
 

  

 

 

 

 

 

 

 

 

 

 

Memory 
 

 

 

 

 

 

 Adrià Rovira Garcia 
20th January 2010 

 

Design, 
Implementation 
and Testing of GPS 
Data Processing 
Modules for GNSS 
Navigation 

 



Design, Implementation and Testing of GPS Data Processing Modules for GNSS Navigation 

[ Memory]      [Preface] 

 

 
  - 2 - 
 

Preface 
 

 

 

 

 

 

 

 

 

 

 

Dedicated to all that have put up with me during this time 



Design, Implementation and Testing of GPS Data Processing Modules for GNSS Navigation 

[ Memory]      [Index] 

 

 
  - 3 - 
 

Index 

 
Preface ....................................................................................................................... - 2 - 

Index........................................................................................................................... - 3 - 

Organization of the Document .................................................................................... - 5 - 

List of Acronyms .......................................................................................................... - 6 - 

List of Figures .............................................................................................................. - 9 - 

List of Equations ........................................................................................................ - 10 - 

List of Tables ............................................................................................................. - 11 - 

Context ..................................................................................................................... - 12 - 

Aim ........................................................................................................................... - 14 - 

Justification ............................................................................................................... - 15 - 

Scope ........................................................................................................................ - 16 - 

Background ............................................................................................................... - 17 - 

Acknowledgments .................................................................................................... - 18 - 

Fundamentals of GNSS .............................................................................................. - 19 - 

GNSS System Description .................................................................................. - 19 - 

GNSS Signals ..................................................................................................... - 20 - 

GPS Signals ........................................................................................................ - 21 - 

GNSS Time Reference ........................................................................................ - 23 - 

GNSS Coordinate Frames ................................................................................... - 25 - 

GNSS Orbits ....................................................................................................... - 27 - 

GNSS Measures: Code and Phase ...................................................................... - 29 - 

GNSS Measure Modeling ................................................................................... - 34 - 

GNSS Solving the Navigation Equations ............................................................. - 39 - 

Processing Modules .................................................................................................. - 46 - 

Overview ........................................................................................................... - 46 - 

Observation RINEX Lector .................................................................................. - 47 - 

Navigation RINEX Lector .................................................................................... - 47 - 

Preprocess Module ........................................................................................... - 48 - 



Design, Implementation and Testing of GPS Data Processing Modules for GNSS Navigation 

[ Memory]      [Index] 

 

 
  - 4 - 
 

Sat2Orb Module ................................................................................................ - 51 - 

Model Module .................................................................................................. - 53 - 

Filter Module .................................................................................................... - 54 - 

Test Results ............................................................................................................... - 55 - 

Satellite Dependent Results ............................................................................... - 56 - 

Model Dependent Results ................................................................................. - 59 - 

Filter Dependent Results ................................................................................... - 63 - 

Conclusions ............................................................................................................... - 66 - 

Future Improvements ............................................................................................... - 67 - 

Bibliography .............................................................................................................. - 68 - 

 

 

  



Design, Implementation and Testing of GPS Data Processing Modules for GNSS Navigation 

[ Memory]      [Organization of the Document] 

 

 
  - 5 - 
 

Organization of the Document 
 

Figure 1 shows how different documents are distributed. 

 
Figure 1: Organization of the Document 

 

Only for reference porpoises: 

 Annex I: Economical Study 
  The project budget and feasibility study is detailed. 

 Annex II: User Requirements 
  The capabilities and the constraints of the design are detailed. 

 Annex III: Technical Drawings 
  All sketches, drawings and graphic explanations are gathered here. 

Annex IV: Data Processing Modules 
  The different software modules are gathered here. 
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Context 
 
Satellite Navigation has become a cornerstone of the European Space Agency 

(ESA). There are different satellite systems that are owned and operated independently. 
United States (US) Global Positioning System (GPS), Russia's Global Orbiting Navigation 
Satellite System (GLONASS) or future European Galileo1, are examples of what is 
enclosed into Global Navigation Satellite Systems (GNSS).  

The European Geostationary Navigation Overlay Service (EGNOS) has been 
Europe's first step into satellite navigation. It has been developed as a joint project by 
ESA, the European Commission (EC) and EUROCONTROL, the European Organization for 
the Safety of Air Navigation. Since October 1srt 2009 EGNOS Open Service is available 
for non safety of life applications. EGNOS service provision is carried out by 
the European Satellite Services Provider (ESSP) society. Aeropuertos Españoles y 
Navegación Aérea (AENA) is an investor in the EGNOS project and a shareholder of the 
ESSP via one of its subsidiaries. 

Although there is a wide GNSS market and a daily increase in the development of 
innovative applications in satellite navigation technology, ESA has detected a lack in the 
formation from Universities and a recruitment difficulty in this technical domain.  

In this context, ESA Education Office launched a complete new Satellite 
Navigation educational program in close coordination with the Galileo Directorate aiming 
to foster the transfer of knowledge in this specific area through the provision of GNSS-
based educational utilities. Next is stated what the ESA Education Office expected: 

- Educational GNSS Software Tools that gives students the capability to be 
taught both in the theoretical and practical point of view of the GNSS 
systems. 

- Educational learning material to support the University teaching and self-
learning process of the students and provide practical exercises from the 
basics to more complex concepts of GNSS processing. 

In this phase, the research group of Astronomy and Geomatics (gAGE, 2009) 
from the Technical University of Catalonia (UPC) was awarded by the mentioned 
Educational GNSS office with a commercial contract2 (PO N. P1081434) to develop a 
GNSS Educational Package.  
  

                                                             
1 The European contribution to GNSS is the joint ESA-European Commission Galileo satellite program, which 
will involve 30 navigation satellites in medium Earth orbit (MEO) to deliver accurate navigation data, made 
available for the first time under civilian rather than military authority. Galileo is in the course of being con-
structed, scheduled for completion around 2013. 
2 This has been the first contract issued by ESA Education Office on this new GNSS Education program. 
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The Statement of Work (SOW) of the ESA contract includes what is named GNSS 
LABoratory tool (gLAB) which is an interactive multipurpose package to process and 
analyze GNSS data. The tool gLAB is targeted to the following groups of users: 

- Education professionals aiming to teach GPS.  

- Standalone students and professionals with basic knowledge on GPS. 

- Professionals with more in deep knowledge on GPS. 

The author of this project got involved in this multidisciplinary project by the end 
of February 2009 when joined gAGE. One Work Package of the gLAB project was to 
design and implement a Graphical User Interface (GUI) which was the task assigned to 
the author which took approximately four months. Once this Work Package was finished, 
and as a result of the satisfactory work done, a part of the test of the gLAB tool was also 
assigned. 

Most part of this new activity was conceived, defined and dimensioned in order 
to be performed in the context of a final degree project of an aeronautical curriculum 
with a one semester schedule.  

In this way, this project covers approximately the 80% of the testing plan 
described in the gLAB Architecture Design Document cited in (Ramos-Bosch, et al., 
2009). This project has not come to and end as it will have continuity: the remaining 
items will be developed in the context of a grant from the Ministry of Science and 
Technology of Spain. This work will include the development of additional software 
pieces for the tutorial and to help with the conception and testing of laboratory exercises 
present in the previously mentioned learning material.  
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Aim 
 

 The objective pursued in this project is to develop a series of software modules 
to perform a wide check of the unitary components built in the tool gLAB. The main gLAB 
processing core has been tested in parallel with other in-house software and the GPS 
toolkit (The GPS Toolkit, 2004). 

 This work has involved multidisciplinary fields such us engineering, mathematics, 
physics, satellite orbital motion and computer science. This greatly shows how real 
problems in the real world are solved by mixed disciplines, mixed team works and mixed 
knowledge fields which sometimes are isolated regions in the academic world. 
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Justification 
 

The motivation of the test Work Package assigned to the author was clear: gLAB 
is intended to be broadly used for Universities and Enterprises around the world as an 
official ESA educational tool on GNSS.  

For such a tool to be reliable and confident, the more tests and revisions that can 
be performed the better. In addition to this, the tests presented here have been 
performed by someone nearly independent of the research group which added a 
different approach and development.  

This has been possible as the author has started the routines and codes from 
scratch, which gives an independent code implementation.  In this sense, the author 
tasks have been under a supervisory manager Jaume Sanz Subirana, independent to the 
development core team of the tool. 

This material has been the author’s end of degree project and, as the title states, 
is the design, the implementation and the testing of GPS data processing modules in the 
field of GNSS navigation.  
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Scope 
  

 In this section are defined the parts of the gLAB tool the author’s project has 
tested, as the full package is impossible to cover in the semester this work has taken. To 
easily describe the scope of the project, the four gLAB modules are presented in Table 1 
with its content, with green font color the ones that have been checked in this work3. 

INPUT DATA MODULE 
Read GNSS orbits and clocks in Receiver Independent Exchange Format (RINEX)  
Read precise GNSS orbits and clocks Standard Products 3 (SP3)  data files   
Read receiver measurement RINEX data files 

  
  

Read IONosphere maps EXchange (IONEX) data files       

  
     PREPROCESSING MODULE 

Input data quality test 
    

  
Carrier-phase pre-alignment keeping integer ambiguities 

 
  

Carrier-phase measurements cycle-slips detection 
  

  
Code pseudo range smoothing           

      MODEL MODULE 
Satellite clock error correction           
Satellite movement during flight time 

   
  

GNSS satellite coordinates computations at the transmission and reception time 
Earth rotation during signal flight time 

   
  

Relativistic correction computation 
   

  
Ionospheric correction using Klobuchar model 

  
  

Tropospheric delays computation 
   

  
Total Group Delay (TGD) biases correction 

   
  

Wind-up computation for carrier-phase measurements. 
 

