29.5 -4.9 -7.8 12.3

2D (Computed disp.)(mm) 18.3 17.4 35.7 8.9 9.2 17.4
2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -1.3 -0.4 -1.7 0.1 0.0 0.6

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.6 9.0 19.6 7.1 4.9 12.0

ΔN(mm) 14.1 14.8 28.9 -5.0 -8.0 12.0

2D (Computed disp.)(mm) 17.6 17.3 34.9 8.7 9.4 17.0

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.6 -0.3 -0.9 0.3 -0.2 1.1

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.2 8.9 20.1 6.7 5.1 11.8

ΔN(mm) 17.7 15.4 33.1 -3.7 -7.4 11.8

2D (Computed disp.)(mm) 20.9 17.8 38.7 7.7 9.0 16.7

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -3.9 -0.8 -4.7 1.3 0.2 1.3

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.1 9.2 20.3 6.7 5.4 12.1

ΔN(mm) 17.5 15.1 32.6 -3.8 -7.6 12.1

2D (Computed disp.)(mm) 20.7 17.7 38.4 7.7 9.3 17.1

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -3.7 -0.7 -4.4 1.2 -0.1 0.9

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.9 8.9 19.8 7.5 4.9 12.4

ΔN(mm) 14.4 14.9 29.3 -4.9 -7.9 12.4

2D (Computed disp.)(mm) 18.1 17.4 35.4 9.0 9.3 17.5

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -1.1 -0.4 -1.4 0.0 -0.1 0.5

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.4 9.0 19.4 7.3 4.9 12.2

ΔN(mm) 14.0 14.6 28.6 -5.0 -8.2 12.2

2D (Computed disp.)(mm) 17.4 17.2 34.6 8.8 9.6 17.3

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.4 -0.2 -0.6 0.1 -0.3 0.8

L1- Cut of Angle 

25 deg -

(Precise)

L1 and L2-Cut of 

Angle 25 deg -      

(Broadcast)

L1 and L2 - Cut 

of Angle 25 deg- 

(Precise) 

L3 - Cut of Angle 

25 deg -

(Broadcast)

L3 -Cut of Angle 

25 deg - 

(Precise)

L1-Cut of Angle 

25 deg-                   

( Broadcast)

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP4CP3

P4CP3
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 Connecting a reference point (SWEPOS station) to all monitoring stations in the 

local network 

 

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.7 10.9 21.6 7.3 6.6 13.9

ΔN(mm) 12.7 11.9 24.6 -6.1 -7.5 13.9

2D (Computed disp.)(mm) 16.6 16.1 32.7 9.5 10.0 19.7
2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 0.4 0.9 1.3 -0.6 -0.8 -1.6

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.0 10.9 21.9 7.6 6.4 14.0

ΔN(mm) 12.6 13.0 25.6 -5.9 -7.0 14.0

2D (Computed disp.)(mm) 16.7 17.0 33.7 9.6 9.5 19.8

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 0.3 0.0 0.3 -0.7 -0.3 -1.8

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.5 11.0 22.5 7.0 6.9 13.9

ΔN(mm) 13.4 13.0 26.4 -5.6 -7.3 13.9

2D (Computed disp.)(mm) 17.7 17.0 34.7 9.0 10.0 19.7

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.7 0.0 -0.7 0.0 -0.8 -1.6

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.5 10.9 22.4 7.0 6.7 13.7

ΔN(mm) 13.1 12.9 26.0 -5.9 -7.3 13.7

2D (Computed disp.)(mm) 17.4 16.9 34.3 9.2 9.9 19.4

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.4 0.1 -0.3 -0.2 -0.7 -1.3

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.9 7.9 19.8 8.8 3.5 12.3

ΔN(mm) 8.8 16.0 24.8 -10.1 -3.6 12.3

2D (Computed disp.)(mm) 14.8 17.8 31.7 13.4 5.0 17.4

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 2.2 -0.8 2.3 -4.5 4.2 0.6

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.4 11.0 21.4 7.4 6.3 13.7

ΔN(mm) 13.4 13.0 26.4 -5.1 -7.0 13.7

2D (Computed disp.)(mm) 17.0 17.0 34.0 9.0 9.4 19.4

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 0.0 0.0 0.0 0.0 -0.2 -1.3

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP4CP3

L1- Cut of 

Angle 10 deg -

(Precise)

