
ISSN: 2148-9173 Vol: 7 Issue:1  April 2020

International Journal of Environment and Geoinformatics (IJEGEO) is an international, 
multidisciplinary, peer reviewed, open access journal. 

MULTI-GNSS PPP: An Alternative Positioning Technique for 
Establishing Ground Control Points

Berkay BAHADUR, Metin NOHUTÇU

Chief in Editor 

Prof. Dr. Cem Gazioğlu

Co-Editor  

Prof. Dr. Dursun Zafer Şeker, Prof. Dr. Şinasi Kaya, 

Prof. Dr. Ayşegül Tanık and Assist. Prof. Dr. Volkan 

Demir Editorial Committee (April 2020) 

Assos. Prof. Dr. Abdullah Aksu (TR), Assit. Prof. Dr. Uğur Algancı (TR), Prof. Dr. Bedri Alpar (TR),  Prof. Dr. Lale 
Balas (TR), Prof. Dr. Levent Bat (TR), Prof. Dr. Paul Bates (UK), İrşad Bayırhan (TR), Prof. Dr. Bülent Bayram (TR), 
Prof. Dr. Luis M. Botana (ES), Prof. Dr. Nuray Çağlar (TR), Prof. Dr. Sukanta Dash (IN), Dr. Soofia T. Elias (UK), 
Prof. Dr. A. Evren Erginal (TR), Assoc. Prof. Dr. Cüneyt Erenoğlu (TR), Dr. Dieter Fritsch (DE), Assos. Prof. Dr. 
Çiğdem Göksel (TR), Prof.Dr. Lena Halounova (CZ), Prof. Dr. Manik Kalubarme (IN), Dr. Hakan Kaya (TR), Assist. 
Prof. Dr. Serkan Kükrer (TR), Assoc. Prof. Dr. Maged Marghany (MY), Prof. Dr. Michael Meadows (ZA), Prof. Dr. 
Nebiye Musaoğlu (TR), Prof. Dr.  Erhan Mutlu (TR), Prof. Dr. Masafumi Nakagawa (JP), Prof. Dr. Hasan Özdemir 
(TR), Prof. Dr. Chryssy Potsiou (GR), Prof. Dr. Erol Sarı (TR), Prof. Dr. Maria Paradiso (IT),  Prof. Dr. Petros Patias 
(GR), Prof. Dr. Elif Sertel (TR), Prof. Dr. Nüket Sivri (TR), Prof. Dr. Füsun Balık Şanlı (TR), Prof. Dr. Uğur Şanlı 
(TR), Duygu Ülker (TR), Assoc. Prof. Dr. Oral Yağcı (TR), Prof. Dr. Seyfettin Taş (TR), Assoc. Prof. Dr. Ömer Suat 
Taşkın (US), Dr. İnese Varna (LV), Dr. Petra Visser (NL), Prof. Dr. Selma Ünlü (TR), Assoc. Prof. Dr. İ. Noyan 
Yılmaz (AU), Prof. Dr. Murat Yakar (TR), Assit. Prof. Dr. Sibel Zeki (TR)

Abstracting and Indexing: TR DIZIN, DOAJ, Index Copernicus, OAJI, Scientific Indexing Services, International Scientific 
Indexing, Journal Factor, Google Scholar, Ulrich's Periodicals Directory, WorldCat, DRJI, ResearchBib, SOBIAD



Dear colleagues and friends, 

X. TUFUAB Technical Symposium was held in Aksaray on 25-27, April 2019. The Symposium was 
carried out by the organizations of Aksaray University and General Directorate of Mapping. As a 
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scientific committee. We would like to thank editorial board of IJEGEO for the publication of these works 
in the symposium.

Aksaray, Turkey, April 2019.