  
Solid tides displacement computation 

   
  

Satellite and receiver antenna phase center from an internal database   

      FILTER MODULE 
GNSS receiver coordinates and Navigation System Error computation   
GNSS receiver clock estimation 

    
  

Carrier phase ambiguities estimation with Precise Point Positioning (PPP) 

Zenith tropospheric delay  estimation with PPP mode       

Table 1: Description of the project scope 

                                                             
3 Note how modules that emulate real time navigation have been developed while modules with more 
geodesic porpoises have been left for future extensions. 
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Background 
  

 As in any aspect of the engineering life the topics covered here are built directly 
on a set of lower division course work required in any aeronautical, aerospace or 
mechanical engineering program. Important topics include calculus, statics, dynamics 
computer programming, numerical methods and some satellite orbital motion. 

 The author had to learn about the GPS field, and for this porpoise, gAGE has 
given him support on this task. All questions have been answered from an expert point 
of view and the background experience of years of investigation.  

Since 2001, the group has been working in GNSS applications to not only 
involving civil aviation, such us previously mentioned EGNOS and EUROCONTROL, but 
also in different competitive projects for the ESA, GNSS Supervisory Authority (GSA), 
Galileo Joint Undertaken Authority (GJA), as well as private companies on the field of 
satellite navigation4. 

The main reference book (Hernández-Pajares, et al., 2008) and lots of internal 
and constructive discussions that had arisen in the middle of the group with the author’s 
interaction substituted formal classes during the intense summer of 2009. 

Once the basic principals of GPS were understood, the author started the 
development of software modules to validate the gLAB tool. This challenge implied not 
only a deep revision of known concepts in computer science but also lectures which had 
increased the author level of knowledge in the programming field.   

 
  

                                                             
4 Please see http://gage.es/DOC/gage_UPC.pdf for more information of recent and future projects. 
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Fundamentals of GNSS 
 

This section provides some background to understand the concepts and results 
presented in this memory. It is not intended to be a theory book as details on GNSS 
fundamentals can be found in previously cited work (Hernández-Pajares, et al., 2008) 
which provides a deeper introduction to GNSS field. 

 
GNSS System Description 
 

The GNSS involves several independent satellite navigation systems (GPS, 
GLONASS, GALILEO…) providing continuous positioning with global coverage. Each one is 
composed by three main segments, which can be seen in Figure 2: 

 
- Space Segment: Each system involves its own satellites as seen in Figure 3. 

- Control Segment (also referred to as Ground Segment): Operates the system 
and is the responsible for its functioning. 

- User Segment: Involves the GNSS receivers to provide positioning, velocity 
and precise timing to the user.  

 

Figure 2: GNSS Architecture 

 

Figure 3: Satellite examples from different systems of GNSS  
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GNSS Signals 
 

The GNSS satellites continuously transmit navigation signals in two or more 
frequencies in L band. These signals contain ranging codes and navigation data to allow 
the users to compute the travelling time from satellite to receiver and the satellite 
coordinates at any epoch. The main signal components are described as follows: 

- Carrier: Radio frequency sinusoidal signal at a given frequency. 

- Ranging code: Sequences of 0s and 1s which allows the receiver to 
determine the travel time of radio signal from satellite to receiver. They are 
called Pseudo-Random Noise (PRN) sequences or PRN codes. 

- Navigation data: A binary-coded message providing information on the 
satellite ephemeris (Keplerian elements or satellite position and velocity), 
clock bias parameters, almanac (with a reduced accuracy ephemeris data 
set), satellite health status, and other complementary information. 

Figure 4: GPS, GLONASS and GALILEO navigation frequencies 

 

According to the PFC title, the software package only processes data from GPS satellites 
data, a more detailed explanation is provided next focusing on GPS signals.   
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GPS Signals 
  

The current GPS satellites transmit signals centered on two radio frequencies in 
the L band, referred to as Link 1 (L1) and Link 2 (L2)7. They are right-hand circularly 
polarized and their frequencies are derived from a fundamental frequency which is 

푓 = 10,23 푀퐻푧 . L1 and L2 have a    ratio generated by on board atomic clocks. 

 

Figure 5 : Main GPS frequencies 

Two services are available from the GPS system: 

- The Standard Positioning Service (SPS): is an open service, free of charge for 
worldwide users. This is a single frequency service in the frequency band L1. 

- The Precise Positioning Service (PPS): is restricted by cryptographic 
techniques to military and authorized users. Two navigation signals are 
provided in two different frequencies8 bands L1 and L2. 

 

The following messages are modulated over the two carriers: 

- Coarse/Acquisition code [C/A(t)], it is also known as civilian code. This 
sequence contains 1023 bits and is repeated every millisecond which means 
a wavelength of 293.1 m. This code is modulated only on L1. The C/A-code 
defines the Standard Positioning Service. 

- Precision code [P(t)], it is reserved for military use and authorized civilian 
users. The sequence is repeated every 266 days (38 weeks) and a weekly 
portion of this code is assigned to every satellite, called PRN sequence. Its 
chipping-rate is 10 Mbps, which leads to a wavelength of 29.31 m. It is 
modulated over both carriers L1 and L2. The P-code defines the Precise 
Positioning Service. 

- Navigation message [D(t)], it is modulated over both carriers at 50 bps, 
providing information on ephemeris and satellite clock drifts, ionospheric 
model coefficients, constellation status, etc. 

                                                             
7 They also transmit two additional signals at frequencies referred as L3 associated to the Nuclear Detona-
tions Detection System and L4 for other military purposes. 
8 Transmission in two frequencies allows dual-frequency user receivers to cancel out the ionospheric refrac-
tion, which is one of the main sources of error. 
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To clarify the three different messages, Figure 6 is shown. 

 

Figure 6 : Codes and messages present in GPS system 

In order to restrict civilian users to access full system accuracy, the following protections 
have been introduced: 

- Selective Availability (S/A):  intentional satellite clock degradation (process-

δ) and ephemeris manipulation (process-ǫ). The effect on horizontal 

positioning implies going from about 10 m (S/A=off) to 100 m (S/A=on) (2σ-

error). The process δ acts directly over satellite clock fundamental 

frequency, which has a direct impact on pseudo ranges to be calculated by 

user’s receivers. The process ǫ consists in truncating information related to 
the orbits. USA President Bill Clinton ordered S/A turned off on May 2nd, 
2000, and it remains deactivated from this time on. 

- Anti-Spoofing (A/S): it consists in P code encryption by combining it with a 
secret W code, resulting in the Y code, which is modulated over the two 
carriers L1 and L2. The main purpose is to protect military receivers from 
potential jamming that could be done by transmitting a fault copy of GPS 
signal to mislead the receiver, but also it also has the effect to deny the 
access of non authorized users to the precise ranging code P in L1 and L2 
frequencies, being solely C/A code available over L1.  
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GNSS Time Reference 
 

There exist several time references based on different periodic processes 
associated with earth rotation, celestial mechanics or transitions between energetic 
levels in atomic oscillators. Table 2 summarizes the most important ones. 

Process Time 

Ea
rt

h 
ro

ta
tio

n 

Universal 
Time (Uses 

Sun as refer-
ence) 

UT0 

The mean solar time at the Greenwich meridian and is determined 
at a particular observatory by astronomic observations. As this time 
is based on the instantaneous Earth rotation, thence it is affected by 

both earth’s irregular spin rate and polar motion 

UT1 

Obtained by correcting UT0 for the effect of polar motion on the 
observing site location. UT1 does not depend on the observatory 

location. This time is fundamental in geodetic astronomy, because it 
defines the orientation of the conventional terrestrial system 

UT2 
Obtained by removing periodic seasonal variations in UT1 time, but 

it is not uniform enough due to other effects on the Earth’s rotation. 
It is nowadays considered obsolete. 

Greenwich 
Sidereal Time 

The reference is the Vernal Equinox, or Aries point, which is defined as the 
intersection between the equator and the ecliptic plane. Sidereal time differs by 

the amount of 24 h in 1 year regarding solar time which supposes: 
1 mean sidereal day = 1 mean solar day - 3 56  per day of mean solar time. 

Ea
rt

h 
re

vo
lu

tio
n Terrestrial 

Dynamic Time 
(TDT) 

Referred to the Earth center, it is a quasi-inertial time in the Newtonian sense 
and is the independent variable of the satellite motion equation around Earth. 

Barycentric 
Dynamical 
Time (BDT) 

It is an inertial time in the Newtonian sense and provides the time variable in 
the equations of motion for the ephemerides related to the Solar System center 
of gravity (orbits around the Sun). TDB differs from TDT only in periodic terms: 

difference is less than 2 milliseconds. 

A
to

m
ic

 O
sc

ill
at

or
s 

Temps Atomi-
que Interna-
tional (TAI) 

The primary international time standard from which other time standards, 
including UTC, are calculated. TAI is realized from several high-precision atomic 

clocks held at standards institute sin various countries; it is, therefore, a 
statistical time kept by the BIPM (Bureau International of Poids and Measures)  

 TAI and TDT are related by: TAI = TDT - 32.184 s 

Universal 
Time Coordi-
nated (UTC) 

Official time used by all nations around the world, each nation time usually 
differs by an integer number of hours or half hours with regard to UTC. This 
difference is given by the time zones and the proper adjustments in summer 

and winter. This time is very important since all currently used time signals are 
synchronized with UTC. It is the compromise between TAI and UT1. In fact UTC, 

as an atomic time, is as uniform as the TAI scale can be, but it is always kept 
closer than 0.9 seconds with respect to UT1, in order to follow Earth’s rotation 
variations by adding (or subtracting) a certain number of Leap Seconds to TAI. 
This number, which is refreshed periodically, is provided by the International 

Earth Rotation Service (IERS). 