L1 and L2-Cut 

of Angle 10 

deg -      

(Broadcast)

L1 and L2 - 

Cut of Angle 

10 deg- 

(Precise) 

L3 - Cut of 

Angle 10 deg -

(Broadcast)

L3 -Cut of 

Angle 10 deg - 

(Precise)

L1-Cut of 

Angle 10 deg-                   

( Broadcast)
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Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.7 9.8 21.5 8.3 5.6 13.9

ΔN(mm) 9.4 15.4 24.8 -9.5 -4.1 -13.6

2D (Computed disp.)(mm) 15.0 18.3 32.8 12.6 6.9 19.4
2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.2

 (Actual Disp.-Computed Disp.)(mm) 2.0 -1.3 1.2 -3.7 2.3 -1.3

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 21.8 -10.9 10.9 14.1 -6.6 7.5

ΔN(mm) 24.8 -12.0 12.8 -13.5 7.5 -6.0

2D (Computed disp.)(mm) 33.0 16.2 16.8 19.5 10.0 9.6

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.2

 (Actual Disp.-Computed Disp.)(mm) -16.0 0.8 17.2 -10.6 -0.8 8.6

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.5 11.0 22.5 7.0 6.8 13.8

ΔN(mm) 13.4 12.9 26.3 -5.6 -7.3 13.8

2D (Computed disp.)(mm) 17.7 17.0 34.6 9.0 10.0 19.5

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.7 0.0 -0.6 0.0 -0.8 -1.5

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.3 11.1 22.4 6.8 6.9 13.7

ΔN(mm) 13.0 12.9 25.9 -5.9 -7.3 13.7

2D (Computed disp.)(mm) 17.2 17.0 34.2 9.0 10.0 19.4

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.2 0.0 -0.2 -0.1 -0.8 -1.3

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 12.0 7.6 19.6 8.9 3.2 12.1

ΔN(mm) 7.7 17.4 25.1 -11.3 -2.1 12.1

2D (Computed disp.)(mm) 14.3 19.0 31.8 14.4 3.8 17.1

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 2.7 -2.0 2.2 -5.4 5.4 0.9

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 12.1 8.1 20.2 9.1 3.7 12.8

ΔN(mm) 7.1 17.6 24.7 -11.6 -1.9 12.8

2D (Computed disp.)(mm) 14.0 19.4 31.9 14.7 4.2 18.1

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 3.0 -2.4 2.1 -5.8 5.1 -0.1

L1- Cut of 

Angle 15 deg -

(Precise)

L1 and L2-Cut 

of Angle 15deg 

-      (Broadcast)

L1 and L2 - Cut 

of Angle 15 

deg- (Precise) 

L3 - Cut of 

Angle 15 deg -

(Broadcast)

L3 -Cut of 

Angle 15 deg - 

(Precise)

L1-Cut of Angle 

15 deg-                   

( Broadcast)

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP3 CP4

CP3 CP4
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Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 12.4 7.8 20.2 9.0 3.5 12.5

ΔN(mm) 9.1 17.5 26.6 -9.9 -2.0 12.5

2D (Computed disp.)(mm) 15.4 19.2 33.4 13.4 4.0 17.7
2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.6 -2.2 0.6 -4.4 5.2 0.4