    Prof. Dr. H. Murat YILMAZ   Dr. Eng. Tuğg. Oman ALP

Chair of the Organizing Committee Director, General Directorate of Mapping
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Abstract 

Traditionally, ground control points (GCPs) are utilized to determine absolute image orientations indirectly in aerial triangulation. 
For a long time, differential and relative GNSS (Global Navigation Satellite System) positioning techniques have been extensively 
used to establish GCPs. In our country, the establishment and measurement of GCPs are instructed in the related regulation based on 
differential GNSS techniques. One of the two methods described in the related regulation is based on establishing, at least, C3 level 
networks with maximum base length of 10 km and with minimum 35-minute observation time. In an alternative method, without 
base length restriction, GCP coordinates can be determined being connected to at least 3 TUSAGA-Active stations and with 
minimum 120-minute static observation. The expected precision for the coordinates of GCPs are described to be better than 5 cm in 
horizontal and 6 cm in vertical within the regulation. Although differential techniques can provide highly accurate positioning 
solutions, they are required at least two receivers to mitigate GNSS error sources. Additionally, positioning accuracy obtained from 
these techniques are strictly dependent on the distance from reference stations. It is clear that all these raise the operational cost and 
system complexity of differential GNSS techniques. In recent years, Precise Point Positioning (PPP), which enables centimeter- or 
millimeter-level positioning accuracy with only one receiver on a global scale, has emerged as an alternative positioning method. 
Over the last decade, PPP has attracted considerable attention within the GNSS community due to its exceptional benefits such as 
operational simplicity, cost-effectiveness, elimination of base station requirement. However, the main drawback of PPP is relatively 
long observation period required to achieve a specific positioning accuracy, for example, nearly 50 min to reach 10 cm or better 
horizontal accuracy with 30 seconds sampling rate. On the other hand, the completion of GLONASS constellation and the emergence 
of new satellite systems, such as Galileo and BeiDou, offers considerable opportunities to improve the PPP performance. The 
combinations of different GNSS constellations, namely multi-GNSS, strength the number and geometry of visible satellites, and 
therefore, reduces the convergence time significantly. Additionally, the new generation GNSS receivers make possible to collect 
more observations (even up to 100Hz), which provides abundant data for PPP processing. Taking all these into account, the principal 
objective of this study is to investigate the usability of PPP in establishing GCPs for aerial triangulation. For this purpose, an 
experimental test was conducted to evaluate the positioning performance of multi-GNSS PPP with high-frequency GNSS receivers (1 
Hz). The results indicate that 5 cm or better horizontal and vertical positioning accuracy can be achieved by multi-GNSS PPP process 
within approximately 30 minutes using highfrequency GNSS receivers. Considering these results and its operational simplicity, it can 
be said that PPP is a robust alternative for the establishment of GCPs. 

Keywords: Ground Control Points (GCPs), GNSS, Multi-GNSS, Precise Point Positioning (PPP) 

Introduction 

Nowadays, photogrammetric products, e.g. digital 
elevation models, dense point clouds and orthomosaics, 
are routinely produced with the imagery acquired from 
manned or unmanned aerial platforms (Peppa et al., 
2016; Murtiyoso & Grussenmeyer, 2017; Bayırhan & 
Gazioğlu, 2019). Thanks to GPS-supported aerial 
triangulation, the exterior orientation parameters of 
aerial images can be estimated with ease, which reduces 
the number of ground control points (GCPs) 
(Ackermann, 1994). However, a small number of GCPs 
is still required to determine absolute image orientations 
indirectly in aerial triangulation. In aerial 
photogrammetry, at least four points, one located in each 
corner of the image block, are typically employed to 

prevent systematic error in GPS camera positions (Yuan, 
2009). 

For a long time, differential and relative GNSS (Global 
Navigation Satellite System) positioning techniques have 
been extensively used to establish GCPs. In Turkey, 
instructions on how to establish and measure the GCPs 
are provided in the related regulation (6961. Regulation 
Number). Accordingly, two different methods which are 
based on differential GNSS techniques can be used for 
establishing GCPs. The first method is to employ at least 
C3 level networks with a maximum base length of 10 km 
and with minimum 35-minute observation time. 
Alternatively, the GCP coordinate can be determined 
being connected to at least 3 TUSAGA-Active stations 
without base-length restriction. However, minimum 120-
minute static observation is required for the second 
method. Finally, the expected precision for these 
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methods that are utilized in establishing GCPs are 
introduced to be better than 5 cm in horizontal and 6 cm 
in vertical within the regulation.  