Table 2: Different time systems 
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Regarding the GNSS, each of GPS, GLONASS and Galileo systems has its own reference 
time. The GPS Time (GPST), GLONASS Time (GLONASST) and Galileo System Time (GST): 

- GPST is defined by the GPS Control segment on the basis of a set of atomic 
clocks aboard the satellites and in the Monitor Stations. It is synchronized 
with the UTC at nanosecond level. The origin epoch of GPS time is 00:00 UTC 
(midnight) of January 5th to 6th of 1980. At that epoch, the difference 
TAI−UTC was 19 seconds. 

- GLONASST is generated by the GLONASS Central Synchronizer and the 
difference between the UTC  and GLONASST should not exceed 1  
millisecond, plus three hours9 

- GST will be maintained by the Galileo Central Segment and synchronized 
with TAI with a nominal offset below 50 ns. The starting time of Galileo 
system time is not already defined. 

In order to facilitate calculations for long time intervals5, the Julian date is used 
(invented by Julio Scalier). It has as reference epoch the 1st of January of 4713 BC and, 
starting from there days are counted in a correlative way. The Julian Day (JD) starts at 

12  of the corresponding civil day (i.e. 6 . 0 January 1980 = JD 2,444,244.5). The current 
reference standard epoch for the scientific community is: 

 

Figure 7: Current reference standard for the scientific community 

The Modified Julian Day (MJD) is also used, which is obtained subtracting 2,400,000.5 
days from the Julian Day. The following expression shown in Figure 8 provides the Julian 
Day from a civil date (YYMMDDUT): 

 

Figure 8:  Julian Date conversion from civil date 

From Julian Day, and taking into account that GPS reference data (6 . 0  January 1980) 
corresponds to JD 2,444,244.5, one immediately obtains the GPS. Thence, taking module 
7, the GPS week is found. 

  

                                                             
9 This amount corresponds to the difference between Moscow Time and Greenwich Mean Time (GMT). 
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GNSS Coordinate Frames 
 
This section provides brief descriptions of GPS, GLONASS and Galileo reference frames: 

 

GPS reference frame WGS-84 
 

From 1987, GPS uses the World Geodetic System WGS-84, developed by The US 
Defense Department, which is a unified terrestrial reference system for positioning 
references. Indeed, the GPS broadcast ephemeris provides the position of the satellite 
antenna phase center in the WGS-84 reference frame. Thus, the user receiver 
coordinates are computed in the same frame. The initial implementation was realized 
from a set of more than a thousand terrestrial sites, which coordinates were derived 
from Transit observations. Successive refinements leaded to some adjustments of the 
fundamental constants using more accurate coordinates of the monitor stations, 
approximate to some International Terrestrial Reference Frame (ITRF) realizations10. For 
instance, realizations WGS84 (G730)11

 and WGS84 (G873) correspond to ITRF92 and 
ITRF94, respectively. The refined frame WGS84 (G1150) was introduced in 2002, which 
agrees with ITRF2000 at the centimeter level. The parameters of the WGS-84 ellipsoid 
are given in the following Table 3: 

 

Table 3: Ellipsoidal parameters WGS-84 (revised in 1997) 

GLONASS reference frame PZ-90 
 

The GLONASS broadcast ephemerides are given in the Parametry Zemli 1990 
(Parameters of the Earth 1990) (PZ-90) reference frame. As the WGS-84, this is an Earth 
Centered Earth Fixed (ECEF) frame with a set of fundamental parameters associated. The 
determination of a set of parameters to transform the PZ-90 coordinates into the ITRF97 
was the target of the International GLONASS Experiment (IGEX-98). Cited work (Boucher, 
2001) presents a review of the IGEX-98 experiment and, as a conclusion, suggests the 
following transformation12

 from PZ-90 to WGS-84, with a meter level of accuracy. 

                                                             
10 The document “Modern Terrestrial Reference Systems PART 3: WGS 84 and ITRS” contains interesting 
references about WGS-84 and ITRS http://www.ngs.noaa.gov/CORS/Articles/Reference-Systems-Part-3.pdf 
11 G: indicates that it has exclusively been obtained with GPS observations and 730 indicate the GPS week. 
12 MAS: mili-arcseconds (1mas = 4.84813681 ・ 10  radians).  PPB: parts per billion (1ppb = 10 ). 
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Equation 1: Transformation between WGS84 and PZ90 reference systems 

The parameters associated to the PZ-90 and PZ-90.02 are given in Table 4: 

 

Table 4: Ellipsoidal parameters of PZ-90 and PZ-90.02 

 

Galileo reference frame (GTRF) 
 

A consortium named the Galileo Geodetic Service Provider (GGSP), consisting of 
seven institutions under the lead of GeoForschungsZentrum Potsdam, is in charge of 
building a prototype for the development of the Galileo Terrestrial Reference Frame 
(GTRF) and the establishment of a service with products and information for the 
potential users. This is a project fully funded by the Sixth Framework Program, under 
contract by the Galileo Supervisory Authority (GSA), to be developed between 2005 and 
200913.  

The initial coordinates for the reference stations are provided using GPS observations, 
because the GTRF is already being required by the time when the first Galileo signals are 
emitted during the In-Orbit Validation (IOV) phase. Subsequent GTRF versions will use 
both GPS and Galileo observations. Weekly solutions will be performed for the long-
term maintenance of the GTRF. The connection to the ITRF is realized and validated by 
International GNSS Service (IGS) stations, which are part of the ITRF, and especially by 
local ties to other geodetic techniques like satellite laser ranging and Very Long Baseline 
Interferometry (VLBI). As is the case for GPS and GLONASS, the Galileo satellites will 
broadcast the satellite orbits in its own GTRF system, which will have centimeter-level 
alignment to ITRF. 

 

                                                             
13 More information about the consortium can be found in http://www.ggsp.eu. 
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GNSS Orbits  
 

The knowledge of the orbits and clocks of the satellites is fundamental to have a 
proper positioning. Any error in the GNSS satellite coordinates or satellite clock will 
affect the positioning accuracy. Information about orbital parameters and clocks is 
transmitted in the navigation message. Precise ephemeris and clocks are also provided 
by some organizations such as previously mentioned IGS.  

According to the Newtonian mechanics, the equation of the motion of a mass 푚  
relative to another mass 푚 , considering only the central attractive force between them, 
is defined by the second order homogeneous differential equation:  

푟̈+ 휇
푟3 = 0  

Equation 2 : the two body problem differential equation  
 

Where r is their relative position vector, 휇 = 퐺 (푚  +  푚 ), and G is the universal 
gravitational constant. In the case of motion of an artificial earth satellite, its mass can 
be neglected with respect to the mass of the Earth (휇 ≅ 퐺 · 푀 ).  The integration of this 
equation leads14 to Equation 3: 

풓(푡) = 풓 (푡 ,푎 ,푒 , 푖,훺,휔, 휏) 

Equation 3 : Keplerian satellite orbit 

 
Defined by the following six orbital parameters, (see Figure 9): 

-  휴: Right Ascension of Ascending Node is the geocentric angle between the 
ascending node direction and the Aries point. Angle 훺 is measured in 
counter-clockwise sense when viewed from the positive Z-axis. 

-  풊:  Inclination of orbital plane is the angle between the orbital plane and 
the equator. 

- ω: Argument of perigee is the angle between the ascending node and 
perigee directions, measured along the orbital plane. The perigee is the 
point of closest approach of the satellite to the center of mass of the earth. 
The most distant position is the apogee. Both are in the semi-major axis 
direction. 

- a: Semi-major axis of orbital ellipse is the semi-major axis of the ellipse 
defining the orbit.  

                                                             
14 The mathematical steps to solve this equation are omitted here but can be found in any text book of ce-
lestial mechanics. 
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- e: Eccentricity of the orbital ellipse. 

- To: Perigee passing time: when the satellite passes closest approach to the 
Earth (perigee). Satellite orbital position can be obtained at a given moment 
t using τ = t − T  or any of the three following anomalies (Equation 4): 

o v(t): True anomaly is the geocentric angle between perigee 
direction and satellite direction. The sum of the true anomaly and 
the argument of perigee define the Argument of Latitude. 

o E(t): Eccentric anomaly.  The angle between the perigee and the 
intersection of a normal line to the major axis and its intersection 
with a circle of radius a (see Figure 10). 

o M(t): Mean anomaly: It is a mathematical abstraction relating to 
mean angular motion. 

 

Figure 9 : GNSS satellite orbital elements  

 

 

푀( 푡 ) =  푛 (푡 −  푇 ) 

 

퐸( 푡 ) =  푀 (푡 ) +  푒 푠푖푛  ( 퐸( 푡 ) ) 

 

푉( 푡 ) =  2 푎푟푐푡푎푛
1 + 푒
1− 푒 푡푎푛

퐸( 푡 )
2   

푛 =  
2휋
푃 =

휇
푎  

Equation 4 : Anomalies computation 

 

Figure 10: Elliptic orbital representation 
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GNSS Measures: Code and Phase 
 

The basic GNSS observable is the travelling time ∆푇 of the signal to propagate 
from the phase center of the satellite antenna (at the emission time) to the phase center 
of the receiver (at the reception time). This value multiplied by the speed of light, gives 
us apparent15

 range 퐷 = 푐 · ∆푇 between them. The travelling time ∆푇 can be obtained 
correlating the received code (red code) from the satellite with a replica of itself 
generated in the receiver (blue code), so this replica is moved in time ∆푇 until the 
maximum correlation is obtained as shown in Figure 11. 

 

Figure 11 : Determination of the signal travelling time  

This measurement 퐷 = 푐 · ∆푇 is what we know as pseudorange or pseudodistance and 
its is an “apparent range” between the satellite and the receiver that does not match 
with its geometric distance due to, among other factors, synchronism errors between 
receiver and satellite clocks. Taking into account, explicitly, possible synchronism errors 
between these clocks, the traveling time between transmission and reception is 
obtained as a difference of times measured in two different clocks or time scales: the 
satellite t  and the receiver t . Thence, considering a reference time scale T, which 
we call GNSS (i.e., GPS, GLONASS, Galileo…), the pseudorange measurement for satellite 
and receiver may be expressed as: 

R (t)  =  c [t (T ) −  t (T )] 

Equation 5 : Pseudorange between satellite and receiver  

                                                             
15 It is called apparent to distinguish it from true range, since it includes different effects that differ from it. 
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Where: 

- c:  the speed of light in the vacuum. 