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.2 9.0 20.2 8.0 4.8 12.8

ΔN(mm) 11.0 15.3 26.3 -8.2 -3.9 12.8

2D (Computed disp.)(mm) 15.7 17.8 33.2 11.5 6.2 18.1

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.3 -0.8 0.8 -2.5 3.0 -0.1

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.5 11.0 22.5 6.9 6.9 13.8

ΔN(mm) 14.0 12.5 26.5 -5.3 -7.4 13.8

2D (Computed disp.)(mm) 18.1 16.7 34.8 8.7 10.1 19.5

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -1.1 0.3 -0.8 0.2 -0.9 -1.5

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.6 10.8 22.4 7.1 6.7 13.8

ΔN(mm) 13.6 12.6 26.2 -5.7 -7.3 13.8

2D (Computed disp.)(mm) 17.9 16.6 34.5 9.1 9.9 19.5

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.9 0.4 -0.5 -0.2 -0.7 -1.5

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.4 8.8 20.2 8.6 3.9 12.5

ΔN(mm) 11.0 15.7 26.7 -8.0 -3.0 12.5

2D (Computed disp.)(mm) 15.8 18.0 33.5 11.7 4.9 17.7

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.2 -1.0 0.5 -2.8 4.3 0.4

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.6 8.8 20.4 8.6 4.0 12.6

ΔN(mm) 9.2 17.3 26.5 -9.4 -1.3 12.6

2D (Computed disp.)(mm) 14.8 19.4 33.4 12.7 4.2 17.8

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 2.2 -2.4 0.6 -3.8 5.0 0.2

L1- Cut of 

Angle 20 deg -

(Precise)

L1 and L2-Cut 

of Angle 20 

deg -      

(Broadcast)

L1 and L2 - 

Cut of Angle 

20 deg- 

(Precise) 

L3 - Cut of 

Angle 20 deg -

(Broadcast)

L3 -Cut of 

Angle 20 deg - 

(Precise)

L1-Cut of 

Angle 20 deg-                   

( Broadcast)

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP3 CP4

CP3 CP4
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Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.7 9.9 20.6 7.3 5.3 12.6

ΔN(mm) 14.4 10.9 25.3 -4.8 -7.4 12.6

2D (Computed disp.)(mm) 17.9 14.7 32.6 8.7 9.1 17.8
2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.9 2.3 1.4 0.2 0.1 0.2

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 21.1 -10.2 10.9 12.9 -5.5 7.4

ΔN(mm) 25.6 -12.3 13.3 -12.3 5.9 7.4

2D (Computed disp.)(mm) 33.2 16.0 17.2 17.8 8.1 10.5

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -16.2 1.0 16.8 -8.9 1.2 7.6

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.5 11.0 22.5 6.9 6.9 13.8

ΔN(mm) 14.0 12.5 26.5 -5.3 -7.4 13.8

2D (Computed disp.)(mm) 18.1 16.7 34.8 8.7 10.1 19.5

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -1.1 0.3 -0.8 0.2 -0.9 -1.5

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.5 11.4 22.9 6.6 7.1 13.7

ΔN(mm) 13.7 11.3 25.0 -5.1 -8.5 13.7

2D (Computed disp.)(mm) 17.9 16.1 33.9 8.3 11.1 19.4

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) -0.9 0.9 0.1 0.6 -1.9 -1.3

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.9 9.5 20.4 7.8 4.7 12.5

ΔN(mm) 11.8 14.8 26.6 -8.2 -3.5 12.5

2D (Computed disp.)(mm) 16.1 17.6 33.5 11.3 5.9 17.7

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 0.9 -0.6 0.5 -2.4 3.4 0.4

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.9 10.8 21.7 7.7 6.6 14.3

ΔN(mm) 13.1 12.3 25.4 -7.1 -6.5 14.3

2D (Computed disp.)(mm) 17.0 16.4 33.4 10.5 9.3 20.2

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 0.0 0.6 0.6 -1.5 0.0 -2.2

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP3 CP4

CP3 CP4

L1- Cut of 

Angle 25 deg -

(Precise)

L1 and L2-Cut 

of Angle 25 

deg -      

(Broadcast)

L1 and L2 - Cut 

of Angle 25 

deg- (Precise) 

L3 - Cut of 

Angle 25 deg -

(Broadcast)

L3 -Cut of 

Angle 25 deg - 

(Precise)

