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GNSS Signals and System 
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Evolution of Integrity Concept 
– From Galileo to Multisystem 

Mario Calamia, Giovanni Dore and Alessandro Mori 
University of Florence 

Italy 

1. Introduction 

The Galileo navigation system introduced the in tegrity concept, intended as a continuous 
control of the information broadcasted by satellites. Although the RAIM technique 
represents the first example of integrity monitoring, it is able to detect only local errors 
made at the receiver level. The integrity monitoring applied by EGNOS could instead be 
seen as the forerunner of the Galileo system. Even if there are many differences in the 
definition of integrity for the two systems, the aim is the same for both: to protect the user 
against the failure of the system, warning him in the shortest  time and with the greatest 
precision possible. 

The integrity of a navigation system can be defined as follows: “integrity relates to the trust 
that can be placed in the correctness of information supplied by a navigation system. 
Specifically, a navigation system is required to deliver an alarm when the error in the 
derived user position solution exceeds an allowable level (alarm limit). This warning must 
be issued to the user within a given period  of time (time-to-alarm) and with a given 
probability (integrity risk)” (Oehler et al., 2004). 

In the near future a central role will be played by the integrity receiver’s capability. This 
service can be considered essential in the safety critical application domain, particularly in 
aviation. For these applications, the system’s capability of protecting the user against system 
failure is of primary importance.  

Integrity includes the system’s ability to supply,  at the right time, reliable warnings to the 
user (alarm). The main problem with this service is how to determine what can be 
considered safe. This depends on the requirements of the different fields of application. The 
following parameters are traditionally used to de fine the safety of the service for a specific 
application: 

�x Alarm Limit (AL): the maximum error allowed in the position domain before an alarm 
is generated.  

�x Time To Alarm (TTA): the time that elapse s between an error’s overcoming of the AL 
and the reception of the alarm by the user’s receiver.  

�x Integrity Risk (IR): the probability that the alarm will not be delivered within the TTA.  

Allowable values of AL, TTA and IR depend on  the specific application of the navigation 
system. The Galileo system provides a high level of integrity of the navigation signal. The 
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Estimation of Satellite-User Ranges  
Through GNSS Code Phase Measurements 

Marco Pini 1, Gianluca Falco1 and Letizia Lo Presti2 

1Istituto Superiore Mario Boella 
2Politecnico di Torino 

Italy 

1. Introduction 

A Global Navigation Satellite System (GNSS) receiver is able to compute the user position 
through a trilateration procedur e, which includes the measure of the distance between the 
receiver and a set of satellites. Two different approaches are tipically used and implemented 
in commercial receivers. The former relies on code tracking, the latter leverages carrier 
phase measurements performed during carrier tracking.  

This chapter focuses on the first approach and discusses the procedures that GNSS receivers 
perform to finely estimate satellite-user ranges. First, in section 2 we introduce the concept 
of pseudorange and in section 3 we give some fundamentals on primary signal processing 
blocks of every GNSS receiver: signal acquisition, tracking and data demodulation. In 
section 4, two common methods used to estimate the user-satellite range, on the basis of 
code phase measurements are presented. Finally, section 5 completes the chapter, providing 
an example of combined Position, Velocity and Time (PVT) computation for a GPS/Galileo 
receiver. 

2. Theory and methods 

Let us start with a simple example to introduce the concepts we will describe in the next 
sections.  

John usually bikes to school following a straig ht path, keeping a constant speed. John wants 
to measure the distance between his house and the school and decides to compute such a 
distance by measuring the time it takes to go to school. He uses the following formula:  

 x v t� �˜  (1) 

where: 

�x x  is the distance estimated by John; 
�x v  is the average speed, read on the bike speedometer; 
�x t  is the difference between the time instant when John arrives at school and the time 

instant when he leaves home. In both cases, John reads the time on his digital watch. 
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Hybrid Positioning and Sensor Integration 

Masahiko Nagai 
Asian Institute of Technology 

Thailand 

1. Introduction 

Utilization of a mobile platform is important for effectively acquiring spatial data over a 
wide area (Zhao & Shibasaki, 2000). Although mobile mapping technology was developed 
in the late 1980s, the more recent availability of Global Positioning Systems (GPSs) and 
inertial measurement units (IMU s), the latter being a combination of accelerometers and 
gyroscopes, has made mobile mapping systems possible, particularly for aerial surveys and 
ground vehicle surveys (Manan dhar & Shibasaki, 2002). Remote sensors—such as image 
sensors or laser scanners—are instruments that gather information about an object or area 
from a distance. Using these sensors for surveying and collecting information from mobile 
platforms has become a valuable means of disaster mapping, environmental monitoring, 
and urban mapping, amongst others.  