- 퐭퐫퐞퐜(퐓ퟐ) : Time of signal reception, measured in the time scale given by the 
clock of receiver. 

- 퐭퐬퐚퐭(퐓ퟏ) Time of signal transmission, measured in the time scale given by 
the satellite clock. 

The Pseudorange R  measurement obtained using this procedure by the receiver 
includes, besides geometric range r between the receiver and the satellite, other non-
geometric terms –apart from synchronism error between receiver and satellite clocks– 
due to signal propagation through the atmosphere (ionosphere and troposphere), 
relativistic effects, instrumental delays (from the satellite and the receiver), multipath 
interference… (See Figure 15 of next section Cycle-Slip detection). Taking into account 
explicitly all these terms, the previous equation can be rewritten as follows, where R  
represents any GNSS code measurement (from GPS, GLONASS, Galileo...): 

R  =  ρ + c · (dt − dt ) + Rel + Trop + α · Iono + K  + M +∈   

Equation 6 : GNSS Pseudorange measure decomposition  

Where: 

- ρ: Geometric range between the satellite and receiver antenna phase 
centers at emission and reception time, respectively. 

- 퐝퐭퐫퐞퐜 and 퐝퐭퐬퐚퐭 :  clock offsets from the GNSS time scale. 

- 퐑퐞퐥 :  Relativity component due to orbit eccentricity. 

- Trop: Tropospheric delay, which is non-dispersive. 

- 훂퐏 · 퐈퐨퐧퐨: Ionospheric delay term16 which is a frequency dependent factor. 

- 퐊퐏: Receiver and satellite instrumental delays, which are dependent on the 

code and frequency. 

- 퐌퐏:  Multipath of the signal which also depends on the code and frequency. 

-  ∈퐏: Receiver noise, which is about of 3 orders of magnitude bigger for code 
than for carrier phase measurement. 

                                                             
16 Where α  is the conversion factor between the integrated electron density along the ray path at the 
frequency f , isα = . 10  m  .TECU unit comes from the Slant Total Electron Content (STEC) 

which is measured in TECs Units (TECU) 1 푇퐸퐶푈 =  10  . 
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 The carrier phase17 measurements ϕ  can be modelled as: 
  
ϕ  =  ρ+ c · (dt − dt ) + Rel + Trop – α · Iono + k + B  + W + m +∈   

Equation 7: GNSS Carrier-Phase measurement decomposition 

 
Where, besides the terms seen in Equation 6, we include: 

- 퐖퐋: Wind-up due to the circular electromagnetic signal  

- 퐁퐋: Integer ambiguity which is an unknown integer number of wavelengths 
of difference between the phase and code (λ ·N). This ambiguity changes 
arbitrarily every time the receiver losses the lock with the satellite, 
producing jumps or range discontinuities.  

 
Cycle-Slip detection 
 

As it has been already mentioned, receiver losses of lock cause discontinuities in 
the phase measurements (cycle-slips) that are seen as jumps of integer number of 
wavelengths λ  (of the considered frequency). The integer ambiguity N changes by an 
arbitrary integer value as can be seen in Figure 12. Cycle-slips detection can be improved 
using linear combinations of the original signals, both code pseudorange measures P1, 
P2 and their carrier phases: L1, L2. In the next sections, the Melbourne-Wübbena and 
the geometric-free combinations will be detailed. 

 

Figure 12: Three cycle-slips with different values for N, the integer ambiguity 

                                                             
17 Notice that the ionospheric term has opposite sign for code and phase. In first order, up to 99.9% of total 
effect, ionosphere produces an advance of the carrier phase measurement equal to the delay on the code 
pseudorange measurements. 
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Melbourne-Wübbena Combination 
 

This combination is known as the wide-lane combination because has a larger 
wavelength 휆  =  푐/(푓1 −  푓2) than each signal individually, which leads to a widening 
of the cycle-slip spacing18. Another advantage of this combination is that the 
measurement noise is reduced by the narrow-lane combination of code measurements. 
Formally, the Melbourne-Wübenna (MW) combination is obtained: 

푀푊 = 퐿푊 − 푃푊 

푃푊 =  
푓 · 푃1 + 푓 · 푃2

푓 + 푓
     퐿푊 =  

푓 · 퐿1 − 푓 퐿2
푓 − 푓

 

The pseudoranges and the carrier phases are now: 

             PW = ρ+ c · (dt − dt ) + Rel + Trop + α · Iono + K + M +∈  
 −        LW  = ρ+ c · (dt − dt ) + Rel + Trop  –α · Iono + k +  m + B + W +∈  

 LW − PW = [k − K +B  + W ] + [m −M +∈ −∈ ] 

Equation 8: Melbourne-Wübbena combination algebraic details 

The first part of the result shown in Equation 8 can be seen as an offset term with the 
constant instrumentation delays and the ambiguity. The second part is a small ripple19 
due to multipath and noise as Figure 13 reveals. 

 
Figure 13: MW cycle-slip detection 

 

                                                             
18 Discontinuities are integer numbers of 휆푊. 
19 The noise observed in the wide-lane combination is 휎 =  · ·

( ) ≅ 휆 . Assuming 휎 = 휎 ≈  m. 
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Geometric Free Combination 
 

With two frequency signals it is possible to build the carrier phase geometry free 
combination, in order to remove the geometry, including clocks, and all non dispersive 
effects in the signal. This combination is very precise because has very low noise20. 
Although the jump produced by a simultaneous 1-cycle slip in both signal components is 
smaller in this combination than in the original signals21, it can provide a reliable 
detection. The LI combination is obtained following Equation 9: 

퐿퐼 = 퐿1 − 퐿2 

            L1  = ρ + c · (dt − dt ) + Rel + Trop  –α · Iono + k +  m + B + W +∈  
 −        L2  = ρ+ c · (dt − dt ) + Rel + Trop  –α · Iono + k +  m + B + W +∈  
   L1− L2 = (α2 − α1) · Iono + kI +  mI + BI + WI +∈I 

Equation 9: Geometric free combination algebraic details 

Signal performs as a smooth function, as shown in Figure 14 driven by the ionospheric 
refraction, with very fairly changes between closely epochs that can be modeled by a 
low degree polynomial fit. Nevertheless, high ionospheric activity conditions can 
degrade the performance of this detector, mainly with a low sampling rate data 

 

Figure 14: LI combination cycle-slip detection 

As the cycle-slips can occur in each of both signals independently, two independent 
combinations must be used to assure that all possible jumps are being taken into 
account. In this way, the simultaneous use of MW and LI detectors protects against 
situations where cycle slips combinations would be inappreciable in the LI combination. 

                                                             
20 The noise observed in LI combination is 휎 =  휎 = (1) · 휎 +(−1) · 휎 ≅ √2 · 휎 ≈ 휆 . 
21 For GPS signals, this jump is 휆 − 휆 = 5.4 푐푚, which is about 3-4 times shorter than 휆 = 19 푐푚 or  
휆 = 24.4 푐푚. 
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GNSS Measure Modeling 
 

The aim of this chapter is to provide the background for a measurement’s 
modeling. As it has been explained in the previous chapter the code and carrier phase 
measurements contain several additional time delays associated to the signal 
propagation or to the clocks, among the geometric range between the satellites and 
receiver. These delays are common for code and carrier measurements, except for: 

- Wind-up and ambiguities that affect only the carrier phase measurements. 

- The ionospheric refraction sign which delays the code and advances the 
carrier phase measurements. 

Using the modeling detailed below, the user-receiver would correct each 
measurement from the known delay components. The residuals between the measured 
and predicted code or carrier pseudoranges, contain the receiver position error and 
clock offsets, plus miss-modeling and measurement noise errors. These residuals, that 
from hereafter will be called prefit-residuals, are the input data for the navigation 
equations studied in the next chapter.  

This linear system can be solved by Mean Least Squares of Kalman filtering in 
order to de-correlate (separate) the different error components from the prefit 
residuals. The more accurate measurement modeling is performed, the better de-
correlation of errors is achieved and, thence, more accurate coordinates are obtained. 
Figure 15 shows a layout of the different time-delays terms in the pseudorange to 
illustrate the measurements content and scale. 

 
Figure 15 : Terms of the pseudorange measurement 
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Geometric range modeling 
 

The geometric range ρ is the Euclidean distance between the satellite and 

receiver coordinates at the transmission and measurement (reception) time, and it is 
computed following Equation 10:  

휌 = ‖푟⃗ − 푟⃗ ‖ = (푥 − 푥 ) + (푦 − 푦 ) + (푧 − 푧 )  

Equation 10: Satellite-Receiver Euclidean distance 

 
If we assume 휌   a typical value for a GPS satellite and the Earth ellipsoid WGS-84 
present in Table 3 we can obtain a geometric signal flight time following Equation 11:  

푡   =
휌

푐
=
푎 − 푅

푐
≈

26 560 · 10 − 6 378 · 10
3 · 10

≈ 67푚푠 

Equation 11: Geometric flight time 

 
This can seem a despicable value, but due to satellite velocity22, it has an impact on 
satellite and receiver coordinates as Equation 12 and Figure 16 show: 

|∆푟⃗ | = |푣⃗ | · 푡   ≈ 3,6 10 · 67 · 10  ≈  242 푚 

|∆푟⃗ | = 푅 · |휔⃗ | · 푡   ≈ 6 378 · 10 · 7,93 · 10 · 67 · 10 ≈ 34 푚 

Equation 12: Difference between Emission and Reception time 

 

 

Figure 16: Coordinates at Emission and Reception time 

                                                             
22 Assuming Table 3 values and a near circular orbit |푣⃗ |  ≈  ≈ 3,6 . 
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Receiver and Satellite clock offsets 
 
They correspond to the clock synchronism errors referring to GPS time scale. 