L1-Cut of 

Angle 25 deg-                   

( Broadcast)
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 Connecting a reference point (SWEPOS station) to CP3 and CP4 only 

 

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.7 10.2 21.9 8.3 5.7 14.0

ΔN(mm) 9.7 15.8 25.5 -8.9 -4.3 14.0

2D (Computed disp.)(mm) 15.2 18.8 33.6 12.2 7.1 19.8
2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.8 -1.8 0.4 -3.2 2.1 -1.8

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.8 11.5 23.3 8.4 7.0 15.4

ΔN(mm) 9.3 16.5 25.8 -9.3 -3.6 15.4

2D (Computed disp.)(mm) 15.0 20.1 34.8 12.5 7.9 21.8

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 2.0 -3.1 -0.8 -3.6 1.3 -3.8

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.3 10.7 21.0 5.9 6.5 12.4

ΔN(mm) 10.9 15.2 26.1 -7.8 -4.9 12.4

2D (Computed disp.)(mm) 15.0 18.6 33.5 9.8 8.1 17.5

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 2.0 -1.6 0.5 -0.8 1.1 0.5

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.5 10.8 21.3 6.1 6.6 12.7

ΔN(mm) 10.8 15.3 26.1 -7.8 -4.8 12.7

2D (Computed disp.)(mm) 15.1 18.7 33.7 9.9 8.2 18.0

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.9 -1.7 0.3 -1.0 1.1 0.1

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.8 9.8 21.6 8.8 5.1 13.9

ΔN(mm) 8.6 16.8 25.4 -9.8 -3.2 13.9

2D (Computed disp.)(mm) 14.6 19.4 33.3 13.2 6.0 19.7

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 2.4 -2.4 0.7 -4.2 3.2 -1.6

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 12.2 11.3 23.5 9.2 6.6 15.8

ΔN(mm) 8.6 17.3 25.9 -9.8 -2.7 15.8

2D (Computed disp.)(mm) 14.9 20.7 35.0 13.4 7.1 22.3

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 2.1 -3.7 -1.0 -4.5 2.1 -4.3

L1- Cut of Angle 

10 deg -(Precise)

L1 and L2-Cut of 

Angle 10 deg -      

(Broadcast)

L1 and L2 - Cut of 

Angle 10 deg- 

(Precise) 

L3 - Cut of Angle 

10 deg -

(Broadcast)

L3 -Cut of Angle 

10 deg - 

(Precise)

L1-Cut of Angle 

10 deg-                   

( Broadcast)

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP3 CP4

CP3 CP4
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Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.5 10.0 21.5 8.1 5.5 13.6

ΔN(mm) 9.0 16.8 25.8 -9.5 -3.3 -12.8

2D (Computed disp.)(mm) 14.6 19.6 33.6 12.5 6.4 18.7
2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.2