Trajectory tracking of a mobile platform is considered part of directing the movement of a 
platform from one place on Earth to another. Although GPS gives excellent trajectory 
tracking performance, it is no t adequate to use for mobile mapping in terms of its lack of 
attitude information and low data acquisition frequency. On the other hand, an IMU is a 
closed system that is used to detect attitude and position with high frequency. 

An IMU exhibits position errors , called drift errors that tend to increase with time in an 
unrestrained manner. This degradation is due to errors in the initialization of an IMU and 
inertial sensor imperfections such as accelerometers bias and gyroscope drift. By mitigating 
this growth and bounding, the errors update the inertial system periodically by fixing 
external reference sources. The combination of GPS and IMU has become increasingly 
common as the characteristics of these two mobile positioning technologies complement 
each other. Firstly, an IMU provides continuous positioning drifts, whereas GPS 
measurements do not drift, but are not continuous ly available. Also, GPS, as external data, is 
used not only for position updates but also for error correction of inertial components such 
as attitude, heading, velocity, gyro bias, and accelerometer bias. However, the integration of 
IMU and GPS is restricted due to the cost of high quality inertial components.  

To obtain both the wide area coverage of remote sensors and the high levels of detail and 
accuracy of ground surveying at low costs, a mobile mapping system has been developed in 
this research. All the measurement tools are mounted on a mobile platform to acquire 
detailed information. This mobile platform integrates and combines equipment such as 
digital cameras, a small and cheap laser scanner, an inexpensive IMU, GPS, and VMS 
(Velocity Measurement System). These sensors are integrated by a high-precision 
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5.2.2 Object extraction 

Figure 14 shows the point cloud acquired by the laser scanner, which is geo referenced with 
hybrid positioning data and contains not only traffic signs/signals but also the 
surroundings (vegetation and buildings) beyond  the road. Object segmentation and feature 
extraction of important objects, such as traffic signs/signals, are conducted. This is most 
common especially after most redundant range points have been detached from the point 
cloud after boundary extraction. Range points represent the geographic information of all 
the objects in the form of 3D discrete coordinates, which have no description of attribute and 
there is no topological relation among the data points. However, spatial features exist which 
can be used for object segmentation. It is clear that the traffic sign/signal has a strong linear 
feature after being projected onto the horizont al plane, while points belonging to other 
spatial objects (such as trees) are scattered on the horizontal plane without a dominant 
direction. This spatial feature can be utilized for segmentation.  

 
Fig. 14. 3D point cloud data from vehicle based system 

6. Validation 

In this mobile mapping system, multiple sensor s are integrated, thus making it difficult to 
point out the origins of errors for positioning. Therefore, accuracy of positioning is assessed 
by an ordinary survey method, the result of which is compared with a digital surface model 
and control points from the orient ed images; the accuracy is 3 to 10 cm, as shown in Table. 3. 
Those control points are considered as true values and selected feature points such as object 
corners, which can recognize both images and a digital surface model (DSM). As a result, 
the average error of the digital surface model is approximately 10 to 30 cm, as shown in 
Table. 5.  

For this validation, DSM has been reconstructed and geo-referenced by using a hybrid 
position. The laser range data are acquired 50 m away from the object and the scan angler 
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resolution is 0.25°; that is, the density of 3D laser points is approximately 20 cm per point. 
After comparing the mapping accuracy with the laser point density, it was found that the 
accuracy is good enough for mapping DSM. Therefore, the accuracy of hybrid positioning 
including their attitude is considered approximately 10 to 30 cm.  

Ave. Error ����

Error       Error      Error ����
 
 DSM               DSM             DSM   ����

 
            Ground Control point ����
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Table 5. Positioning accuracy assessment from DSM 

7. Conclusion 

In this paper, robust trajectory tracking by  hybrid positioning was developed and a digital 
surface model was reconstructed with multi–se nsor integration using entirely inexpensive 
sensors, such as a small laser scanner, digital cameras, an inexpensive IMU, a GPS, and a 
VMS. A new method of direct geo-referencing was proposed for laser range data and 
images by combining a Kalman filter and the BBA or VMS. Because the result of BBA avoids 
the accumulation of drift errors in the Kalman filtering, the geo-referenced laser range data 
and the images were automatically overlapped  properly in the common world coordinate 
system. Hybrid positioning data is acquired by using or combining several different 
positioning technologies. Since this paper focused on how to integrate the sensors into a 
mobile platform, all the sensors and instruments were assembled and mounted under a 
mobile platform such as a UAV or ground vehicle in this experiment. Finally, the precise 
trajectory, including attitude of the sensors, was computed as the hybrid positioning for 
direct geo-referencing of a laser scanner. The hybrid positioning data is used to reconstruct 
digital surface models.  
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GNSS Atmospheric and Ionospheric Sounding  
– Methods and Results 
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1. Introduction 