- The offset of the receiver clock (푑푡 ) is estimated at the same time as its 
coordinates. It includes the instrumental delay23 broadcasted by satellites as 
Total Group Delay (TGD). 

- The offset of the satellite clocks (푑푡 ) can be calculated from values 푎 , 푎 , 
푎  and 푡  which are transmitted in the navigation message, according to 
Equation 13: 

푑푡 = 푎 + 푎 · (푡 − 푡 ) + 푎 · (푡 − 푡 )  

Equation 13: Satellite clock offset 

Being: 푎 = clock bias, 푎 = clock drift rate, 푡 = reference time of clock  
 

Relativistic correction 
 

The rate of advance of two identical clocks, placed one in the satellite and the 
other on the terrestrial surface, will differ due to the difference of the gravitational 
potential (general relativity) and to the relative speed between them (special relativity). 
This difference can be broken into (Hofmann-Wellenhof, 2003): 

- A constant component that only depends on the nominal value of the semi-
major axis of the satellite orbit and the Earth gravitational potential U. This 
is adjusted modifying the clock oscillating frequency of the satellite24 : 

푓 − 푓
푓 =

1
2
푣푆푎푡
푐 +  

∆푈
푐 ≅  −4,464 · 10  

Equation 14: General relativity effect on oscillator frequency 

- A periodical component due to the orbit eccentricity that must be adjusted 
by the user receiver: 

푅푒푙 = 2√
휇 · 푎
푐 = 푒 · sin(퐸) = 2

푟⃗푆푎푡 · 푣⃗푆푎푡
푐  

Equation 15: Special relativity effect on orbit eccentricity 

                                                             
23 This delay is produced by antennas, cables, as well as different filters used in receivers and satellites. 
These instrumental delays affect both, code and carrier measurements. The code instrumentals delays 
depend of the frequency and the codes used, and are different for the receiver and transmitter. 
24 Being 푓 = 10.23 푀퐻푧 results in an apparent increase of the oscillating frequency of the satellite clock 
by  ∆푓 = 4,464 · 10 · 푓 = 4,53 · 10 퐻푧. Thus, the satellite must use decreasing in this quantity the 
mentioned frequency. So, frequency “emitted” by the satellite is  푓 = 10.22999999543 푀퐻푧 while  
푓 = 10.23 푀퐻푧  is the one “received” on the terrestrial surface. This means the clock on the satellite seen 
from the Earth runs faster than on the Earth surface. 
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Tropospheric delay  
 

At the frequency which the GPS signal is emitted, the troposphere behaves like a 
non dispersive media, being its effect independent of the frequency. The tropospheric 
delay can be modeled in an approximate way (nearly a 90%) using the following 
expression: 

푇푟표푝 =  (푑  + 푑 )  ·  푚(푒푙푒푣) 

Equation 16: Tropospheric delay 

Where 푑  corresponds to the vertical delay due to the dry component of the 

troposphere (basically formed by oxygen and nitrogen in hydrostatic equilibrium) and 
푑  corresponding to the vertical delay associated with the wet component (due to the 
water vapor of the atmosphere):  

 

d = 2,3 · e , · ·   

d = 0,1 m 

Equation 17: Troposphere vertical delay components 

 

Where, H is the height (in meters) over the sea level. Finally, 푚(푒푙푒푣) is the slant factor 
in order to project the vertical delay in the direction of the satellite observation, which 
depends of the elevation of the satellite with respect to the receiver local horizon: 

푚(푒푙푒푣) =  
1,001

0,002001 + sin (elev)
 

Equation 18: Slant Factor 

Ionospheric delay 
 

The ionosphere is the zone of the terrestrial atmosphere that extends itself from about 
60 km until more than 2000 km in high. It contains a partially ionized media, as result of 
the X and UV rays of Solar Radiation and the incidence of charged particles (proton or 
electron) from solar cosmic rays.  The propagation speed of the GNSS electromagnetic 
signals in the ionosphere depends on its electron density which is typically driven by: 

- During the day, the Sun radiation causes ionization of neutral atoms 
producing free electrons and ions.  

- On the night free electrons are recombined with ions producing neutral 
particles, which lead to a reduction of the electron density 
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Unlike the troposphere, the Ionosphere is a dispersive media, being its effect 
proportional to the inverse squared of the frequency. In this way, the Ionosphere 
produces the delay on the code measurement and advance of phase measurements by 
the same absolute amount. We can compute this excess with Equation 19: 

 

Equation 19: Ionosphere impact on phase and code 

Where I is the integrated electron density (Ne) along the ray path as Equation 20 shows: 

 

Equation 20: Integrated electron density 

This effect has large dependences on the location of the receiver. Figure 17 shows the 
Vertical delay distribution (VTEC) at 19UT of the 26th of June of 2000.  

 

Figure 17: VTEC distribution and Geomagnetic equator 

The model of ionospheric prediction used in the PFC is defined in the Standard 
Positioning Service Signal Specification (GPS/SPS-SS, 1995) which is the Klobuchar model. 
It is a simple model that assumes that all electrons are concentrated in a thin layer 
placed at 350Km high over the surface (see Figure 18). Its parameters are transmitted in 
the navigation message and reduce the ionospheric effect between a 50% and a 60%. 

 
Figure 18: Klobuchar ionospheric model 
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GNSS Solving the Navigation Equations 
 

This section is focused to explain how the receiver position is estimated on the 
code measurements. As these measurements are noisy (receiver noise, multipath, 
among other factors) and the applied models are not perfect, adjustment and filtering 
techniques for the parameters estimation are needed. It is important to remember that 
the goal of a navigation system is to determine the unknown receiver coordinates 
 풓 = 풓 (푥 ,푦 ,푧 )  and clock offset (dt ) from pseudorange measurements of at 
least 4 satellites in view.  
 

An intuitive idea of GNSS positioning 
 
As previously explained, the basic observable of the GPS system is the propagation time 
of an electromagnetic wave from the satellite (transmitter) to the receiver. This time, 
multiplied by the speed of light, gives us a measure of the distance (pseudorange) 
between them. 

Let’s suppose that a lighthouse, with known coordinates within certain accuracy, is 
emitting acoustic signals at regular intervals intense enough to be heard some 
kilometers away. Let’s also assume a ship with a clock perfectly synchronized with the 
one in the lighthouse, receiving these signals for example, 20 seconds later. These 20 
seconds will correspond to the propagation time of sound from the lighthouse 
(transmitter) to the ship (receiver). Distance 푑 between them will be obtained 

multiplying this value by the speed of sound 푣 ≃ 340  → 푑 =  20 · 340 =  6.800 푚. 

Obviously, with a single lighthouse it is only possible to determine a measure of 
distance. So, the ship could be at any point over a circle of radius 푑 shown in Figure 19.  

 
Figure 19: An intuitive idea of GNSS positioning 
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Although the preceding example corresponds to a two-dimensional case, the basic 
principle is the same in the GNSS system: 

- In the case of the lighthouses, one assumes that their coordinates are 
known. In the case of the GNSS satellites, these are calculated from the 
navigation data (ephemeris) transmitted by the satellites. 

- Distances between transmitter and receiver are calculated using the 
propagation time of a signal. In the case of the lighthouses is the sound, 
while in GNSS, the electromagnetic wave from the satellite to the receiver. 

As shown in the example, an ideal situation with a perfect synchronism between 
lighthouses and ship clocks is supposed, but in practice this is very difficult to obtain. A 
synchronism error between these clocks will produce an erroneous measure of signal 
propagation time (because this is something related to both clocks) and, as a 
consequence, an error in the range measurements. 

 

Figure 20: Size and shape variation of intersection region 

In order to assure the stability of clocks, GPS satellites are equipped with atomic 

oscillators with stabilities of about 10 < ∆ < 10 . In the case of commercial 

receivers, the used quartz clocks are much more economical but with a poorer stability. 
This inconvenient is overcome by estimating its synchronism error (dt ) at the same 
time as the coordinates. Finally, the geometry of the satellites depends on how the 
viewer sees them and this affects the positioning error. This is illustrated in Figure 20, 
where the size and shape of the region change depending on their relative position.  