 (Actual Disp.-Computed Disp.)(mm) 2.4 -2.6 0.4 -3.5 2.8 -0.5

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.6 11.2 22.8 8.2 6.6 14.8

ΔN(mm) 8.8 17.3 26.1 -9.7 -2.8 -12.5

2D (Computed disp.)(mm) 14.6 20.6 34.7 12.7 7.2 19.4

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.2

 (Actual Disp.-Computed Disp.)(mm) 2.4 -3.6 -0.7 -3.8 2.1 -1.2

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.3 10.7 28.4 5.9 6.5 12.4

ΔN(mm) 10.9 15.2 26.1 -7.8 -4.9 12.4

2D (Computed disp.)(mm) 16.1 18.6 33.4 9.8 8.1 17.5

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 0.9 -1.6 0.6 -0.8 1.1 0.5

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.5 10.8 21.3 6.1 6.6 12.7

ΔN(mm) 10.8 15.2 26.0 -7.8 -4.8 12.7

2D (Computed disp.)(mm) 15.1 18.6 33.6 9.9 8.2 18.0

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.9 -1.6 0.4 -1.0 1.1 0.1

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.4 9.9 21.3 8.4 5.2 13.6

ΔN(mm) 8.0 17.7 25.7 -10.4 -2.3 13.6

2D (Computed disp.)(mm) 13.9 20.3 33.4 13.4 5.7 19.2

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 3.1 -3.3 0.6 -4.4 3.5 -1.2

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.8 11.3 23.1 8.8 6.6 15.4

ΔN(mm) 8.0 18.1 26.1 -10.5 -2.0 15.4

2D (Computed disp.)(mm) 14.3 21.3 34.9 13.7 6.9 21.8

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 2.7 -4.3 -0.9 -4.8 2.3 -3.8

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP3 CP4

CP3 CP4

L1- Cut of Angle 

15 deg -(Precise)

L1 and L2-Cut of 

Angle 15 deg -      

(Broadcast)

L1 and L2 - Cut of 

Angle 15 deg- 

(Precise) 

L3 - Cut of Angle 

15 deg -

(Broadcast)

L3 -Cut of Angle 

15 deg - (Precise)

L1-Cut of Angle 

15 deg-       

(Broadcast)
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Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.0 10.5 21.5 7.6 5.9 13.5

ΔN(mm) 10.7 16.7 27.4 -8.1 -3.2 13.5

2D (Computed disp.)(mm) 15.3 19.7 34.8 11.1 6.7 19.1
2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.7 -2.7 -0.8 -2.2 2.5 -1.1

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.2 11.4 22.6 7.8 6.7 14.5

ΔN(mm) 10.1 16.9 27.0 -8.6 -3.0 14.5

2D (Computed disp.)(mm) 15.1 20.4 35.2 11.6 7.3 20.5

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.9 -3.4 -1.2 -2.7 1.9 -2.5

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.0 10.5 28.5 5.5 6.3 11.8

ΔN(mm) 12.2 11.9 30.3 -6.9 -8.0 11.8

2D (Computed disp.)(mm) 15.9 15.9 33.5 8.8 10.2 16.7

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.1 1.1 0.5 0.1 -1.0 1.3

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.3 10.5 20.8 5.9 6.3 12.2

ΔN(mm) 12.3 12.1 24.4 -6.7 -7.8 12.2

2D (Computed disp.)(mm) 16.0 16.0 32.1 8.9 10.0 17.3

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.0 1.0 1.9 0.0 -0.8 0.8

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.3 10.6 21.9 8.2 6.0 14.2

ΔN(mm) 10.1 17.9 28.0 -8.5 -2.0 14.2

2D (Computed disp.)(mm) 15.2 20.8 35.5 11.8 6.3 20.1

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.8 -3.8 -1.5 -2.9 2.9 -2.1

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.5 11.8 23.3 8.5 7.0 15.5

ΔN(mm) 9.6 18.0 27.6 -9.0 -1.8 15.5

2D (Computed disp.)(mm) 15.0 21.5 36.1 12.4 7.2 21.9

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 2.0 -4.5 -2.1 -3.4 2.0 -3.9

L1- Cut of 

Angle 20 deg -

(Precise)

L1 and L2-Cut 

of Angle 20 deg 

-      (Broadcast)

L1 and L2 - Cut 

of Angle 20 deg- 

(Precise) 

L3 - Cut of 

Angle 20 deg -

(Broadcast)

L3 -Cut of 

Angle 20 deg - 

(Precise)

L1-Cut of Angle 

20 deg-       

(Broadcast)

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP3 CP4

CP3 CP4
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Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.3 10.7 22.0 7.8 6.1 13.9

ΔN(mm) 10.6 15.9 26.5 -8.1 -3.9 13.9

2D (Computed disp.)(mm) 15.5 19.2 34.4 11.2 7.2 19.7
2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.5 -2.2 -0.4 -2.3 2.0 -1.6