Differential and/or relative GNSS techniques are able to 
provide high-accuracy positioning solutions using 
reference points with known coordinates to eliminate 
most of GNSS observation errors. By definition, these 
techniques require at least two receivers (one reference 
and one rover) to achieve high positioning accuracy. 
There is no doubt that it raises the operational cost and 
system complexity. Moreover, the positioning accuracy 
of differential GNSS techniques is closely dependent on 
the distance from the reference station or regional 
network, which means that the relative or differential 
techniques can efficiently work in a limited area (Rizos 
et al., 2012).  

In recent years, Precise Point Positioning (PPP) has 
emerged as an alternative precise positioning method to 
differential and/or relative techniques. PPP enables 
centimetre- or millimetre-level positioning accuracy with 
only one receiver on a global scale using the precise 
orbit and clock products obtained from a global network 
(Zumberge et al., 1997; Kouba & Heroux, 2001). PPP 
has taken considerable interest within the GNSS 
community due to its exceptional benefits such as 
operational simplicity, cost-effectiveness, elimination of 
base station requirement. However, PPP still suffers 
from the long initial time, namely convergence time, to 
achieve a specific positioning accuracy. In general, ten 
centimetres or better horizontal accuracy can be reached 
after a 50-minute observation period in the standard PPP 
solution (Choy, 2017).  

The completion of GLONASS constellation and the 
emergence of new satellite systems, such as Galileo and 
BeiDou have offered significant opportunity to enhance 
the PPP positioning performance due to providing 
additional satellite source and new navigation signals. 
The combinations of different GNSS constellations, 
namely multi-GNSS, strength the number and geometry 
of visible satellites, and therefore, reduces the 
convergence time (Cai et al., 2015; Tegedor et al., 2014; 
Bahadur and Nohutcu, 2018). On the other hand, the use 
of high-rate (1 Hz or more frequent) observations 
recorded by new-generation GNSS receivers provides a 
possibility to improve the PPP performance thanks to 
increasing the number of observations substantially (Xu 
et al., 2013). Taking all these into account, the main 
objective of this study is to investigate the usability of 
PPP in establishing GCPs for aerial triangulation. In this 
context, the experimental text conducted to assess the 
positioning performance of multi-GNSS PPP with high-
frequency GNSS receivers (1 Hz) and its results are 
provided in this study.  

Method 

This section provides a brief introduction to multi-GNSS 
PPP model and to PPP processing strategies applied in 
this model to mitigate GNSS error sources. 2.1 
Undifferenced Multi-GNSS PPP Model PPP utilizes 

precise products obtained from a global network to 
eliminate satellite orbit and clock error. Also, the 
ionosphere-free linear combination (IF) of dual-
frequency code and phase observations are used in the 
standard PPP model to remove the first-order 
ionospheric effect on GNSS signals (Zumberge et al., 
1997; Kouba & Heroux, 2001). As a standard, the 
precise products generated by IGS (International GNSS 
Service) has been employed by the GNSS users for 
eliminating satelliteinduced error sources. As a part of 
multi-GNSS Experiment (MGEX), IGS has started to 
generate and distribute precise orbit and clock products 
for multi-constellation, i.e. GPS, GLONASS, Galileo, 
BeiDou and QZSS (Montenbruck et al., 2017). MGEX 
products generated in the same reference frame and time 
scale have been extensively utilized in the integration of 
multi-GNSS in recent years.  

MGEX products are generated on the basis of the IF 
linear combination. Also, MGEX products, like to 
standard IGS products which include GPS constellation 
only, provides satellite clock corrections embracing code 
hardware biases for multi-GNSS constellations. There is 
not any product which contains the satellite phase 
hardware biases within IGS products. Satellite code 
hardware biases are eliminated by being assimilated into 
the satellite clock errors, while satellite phase hardware 
biases are lumped into the ambiguity parameters and 
estimated together with them in the PPP model. Finally, 
the receiver clock errors are estimated together with the 
receiver code hardware biases due to their high 
correlation (Kouba & Heroux, 2001; Steigenberger et al., 
2014). Considering all these into account, the IF linear 
combinations of dual-frequency (i=1,2) code 
pseudorange (P) and carrier phase (L) observations can 
be written as  

where subscript r refers to the receiver while superscripts 
j and s indicate the GNSS index (G: GPS, R: 
GLONASS, E: Galileo and C: BeiDou) and the satellite 
number, respectively. Additionally, ρr

s,j,_ is the 
geometric range; c is the speed of light;cdtr

s  and cdTs,j 

are the reformed receiver and satellite clock errors, 
respectively; Tr s,j is the tropospheric delay; Ns,j