 

GNSS Navigation Equations 
 

The positioning principle is based on solving a geometric problem from the 
measured ranges to the satellites in view with known coordinates (see Figure 21). The 
satellite coordinates can be computed from the broadcast message, which also provides 
all necessary information for the measurements modeling for the Standard Positioning 
Service. 
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Figure 21: GPS positioning idea 

From the code pseudorange measurements modeling of R  we know: 

R  =  ρ + c · (dt − dt ) + Rel + Trop + α · Iono + TGD  + MP  + ∈   

Equation 21: Pseudorange modeled decomposition 

 
The following measurement equations system can be written, neglecting the multipath 
and receiver noise terms: 

푅 − 퐷 ≈ 풙푹풆풄 − 푥 + 풚푹풆풄 − 푦 + 풛푹풆풄 − 푧 + 푐 · 퐝퐭퐫퐞퐜 

푓표푟 푖 = 1, 2, … ,푛        (푛 ≥ 4) 

Equation 22: Measurement equation, neglecting multipath and noise 

 
Where the left side of the equation contains the measurements 푅  and all modeled 
terms D  =  −c · dt + Rel + Trop + α · Iono + TGD    

The right side contains the four unknown parameters: 

- The receiver coordinates (푥 ,푦 ,푧 )  

- The receiver clock offset dt  

The previous equations define a non linear system, which usual resolution technique 
consists of linearizing the geometric range ρ in the neighborhood of a point (푥 ,푦 , 푧 ) 
corresponding to an approximate receiver position: 

휌( , , ) = 푥 − 푥 + 푦 − 푦 + 푧 − 푧  

Equation 23: Satellite-Receiver geometric range 
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From an approximate solution: 

푟 = (푥 ,푦 , 푧 ) 

휌 = 휌( , , )  

휌( , , ) = 휌 +  
푥 −  푥

|휌 | 푑푥 +  
푦 −  푦

|휌 | 푑푦 + 
푧 −  푧

|휌 |  푑푧 

푤푖푡ℎ  푑푥 = 푥 − 푥      푑푦 = 푦 − 푦        푑푧 = 푥 − 푧  

Equation 24: Linearized Satellite-Receiver geometric range 

 
Substituting Equation 24 into Equation 22 we can rewrite the measurement equations as 
a linear system: 

푅 − 퐷 − 휌 =  
푥 −  푥

|휌 |
푑푥 +  

푦 −  푦
|휌 |

푑푦 + 
푧 −  푧

|휌 |
 푑푧 + c · dt  

Equation 25: Measurement equation 

 
The previous navigation equations system is written in matrix notation as: 

푅 − 퐷 − 휌
⋮

푅 − 퐷 − 휌
=

⎝

⎜⎜
⎛
푥 −  푥

|휌 |  

 
푦 −  푦

|휌 | 

푧 −  푧
|휌 | 1

⋮ ⋮ ⋮ ⋮
푥 −  푥

|휌 |
푦 −  푦

|휌 |   
푧 −  푧

|휌 | 1
⎠

⎟⎟
⎞

 +

푑푥
푑푦
푑푧

  c · dt  

 

Equation 26: Navigation equations system 

In general, an over-dimensioned system is obtained (for 푛 > 4), which must be solved 
using the Least Squares adjustment or the Kalman filter. Note that the differences 
(푑푥,푑푦,푑푧) are being estimated between the true position (푥,푦, 푧) and the 
approximate one (푥 ,푦 , 푧 ) where a linearization has been made. After solving the 
Equation 26, the improved estimate of the receiver coordinates is:  

푥
푦
푧

=

푥
푦
푧

+
푑푥
푑푦
푑푧

 

Equation 27: Receiver coordinates estimation 

Equation 26 can be linearized again using Equation 27 new estimates of the receiver 
position, and the solution can be iterated until the change between two consecutive 
iterations is under a given threshold. Typically, the iterations converge quickly, in few 
iterations, even if starting with (푥 , 푦 ,푧 ) = (0, 0, 0) i.e., the Earth’s center. 



Design, Implementation and Testing of GPS Data Processing Modules for GNSS Navigation 

[ Memory]      [Fundamentals of GNSS - GNSS Solving the Navigation Equations] 

 

 
  - 43 - 
 

Least Minimum Squares adjustment 
 

The Least Minimum Squares (LMS) method will be detailed in this section 
following the explanation (Salazar-Hernández, 2008). The navigation equations system 
presented in Equation 26 can be compactly written:  

[푌]  =  (퐴) · [푋] 

Equation 28 : Algebraic navigation equations 

Where the vectors and matrix involved can be defined as:  

- Prefit-residuals: [푌] is a (n x 1) vector containing the residuals between the 
measured and predicted pseudoranges, “before fitting” the parameters 
(푑푥,푑푦,푑푧,푑푡)to the linear model. 

- Geometry matrix: (퐴) is a (n x 4) matrix containing the receiver-satellite 
geometry. Notice that the first three elements of each row (j = 1, . . . , n) are 
the components of the unitary line-of-sight-vector: 

푥 −  푥   ,   푦 −  푦   ,   푧 −  푧
푥 −  푥 ,푦 −  푦  ,푧 −  푧

 

- Unknown parameters: [푋] is a (4 x 1) vector containing the discrepancy 
between the approximated and the true coordinates(푑푥, 푑푦,푑푧), and the 
receiver clock offset 푑푡. 

The following example will help to clarify some ideas. Suppose we want to triangulate an 
airplane position with 3 different radio aids like the VOR (VHF Omni-directional Range) 

 

Figure 22: LMS application to VOR triangulation 

The VOR lines can be expressed as Equation 28. We know we are in the yellow region in 
Figure 22: LMS application to VOR triangulation Figure 22 but there is not an exact 
solution that fulfills the system. LMS provides an estimation that minimizes the 
discrepancy in the equations system. 
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The first step is to recognize that matrix A is not a square matrix. So we need to generate 
a square matrix to be invertible: 

(퐴) · [푌]  =  (퐴) · (퐴) · [푋] 

New matrix (퐴) · (퐴) is a square matrix that can be inverted: 

[(퐴) · (퐴)] · (퐴) · [푌]  = [(퐴) · (퐴)] ·  (퐴) · (퐴) · [푋] 

[(퐴) · (퐴)] · (퐴) · [푌]  = (퐼) · [푋] 

푋 =  [(퐴) · (퐴)] · (퐴) · [푌]  

Equation 29: LMS algebraic procedure 

 

Note we 푋  is an estimation of [푋] provided by the LMS method. That is the vector 푋  

minimizes25 the residuals quadratic norm: 

푚푖푛  [푌] − 푌 =  푚푖푛 (푦 − 푦 )  

Equation 30: LMS condition 

Where 

푌 =  (퐴) · 푋  

Equation 31: Fitted model 

The discrepancy vector between the observed measurements [푌] and the 

measurements obtained from the fitted model 푌  is usually called the residual or post-

fit vector. 

[푟] = [푌] − 푌 = [푌] − (퐴) · 푋  

Equation 32: Post-fit vector definition 

 

Weighted Least Minimum Squares solution 
 

In the LMS procedure explained above, no selection of VOR measures has been 
done. Every VOR has the same relative importance. Now, assume we know the angular 
deviation of each VOR expressed by Equation 33 and Figure 23. 

                                                             
25 The Equation 30 where a quadratic sum is minimized could be interpreted in physical terms as 
minimizing the energy of the error fit. Thence the estimate 푋 can be seen as an equilibrium solution. 



Design, Implementation and Testing of GPS Data Processing Modules for GNSS Navigation 

[ Memory]      [Fundamentals of GNSS - GNSS Solving the Navigation Equations] 

 

 
  - 45 - 
 

휎 =
 1
푁

(휃 − 휃)  

Equation 33: VOR Standard deviation 

 
Figure 23: VOR measurements noise  

The measurements quality26 can be incorporated in the fitting criteria (Equation 30) by 
introducing a symmetric, positive-definite weighting matrix W. The algebraic procedure 
of Equation 29 is now: 

[푌]  =  (퐴) · [푋] 

(푊) · [푌]  =  (푊) · (퐴) · [푋] 

(퐴) · (푊) · [푌]  = [(퐴) · (푊) · (퐴)] · [푋] 

[(퐴) · (푊) · (퐴)] · (퐴) · (푊) · [푌]  = [(퐴) · (푊) · (퐴)] ·  [(퐴) · (푊) · (퐴)] · [푋] 

[(퐴) · (푊) · (퐴)] · (퐴) · (푊) ·  [푌] = (퐼) · [푋] 

푋 =  [(퐴) · (푊) · (퐴)] · (퐴) · (푊) ·  [푌]  

Equation 34: WLMS algebraic procedure 

If W is the inverse of observations covariance matrix (푅): 

(푊) =  (푅)  

It can be shown (see for instance (Tapley, et al., 2004) or (Bierman, 1976)) that this 
solution corresponds to the Best Linear Unbiased Minimum-Variance Estimator 
(BLUE)27. The minimum variance criteria is widely used because its simplicity. The 
minimum variance estimate (Equation 34) gives the maximum likelihood estimate under 
the assumption of Gaussian error with zero mean. A simplification commonly used is to 
assume that the measurements from the different satellites are uncorrelated. Thence, 
the weight matrix28 W becomes: 

 

푊 =

⎝

⎛

1
휎

⋱
1
휎 ⎠

⎞ 

Equation 35: Simplified weight matrix 

                                                             
26 Measurements at low elevation have larger multipath error than high elevation observations, or the mod-
eling errors due to the tropospheric or ionospheric mapping functions are larger at lower elevations. 
27 The observation errors are assumed to be distributed normally with zero mean and covariance R. 
28 Where 휎 come from the uncertainty of the different error sources; satellite clocks, ephemeris, 
ionosphere, troposphere, multipath, receiver noise…  휎 = 휎 + 휎 + 휎 +휎 + 휎 + 휎  
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Processing Modules 
 

 In this section, the software which has been developed is detailed.  In Annex III: 
Technical Drawings complete flow charts of each module can be found in order to clarify 
how the software works. In Annex II: User Requirements can be found the requirements 
needed to satisfy for input to the software chain and the outputs that each module 
generates.  

Overview 
 
 The first flowchart of Annex III: Technical Drawings is an overview of how the 
software is organized and gives a general idea of the function and the situation of each 
module inside the project. There are four different conceptually divided phases that 
comprises different software modules: 

- Inputs:  It comprises the starting data of the PFC. The files that the PFC take 
as a input known as Receiver INdependent Exchange Format (RINEX) 
generated by a GNSS receiver. 

- Pre-Process: It is an internal format conversion and pre-checking of both 
types of data: the observables file and the navigation file. Incoherent and 
bad data is removed, consistent format and columns length is given to all 
fields. The observables are further preprocessed, where the phase is pre-
aligned with the code and cycle-slips are detected. 

- Data Processing Core (DPC): There are three different modules: 

o The satellite positions and velocities are obtained from the 
observables and the ephemerides provided by the navigation 
message.  

o The pseudorange is modeled to obtain the geometric pseudorange, 
computing all other terms seen in section 

o The navigation equations are solved by the WMLS techniques 
previously explained in section GNSS Solving the Navigation 
Equations. 