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.6 11.4 23.0 8.2 6.8 15.0

ΔN(mm) 10.2 16.1 26.3 -8.5 -3.6 15.0

2D (Computed disp.)(mm) 15.4 19.7 34.9 11.8 7.7 21.2

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.6 -2.7 -0.9 -2.9 1.5 -3.2

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.1 11.7 21.8 5.5 7.5 13.0

ΔN(mm) 12.6 11.1 23.7 -6.4 -8.7 13.0

2D (Computed disp.)(mm) 16.1 16.1 32.5 8.4 11.5 18.4

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 0.9 0.9 1.5 0.5 -2.3 -0.4

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 10.3 11.8 22.1 5.8 7.6 13.4

ΔN(mm) 12.7 11.1 23.8 -6.2 -8.6 13.4

2D (Computed disp.)(mm) 16.4 16.2 32.5 8.5 11.5 19.0

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 0.6 0.8 1.5 0.5 -2.3 -0.9

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 11.6 10.4 22.0 8.5 5.7 14.2

ΔN(mm) 10.1 17.3 27.4 -8.5 -2.5 14.2

2D (Computed disp.)(mm) 15.4 20.2 35.1 12.0 6.2 20.1

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.6 -3.2 -1.1 -3.1 3.0 -2.1

Epoch 1-2 Epoch 2-3 Epoch 1-3 Epoch 1-2 Epoch 2-3 Epoch 1-3

ΔE(mm) 12.0 11.3 23.3 8.8 6.7 15.5

ΔN(mm) 9.6 17.5 27.1 -9.0 -2.3 15.5

2D (Computed disp.)(mm) 15.4 20.8 35.7 12.6 7.1 21.9

2D (Actual disp.) (m) 17.0 17.0 34.0 8.9 9.2 18.0

 (Actual Disp.-Computed Disp.)(mm) 1.6 -3.8 -1.7 -3.6 2.1 -3.9

CP4CP3

CP4CP3

CP4CP3

CP4CP3

CP3 CP4

CP3 CP4

L1- Cut of Angle 

25 deg -(Precise)

L1 and L2-Cut of 

Angle 25 deg -      

(Broadcast)

L1 and L2 - Cut of 

Angle 25 deg- 

(Precise) 

L3 - Cut of Angle 

25 deg -

(Broadcast)

L3 -Cut of Angle 

25 deg - (Precise)

L1-Cut of Angle 

25 deg-       

(Broadcast)
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Appendix 2 

 

SWEPOS’s online post-processing service computes the coordinates of requested 

observations based on Helmert transformation; the coordinates are transformed in the 

SWEREF 99 coordinates system by using the nearest permanent stations in the Swedish 

geodetic network in the area. A user can send the observation files collected by GNSS 

receivers in Rinex format to this online processing service to get coordinates of observed 

points.  This transformation is done automatically by the service and user has  no control 

over the process. However, a report will be sent to the user when the post-processing is 

finished that contains information about the point, date of processing, type of instrument 

used and so on. One of the most important sections in that file is the amount of root mean 

square error (RMSE) in the transformation from ITRF to SWEREF; the RMSE must be 

analyzed carefully and checked whether the amount of error is acceptable for user’s 

application. 

 

In this study, the results were within millimeters. The transformation RMS error for both 

CP3 and CP4 at each epoch is presented in the following tables and graphs based on the 

reports received from SWEPOS online processing service: 
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 CP3 – Epoch1 

 

Table 1. RMSE of each SWEPOS station used in transformation for CP3-Epoch1 (Source: SWEPOS online 

processing service report) 

Station Northing(mm) Easting(mm) Height(mm)

LEKS.0 -1.99 -6.32 3.38

LOVO.0 -4.52 2.67 -1.6

MART.6 1.82 -3.26 -7.47

SUND.0 4.39 7.67 2.97

SVEG.0 0.43 -3.65 -2.22

UPPS.0 -0.6 2.92 5.43

RMS/komponent 3.08 5.26 4.75  

 

Figure 1. Horizontal residuals in the fit against SWEREF 99 for CP3-Epoch1 (Source: SWEPOS online processing 

service report) 
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 CP3 – Epoch2 