IF  and λs
j

are the ambiguity parameter and wavelength for the IF 
combination; ε is the observation noise; cdtr

s and cdTs,j

are the receiver and satellite clock errors; bs
IF,r and bs,j

IF 
are the receiver and satellite hardware code biases for the 
IF combination; BsI

F,r and Bs,j
IF  are the receiver and 

satellite hardware phase biases for the IF combination, 
respectively. 

Equations (1) and (2) have different receiver clock 
parameters for each navigation system. Nevertheless, it 
is not feasible in practice because most of the GNSS 
receivers currently utilize the GPS system time as a 
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reference timescale. Additionally, the satellite clock 
corrections in MGEX products use GPS time as a 
reference timescale (Steigenberger et al., 2014; Cai and 
Gao, 2013). As a result, the introduction of system time-
difference parameters representing the time and 
hardware bias difference between navigation systems is 
the more preferred way when combining the multi-
constellation. In general, the system time-difference 
parameters for GLONASS, Galileo, and BeiDou are 
introduced with respect to the GPS time (Cai and Gao, 
2013; Li et al., 2015). After applying the precise 
products and introducing the system time-difference 
parameters, the IF observation equations of GPS, 
GLONASS, Galileo, and BeiDou can be written as  

where cdtR
sys, cdtE

sys and cdtC
sys  indicate the system time 

difference parameters for GONASS, Galileo and BeiDou 
with respect to GPS time, respectively. Equations (5) to 
(12) represent the undifferenced multi-GNSS PPP 
model, and its unknown parameters are three position 
components, one receiver clock error, three system time-
difference parameters, one tropospheric delay and one 
real-valued ambiguity parameter for each of the 
observed satellites. 

Fig. 1. Geographical locations of MGEX stations used in 
this study.  

Processing Strategies 
In this study, PPPH, an open-source GNSS analysis 
software, which is able to integrate multi-GNSS, is 
utilized to perform PPP processes (Bahadur and 
Nohutcu, 2018). PPPH is based on the undifferenced 

multi-GNSS PPP model described in the previous 
section. The details of processing strategies employed to 
mitigate PPP error sources are given in Table 1 

Table 1. Processing strategies applied for PPP solutions 
in the study.  

Test and Results 

In order to investigate the usability of multi-GNSS PPP 
method with 1-s observation sampling rate in 
establishing GCPs, an experimental test was conducted. 
Firstly, 24 hour observation datasets collected at four 
MGEX stations during the 5-day period of January 7-11, 
2019 were acquired from IGS FTP servers. These 
stations are equipped with multi-GNSS receivers which 
are able to record observations of GPS, GLONASS, 
Galileo and BeiDou constellations with 1-s observation 
sampling rate. Since the high-rate observations are not 
available for all MGEX stations, the stations located 
nearest Turkey as possible are selected for the test. The 
geographical locations of the stations employed in the 
test are given in Figure 1. 

The second observation dataset with 30-s sampling rate 
was obtained by decimating the original dataset. In order 
to investigate the PPP performance more detailed, 5-day 
observation datasets were divided into 2-hour periods. 
So, 12 periods for each day and 60 periods for the test 
period were obtained. Two different datasets with 1- and 
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30-second sampling rates were processed in PPPH 
software under two PPP modes, which are GPS-only and 
multi-GNSS containing GPS, GLONASS, Galileo and 
BeiDou constellations. On the other hand, the results 
obtained from PPP processes were evaluated in terms of 
positioning accuracy and convergence time. The 
positioning error is computed as the difference between 
the related PPP solution and the ground truth at the end 
of the related process period (2 hours). IGS weekly 
solutions, which include very precise station coordinates, 
were used as the ground truth in this study. On the other 
hand, the convergence time was determined as the time 
when a sub-decimetre 3D positioning accuracy is 
achieved and subsequently sustained for a period longer 
than 10 min. Table 2 indicates the average positioning 
errors and convergence times obtained from the PPP 
processes of four stations over a period of 5 days under 
GPS-only and multi-GNSS PPP modes with 1- and 30-s 
observation sampling rates, separately.  