- Test against gLAB: It is where the differences from the PFC results and the 
results generated by gLAB are computed and presented in the Test Results 
section. Due to this part is only computing the difference between output 
columns its description is omitted. 
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Observation RINEX Lector 
 

This module can be understood as a "driver" between the input data and the rest 
of the processing chain. It is the first program to be executed and reads and standardizes 
the observables to the Pre-Process module. According to the module flowchart located 
in Annex III: Technical Drawings, an output file with the station coordinates is generated. 
This file will be used afterwards in the processing chain.  

RINEX observation files from station are read in two different parts: 

- Header: It read the entire file header up to an “END OF HEADER” marker, 
saving all the information that will be necessary in the following steps. 

- Individual epochs: The RINEX observation file is not read in a block, but each 
epoch is read and processed, before the next epoch is read. The epochs are 
processed until the end of the file. 

Known limitations: Even thought any number of satellites could appear in the same 
epoch, usually it is difficult to get more than 10 GPS satellites in the same epoch, in order 
to be conservative, the PFC observation RINEX lector only accepts 15 satellites per 
epoch.  

 

Navigation RINEX Lector 
 

 This module takes as input data the ephemerides of the satellites. This module 
generates a file with the Klobuchar ionospheric model parameters as can be seen in its 
flowchart present in Annex III: Technical Drawings. The ionospheric model will be used in 
the model module. This module also processes the RINEX header differently from the 
rest of the file as explained in the Observation lector. 

Known limitations: According to standard RINEX version 2.10 the maximum lines of the 
navigation message is eight per satellite. 
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Preprocess Module 
 

This module takes as input the Observation lector output. It preprocesses the 
data before the Sat2Orb module. According to this module flowchart present in Annex 
III: Technical Drawings it does the following steps: 

- Cycle-slip detection for carrier-phase measurements 

- Discard corrupted data (null or invalid) measurements as shown in Figure 24. 

- Pre-align carrier phase and pseudorange measurements in order to have 
small values of carrier phase ambiguities. This can be seen in Figure 24 and 
Figure 25. Note the order of magnitude in the vertical axis of the difference 
before the pre-alignment. 

 
Figure 24: Raw Observables after read in the RINEX Observation Lector 

 
Figure 25: Pre-Aligned observables after pre-process module 
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Next, the carrier-phase cycle-slip detection, based on: 

- The Melbourne-Wübbena cycle slip detector: 

o It stores the current value of the MW combination ( 푊 )  computing 
the recursive mean and its square of the last  푁  measures using 
the iterative algorithm detailed in Equation 36: 

푊 =
(푛 − 1) · 푊  + 푊  

푛  

푊 =
(푛 − 1) · 푊   +  푊 · 푊  

푛  

푖푓 (푛 > 푁푚푎푥)  푛 = 푁푚푎푥  

Equation 36: Recursive mean and square mean 

o The noise of the measure collection is then computed using the 

statistical relation: 휎 =  퐸[푥 ]−  퐸 [푥] 

o The threshold used in the detector is computed, from the 
configurable maximum, minimum and slope parameters: 

푇ℎ = min(  푻풉풎풂풙,   푚푎푥( 푺풍풐풑풆 · 휎 ,푻풉풎풊풏 ) )  

 

Figure 26: MW cycle slip threshold 

o Compare if the new value  푊  is between the threshold values, as 
shown in  Figure 27: 

 
Figure 27: Cycle slip detection with MW combination 
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- The geometric-free cycle slip detector: 

o It involves the current value of the LI combination and its acquisition 
time ( 퐿퐼  ,  푡 ) together with the last 3 samples which are 
 퐿퐼 ,  퐿퐼 ,  퐿퐼   푎푛푑  푡 ,  푡 ,  푡  respectively. A guess value 
for  푡   is computed using a Lagrange interpolation with the 3 last 
samples. 

o The threshold used in the detector is computed using the 
configurable maximum, minimum and slope parameters together 
with the time between samples ∆푇 as Figure 28 shows: 

푇ℎ = 푻풉풎풂풙 − (푻풉풎풂풙 − 푻풉풎풊풏) · 푒   ∆
푺풍풐풑풆 

 
Figure 28: LI cycle slip threshold 

o Compare if the new value  퐿퐼  is between the threshold values (in 
relation with the estimated  퐿퐼 ), as shown in Figure 29. Note how 
the missing samples alter the interpolation function, that if present, 
the cycle slip would have not been declared: 

 

Figure 29: Cycle slip detection with LI combination 
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Sat2Orb Module 
 

This module is aimed to compute the satellite coordinates and velocity, the 
satellite clock offset and the Total Group Delay (TGD) at emission time. This information 
will be used in the filter module to compute the receiver coordinates. 

 This module takes three different inputs:  

- The Pre-Process output: The code and phase observables, cycle slip 
detected, and checked that all measures are coherent and between limits. 

-  The Navigation lector output: It is where the ephemerides of the satellites 
are stored and selected according to Equation 37 represented in Figure 30: 

푇 [푅푒푐푒푝푡푖표푛] > 푇   

푇 [푅푒푐푒푝푡푖표푛] < 푇 +  퐹푖푡 푇푖푚푒 (2h if unknown) 

푇 [푅푒푐푒푝푡푖표푛] > 푇 −  퐹푖푡 푇푖푚푒 (2h if unknown) 

Equation 37: Ephemerides selection conditions 
 

 
Figure 30: Ephemerides selection 

- The position from the receiver station as appeared in the RINEX read by the 
Observation RINEX Lector  and stored in the file: station.pos  

The satellite coordinates are computed from the orbital elements shown in Figure 9 of 
section GNSS Orbits: 

- Compute the time  푡  from the ephemerides reference epoch 푡   and the 
current satellite emission time (푡 and 푡  are expressed in seconds in the GPS 
week): 

푡 = 푡 − 푡  

- Compute the mean anomaly for 푡 : 

푀 = 푀 +
휇
푎

+ ∆푛 푡  
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- Solve (iteratively) the Keppler equation for the eccentric anomaly 퐸 : 
푀 =  퐸 − 푒푠푖푛퐸  

- Compute the true anomaly 푣 : 

푣 = arctan
√1 − 푒 푠푖푛퐸
푐표푠퐸 − 푒

 

- Compute the argument of the latitude 푢 from the argument of the perigee 
휔, the true anomaly 푣  and the corrections 푐  and 푐 : 

푢 =  휔 + 푣 + 푐 푐표푠2(휔 + 푣 ) + 푐 푠푖푛2(휔 + 푣 ) 

- Compute the radial distance 푟  considering corrections 푐  and 푐 : 

푟 =  푎(1− 푒푐표푠퐸 ) + 푐 푐표푠2(휔 + 푣 ) + 푐 푠푖푛2(휔 + 푣 ) 

- Compute inclination 푖  of the orbital plane from the inclination 푖  at the 
reference time 푡  considering corrections 푐  and 푐 : 

푖 =  푖 +
휕횤̇
휕푡
푡 + 푐 푐표푠2(휔 + 푣 ) + 푐 푠푖푛2(휔 + 푣 ) 

- Compute the longitude of ascending node 휆  with respect to Greenwich. 
This calculation uses the right ascension at the beginning of the current GPS 
week 훺 , the correction from the apparent sidereal time variation in 
Greenwich between the beginning of the week and reference time 
푡 = 푡 − 푡 , and the change in longitude of the ascending node from the 
reference time 푡 : 

휆 =  훺 +
휕훺
휕푡

− 휔 푡 − 휔 푡  

- Compute the satellite coordinates in a rotating terrestrial system, applying 
three rotations (around 푢 , 푖 , 휆 ): 

푋
푌
푍

= 푅 (−휆 )푅 (−푖 )푅 (−푢 ) 

- Compute the velocity of the satellite by recalculating the coordinates at a 
previous time, adding the Earth velocity: 

푣⃗ =
푟⃗ (푡 ) − 푟⃗ (푡 − 훿푡)

훿푡
 

푣⃗ =  푣⃗ + 휔⃗  ^ 푟⃗  

Features: According to (GPS/SPS-SS, 1995) the minimum ephemerides fit time is ±2 
hours from TOE, although typically updated every 2 hours. The tolerance and the 

maximum iterations in the iterative solver of the Keppler equation are set to 10  and 
10 respectively.  The time step 훿푡 used in the velocity calculations is set to 10  seconds.  
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Model Module 
 

The model part of the processing chain is very important; the better the signal is 
modeled, the better global results will be obtained. As it will be later discussed, a straight 
forward future improvement is to expand the model module to account for other source 
of delay. 

This module takes three different inputs: 

- The Sat2Orb output: The code and carrier-phase observables: 

o  Cycle slip detected and checked that all measures are coherent and 
between limits. 

o Incorporating the satellite position, velocities, TGD and clock offsets 
for each reception time. 

- The position from the receiver station as appeared in the RINEX read by the 
Observation RINEX Lector  and stored in the file: station.pos  

- The Ion alpha and Ion beta parameters as appeared in the RINEX read by the 
Navigation RINEX Lector. These parameters will be used to compute the 
ionospheric delay using the Klobuchar ionospheric model described in the 
GNSS Measure Modeling section. 

This module has all the functions to model the receiver measurements. According to the 
flowchart present in Annex III: Technical Drawings it does the following steps: 

- Compute the relativistic correction due to orbit eccentricity. 

- Compute the geometric distance. 

- Compute the a-priori receiver position in latitude, longitude and height from 
the a-priori receiver position present in the Observation RINEX. 

- Compute the satellite elevation and azimuth seen from the receiver. 

- Compute the tropospheric correction. 

- Compute the ionospheric correction. 

This module computes the models for all the measurements independently on which are 
used in the following filtering process, this is to completely separate the model and filter 
modules.  
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Filter Module 
 

This module implements a Weight Least Minimum Squares solver. The matrix 
weight is configurable, and obtains the estimations of the required parameters.  