 

Table 2. RMSE of each SWEPOS station used in transformation for CP3-Epoch2 (Source: SWEPOS 

online processing service report)

Station Northing(mm) Easting(mm) Height(mm)

LEKS.0 -3.56 -2.66 0.53

LOVO.0 -2.33 0.56 -2.07

MART.6 0.98 -0.67 3.55

SUND.0 4.54 2.44 -0.65

SVEG.0 0.83 0.27 -1.05

UPPS.0 -0.59 0.17 -0.03

RMS/komponent 2.85 1.67 1.93  

 

Figure 2. Horizontal residuals in the fit against SWEREF 99 for CP3-Epoch2 (Source: SWEPOS online processing 

service report) 
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 CP3 – Epoch3 

 

Table 3. RMSE of each SWEPOS station used in transformation for CP3-Epoch3 (Source: SWEPOS 

online processing service report) 

Station Northing(mm) Easting(mm) Height(mm)

LEKS.0 -5.16 -5.92 1.31

LOVO.0 -4.88 3.1 3.76

MART.6 6.16 -2.03 -7.64

SUND.0 2.66 5.92 2.63

SVEG.0 1.64 -1.35 0.28

UPPS.0 -0.76 0.37 0.07

RMS/komponent 4.44 4.14 4.03  
 

 

Figure 3. Horizontal residuals in the fit against SWEREF 99 for CP3-Epoch3 (Source: SWEPOS online processing 

service report) 
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 CP4 – Epoch1 

 

Table 4. RMSE of each SWEPOS station used in transformation for CP4-Epoch1 (Source: SWEPOS 

online processing service report)

Station Northing(mm) Easting(mm) Height(mm)

LEKS.0 -1.83 -6.61 4.3

LOVO.0 -3.35 2.76 -3.4

MART.6 1.73 -4.59 -4.98

SUND.0 3.33 8.73 2.69

SVEG.0 -0.63 -3.56 -3.59

UPPS.0 0.27 3.35 5.39

RMS/komponent 2.41 5.87 4.56  

 

 

Figure 4. Horizontal residuals in the fit against SWEREF 99 for CP4-Epoch1 (Source: SWEPOS online processing 

service report) 
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 CP4 – Epoch2 

 

Table 5. RMSE of each SWEPOS station used in transformation for CP4-Epoch1 (Source: SWEPOS 

online processing service report) 

 

Station Northing(mm) Easting(mm) Height(mm)

LEKS.0 -3.25 -2.63 1.14

LOVO.0 -2.28 0.82 -2.6

MART.6 0.87 -0.71 3.59

SUND.0 4.36 2.46 -0.42

SVEG.0 1.02 -0.01 -1.69

UPPS.0 -0.85 0.15 0.25

RMS/komponent 2.73 1.68 2.19  

 

Figure 5. Horizontal residuals in the fit against SWEREF 99 for CP4-Epoch2 (Source: SWEPOS online processing 

service report) 
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 CP4 – Epoch3 

 

Table 6. RMSE of each SWEPOS station used in transformation for CP4-Epoch1 (Source: SWEPOS 

online processing service report) 

Station Northing(mm) Easting(mm) Height(mm)

LEKS.0 -0.81 5.23 -1.6

LOVO.0 -2.91 0.41 -0.2

MART.6 -1.82 -4.47 9.05

SUND.0 5.91 3.56 -2.43

SVEG.0 -2.07 -2.37 0.33

UPPS.0 1.78 -2.23 -5.03

RMS/komponent 3.31 3.76 4.81  

 

Figure 6. Horizontal residuals in the fit against SWEREF 99 for CP4-Epoch3 (Source: SWEPOS online processing 

service report) 
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Appendix 3 
 

In this section, a complete report from online processing services  (AUSPOS, Trimble RTX, 

SWEPOS, and CSRS-PPP) for CP3 will be presented.  

 AUSPOS 
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 Trimble RX 
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 SWEPOS online processing service 
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 CSRS-PPP 
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