The positioning errors are calculated in the local 
coordinate system as including north, east and up 
directions. Also, three-dimensional (3D) positioning 
errors are presented in Table 2. From the table, we can 
see that the integration of four constellations, namely 
multi-GNSS, improves the PPP performance in terms of 
positioning accuracy and convergence time, 
substantially. Additionally, the increase of observation 
sampling rate from 30- s to 1-s enhances the positioning 
accuracy of PPP solutions with a limited amount, while 
the use of high observation sampling significantly 
reduces the average convergence time. Finally, we can 
say that the multi-GNSS PPP solution with 1-s sampling 
rate provides that better positioning performance 
compared with the other PPP solutions. In multi-GNSS 
PPP mode with the 1-s sampling rate, the average 
convergence time is about 16 minutes, which is less than 
half of convergence time of GPS-only PPP solutions 
with the 30-s sampling rate. 

Table 2. Averaged positioning errors and convergence 
time obtained from GPS-only and Multi-GNSS PPP 
solutions at the end of 2-hr process periods with 1 and 
30-s sampling rate. 

Figure 2 shows the temporal variations of the percentage 
of converged periods within the whole periods for GPS-
only and multi-GNSS PPP solutions with 30- and 1-s 
observation sampling rates. As can be seen from the 
figure, the percentage of converged periods for multi-
GNSS PPP solution with 1-s observation sampling rate is 
considerably higher than the other solutions within a 

short period of time. For example, the percentage of 
converged periods for GPS-only PPP solutions with 30-s 
sampling rate is under 10% at 10 minutes, while the 
percentage for multi-GNSS PPP solutions with 1-s 
sampling rate is over 40% for the same time. From the 
figure, we can conclude that multi-GNSS PPP solutions 
with the higher observation sampling rate achieve more 
converged periods within a short period of time, which 
offers a considerable opportunity for establishing GCPs. 

Fig. 2. Variation of the percentage of converged periods 
within all periods with respect to time for GPS-only and 
multiGNSS PPP modes on the basis of 30- and 1-s 
observation sampling rates. 

Summary and Conclusions 

In this study, the usability of PPP technique in 
establishing GCPs was investigated. For this purpose, an 
experimental test, which includes observation datasets 
collected at four IGS stations during a 5-day period of 7-
11 January 2019, was performed. In the test, observation 
datasets were processed under GPS-only and multi-
GNSS PPP modes with 30-s and 1-s observation 
sampling rates, separately using PPPH software. The 
results obtained from PPP solutions were evaluated in 
terms of positioning accuracy and convergence time. The 
results indicate that the integration of four GNSS 
constellations, namely multi-GNSS, enhances the PPP 
performance significantly in comparison with the 
traditional PPP approach containing GPS satellites only. 
Moreover, the increase of observation sampling rate 
from 30-s to 1-s improves convergence time for both 
GPS-only and multi-GNSS PPP modes, substantially. 
Multi-GNSS PPP solutions with 1-s observation 
sampling rate provide better positioning performance 
compared with the other PPP solutions in terms of 
positioning accuracy and convergence time.  

The results prove that multi-GNSS PPP solutions with 
the higher observation sampling rate reach considerably 
more converged periods within a short period of time. 
Nearly 95% of the whole periods were converged within 
30 minutes in multi-GNSS PPP solutions with 1-s 
observation sampling rate. Also, the average 
convergence time is 16 minutes for multi-GNSS PPP 
solution with the 1-s sampling rate. Considering the 
instructions on how to establish and measure the GCPs 
in Turkey, the results indicate that multi-GNSS PPP 
solution with the 1-s observation sampling rate can be 
used as an alternative method for establishing GCPs. 
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