This module takes three different inputs: 

- The Model output: The code and phase observables 

o  Cycle slip detected and checked that all measures are coherent and 
between limits 

o Incorporating the satellite position, velocities, TGD and clock offsets 
for each reception time. 

o Incorporating the modeled pseudorange to each observable. 

- The position from the receiver station as appeared in the RINEX read by the 
Observation RINEX Lector  and stored in the file: station.pos  

The parameters that the filter estimates are: 

- Receiver position: 

o 푋   ,    푌     ,    푍      

- Receiver clock error. 

o 푑푡    

The filter also outputs information about: 

- Satellites present in the epoch 

- Each satellite post-fit error 

 

Known limitations: Even thought any type of pseudorange and carrier-phase 
measurements and combinations can be used for positioning; only C1 is implemented.  
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Test Results 
 

 In this chapter the results of comparing different parts of the PFC packages and 
the gLAB will be exposed. The order the results are presented is the same they are 
generated in the processing chain: 

- Satellite dependent: All of this data is generated in the Sat2Orb module 
explained above. In particular, the PFC components that have been tested 
against gLAB, and the discrepancies that are presented are: 

o Satellites coordinates 

o Satellites velocities 

o Satellites clock offset  

o Satellites TGD 

- Model dependent: All of this data is generated in the Model module 
explained in the previous section. More concisely, the modeled effects 
discrepancies between gLAB and PFC results that are presented next are: 

o Relativistic delay 

o Geometric distance 

o Tropospheric correction 

o Ionospheric correction 

o Flight time 

o Modeled signal 

- Filter dependent: The results shown here are generated in the Filter module 
detailed previously.  In order to present enough results to assure that both 
solutions are equal, the following graphics are shown: 

o gLAB navigation equations solution 

o PFC navigation equations solution 

o Discrepancy between previous solutions 

o Filter pre-fits  
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Satellite Dependent Results 
 

 
Figure 31: Satellite coordinates discrepancy 

 

 
Figure 32: Satellite velocities discrepancy 
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Figure 33: TGD discrepancy 

 

 
Figure 34: Satellite clock offset model discrepancy 
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In the previous plots (from Figure 31 to Figure 34) the discrepancies related to 
the satellite between the gLAB and the PFC results can be seen.   The vertical axes of the 
mentioned plots are chosen to be similar order of magnitude (a few millimeters) to give 
a better sense of comparison.  In addition to this, results are formatted with 3 decimal 
positions, this forces the numerical representation of the discrepancy to appear in 
straight lines with differences lower than 1 mm. This can be seen in Figure 31, where 
differences are, in fact, about 1 mm.  

The reason of this 1 mm resolution is that, in general, the GPS precise models 
point towards 1 cm accuracy. Presenting the data with ten times this resolution provides 
enough information to assess its performance. All differences below 1 cm are considered 
to be under an acceptable threshold. 

In Table 5 the satellite-dependent numerical discrepancies encountered are 
presented compactly. Together with the error value, it is shown the characteristic 
magnitude of the variable. This will help to understand if the previous results are 
accurate.  

Concept 
Characteristic 
 Magnitude 

Discrepancy 
Raw Relative 

Satellite Coordinates 26500 km 1 mm 4 · 10  
Satellite Velocities 8 km/s 5 mm/s 10  

Satellite Total Group Delay (TGD) 1 m 0 − 
Satellite Clock Offset 300 Km 0 − 

Table 5: Satellite dependent discrepancies 

 

The zeros in Table 5 are in fact differences at most below 1 mm, but this 
magnitude is considered to be close enough to consider both results identical. The 
relative discrepancy is obtained by the division of the raw discrepancy computed by the 
characteristic measure, which gives an adimensional ratio. Table 5 show differences 
below the 1cm threshold, so they are under an acceptable threshold. 
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Model Dependent Results 
 

 

Figure 35: Relativity delay model discrepancy 

 

 

Figure 36: Geometric range discrepancy 
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Figure 37: Tropospheric model discrepancy 

 

 
Figure 38: Ionospheric model discrepancy 
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Figure 39: Flight time discrepancy 

 

 
Figure 40: Full modeled pseudorange discrepancy 
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In the previous plots (from Figure 35 to Figure 40) the discrepancies related to 
the pseudorange modeling between the gLAB and the PFC results can be seen.   The 
vertical axes of the mentioned plots are also chosen to be similar order of magnitude (a 
few millimeters) to give a better sense of comparison.  As before, gLAB results are also 
formatted with 3 decimal positions.  

In Table 6 the model-dependent numerical discrepancies encountered are 
presented compactly. Together with the error value, it is shown the characteristic 
magnitude of the variable. This will help to understand if the previous results are 
accurate.  

Concept 
Characteristic 

Magnitude 
Discrepancy 

Raw Relative 
Relativity Model 13 m 0 − 
Geometric Range 20000 km 0 − 

Tropospheric Model 2 m 0 − 
Ionospheric Model 2 m 0 − 
Signal Flight Time 67 ns 10 m 10  

Full Modeled Measure 22000 km 1 mm 4 · 10  

Table 6: Model dependent discrepancies 

 

 Again, based on the discrepancy of the model components exposed in Table 6, 
which all differences are below 1cm (and most are zero), so they can be considered to be 
precise enough. 

 In Figure 40 the complete model discrepancy is shown. This value is obtained by 
the addition of all of the components. This discrepancy is the global model error and 
contains the contribution of errors of all the components it has. It is very important 
because enters directly to the filter module when the pre-fits vector (see section GNSS 
Solving the Navigation Equations) is computed. Model errors have impact on the receiver 
coordinates estimation and the better modeled the measurement is, the better results it 
will be obtained. 
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Filter Dependent Results 
 

 

Figure 41: gLAB Receiver coordinates solution 

 

 

Figure 42: PFC Receiver coordinates solution 
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Figure 43: Solution discrepancy 

 

 

Figure 44: Filter pre-fits (measured– modeled pseudorange) 
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In the previous plots (from Figure 41 to Figure 44) the filter module results are 
presented. The first two (Figure 41 and Figure 42) show the receiver coordinates 
estimation which is the results of a kinematic positioning done by the WLMS filter 
previously described by the gLAB and PFC softwares. The scale of these two plots is in 
meters and corresponds to the variation to the a-priori position present in the RINEX. 

The third plot (Figure 43) shows the discrepancies between the gLAB and the PFC 
coordinates.   The vertical axis is set to be millimeters which show how close the 
navigation solution is from both processing chains  

The fourth plot (Figure 44) shows the prefit evolution along the day. It can be 
seen that around station midday (around 30 000 second of the day) both prefit (gLAB 
and PFC) grow greatly. This is due to a bad Ionosphere behavior modeling; at these 
hours, sun is at maximum elevation, so the ionization of neutral atoms that interfere 
with the GPS signal is also at maximum. This phenomenon is modeled by the simple 
Klobuchar model, which is not accurate when high solar activity is recorded.  

In Table 7 the filter-dependent numerical discrepancies encountered are 
presented compactly. Together with the error value, it is shown the characteristic 
magnitude of the variable.  

Concept 
Characteristic 
 Magnitude 

Discrepancy 
Raw Relative 

Receiver Coordinates 50 m 5 cm 10  
Pre-Fit 2 km 1 cm 10  

Table 7:  Filter module discrepancies 

The relative discrepancy of the filter related components exposed in Table 7. The 
results show a very good agreement and are assumed to be under an acceptable 
threshold29. These results are based on all the processing chains, so multiple errors 
occurred along the process appear where the estimation of the coordinates is given. A 
precise navigation equation solution can be provided only if all other modules correctly 
function. 

  

                                                             
29 Centimeter level for the pre-fit residuals and less than 10 centimeters in receiver coordinates, for code 
based positioning. 
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Conclusions 
 

 The first conclusion is that the modules developed in the project correctly 
function and they provide truthful and accurate results according to the results exposed 
previously. 

 The second conclusion is that gLAB has been successfully tested, as no major 
divergences have been encountered between this project results and the gLAB tool 
results, which grouped according to previous section are: 

- Satellite dependent: 1 mm of discrepancy. 

- Model dependent: 1cm of discrepancy. 

- Filter dependent: 

o Pre-fits: cm level of discrepancy. 

o Receiver coordinates: 10 cm of discrepancy. 

In addition to the tests performed in this project, the main gLAB processing core 
has been tested with other in-house software and the GPS toolkit (The GPS Toolkit, 
2004) without having found considerable discrepancies. 

The third conclusion is that the objective of the project has been achieved. The 
aim pursued in this the project was to develop a series of software modules to perform a 
wide check of the unitary components built in the gLAB tool.  

The final conclusion to obtain with this present work is that a layer of confidence 
has been added to the gLAB tool because it has been cross checked against someone 
nearly independent of the research group where gLAB was implemented. This, as stated 
in the justification of the project, adds a different approach and increases the value of 
the revision performed. 
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Future Improvements 
  

 As stated in the Scope of the project, the gLAB tool is more extensive than the 
modules checked in this project so the natural future improvement is to keep the 
independent development of modules until every single option is checked in the gLAB 
tool. 

FUTURE IMPROVEMENTS 

INPUT 
Read precise GNSS orbits and clocks Standard Products 3 (SP3)  data files 

Read IONosphere maps EXchange (IONEX) data files 

PREPROCESS Code pseudo range smoothing 

MODEL 

Wind-up computation for carrier-phase measurements. 

Solid tides displacement computation 
Satellite and receiver antenna phase center from an internal database 
Improve the Ionosphere model 

FILTER 

Kalman filter implementation 

Carrier phase ambiguities estimation with Precise Point Positioning (PPP) 

Zenith tropospheric delay  estimation with PPP mode 

Table 8 : Future Improvements 
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