The GPS atmospheric and ionospheric delays have been considered as an error source for a 
long time. In 1992 when the GPS became fully operational, Ware (1992) suggested limb 
sounding the Earth atmosphere using GPS atmospheric delay signals. In April 1995, the 
small research satellite of Microlab-1 was successfully put into a Low Earth Orbit (LEO) to 
validate the GPS radio occultation method (Feng and Herman, 1999). Since then, the 
GPS/Meteorology Mission (GPS/MET) has been  widely used to produce accurate, all 
weather pressure, temperature, density profiles in the troposphere and the ionospheric total 
electron content (TEC) as well as electron density profiles (Rocken, 1997; Hajj and Romans, 
1998; Syndergaard, 2000), to improve weather analysis and forecasting, monitor climate 
change, and monitor ionospheric events. While traditional observing instruments, e.g. water 
vapour radiometer (WVR), incoherent scatter radars (ISR), ionosonde, topside sounders 
onboard satellites, in situ rocket and satellit e observations, are expensive and also partly 
restricted to either the bottomside ionosphere or the lower part of the topside ionosphere 
(usually lower than 800 km), such as ground based radar ionospheric measurements. While 
GPS satellites in high altitude orbits (~20,200 km) are capable of providing details on the 
structure of the entire atmosphere, even the plasma-sphere. Moreover, GPS is a low-cost, all-
weather, near real time, and high-temporal resolution (1~30s) technique. Therefore, GPS is a 
powerful tool to sound the atmosphere and io nosphere as well as their application in 
meteorology, climate and space weather. 

2. Tropospheric sounding 

The tropospheric delay of GPS signal through the neutral atmosphere was one of major 
error sources in navigation and positioning, wh ich contributes a bias in height of several 
centimetres (Tregoning et al. 1998). Nowadays, GPS has been used to determine the zenith 
tropospheric delay (ZTD) (Jin and Park, 2005) through mapping functions (Niell, 1996). 
The ZTD is the integrated refractivity along a vertical path through the neutral 
atmosphere: 

 6

0
10 ( )ZTD c N s ds�W
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Ionospheric Propagation Effects on GNSS 
Signals and New Correction Approaches  

M. Mainul Hoque and Norbert Jakowski 
German Aerospace Center (DLR), Institute of Communications and Navigation 

Neustrelitz,  
Germany 

1. Introduction 

The ionosphere is the ionized part of the earth’s atmosphere lying between about 50 km and 
several earth radii (Davies, 1990) whereas the upper part above about 1000 km height up to 
the plasmapause is usually called the plasmasphere. Solar extreme ultraviolet (EUV) 
radiation at wave lengths < 130 nm significantly ionizes the earth’s neutral gas. In addition 
to photoionisation by electromagnetic radiation also energetic particles from the solar wind 
and cosmic rays contribute to the ionization.  The ionized plasma can affect radio wave 
propagation in various ways modifying characte ristic wave parameters such as amplitude, 
phase or polarization (Budden, 1985; Davies, 1990). The interaction of the radio wave with 
the ionospheric plasma is one of the main reasons for the limited accuracy and vulnerability 
in satellite based positioning or time estimation. 

A trans-ionospheric radio wave propagating th rough the plasma experiences a propagation 
delay / phase advance of the signal causing a travel distance or time larger / smaller than 
the real one. The reason of the propagation delay can be realized considering the nature of 
the refractive index which depends on the density of the ionospheric plasma. The refractive 
index (n �• 1) of the ionosphere is not equal to that of free space (n = 1). This causes the 
propagation speed of radio signals to differ fr om that in free space. Additionally, spatial 
gradients in the refractive index cause a curvature of the propagation path. Both effects lead 
in sum to a delay / phase advance of satellite navigation signals in comparison to a free 
space propagation. 

The variability of the ionospheric impact is  much larger compared to that of the 
troposphere. The ionospheric range error varies from a few meters to many tens of meters at 
the zenith, whereas the tropospheric range error varies between two to three meters at the 
zenith (Klobuchar, 1996). The daily variation of the ionospheric range error can be up to one 
order of magnitude (Klobuchar, 1996).  

After removal of the Selective Availability (SA, i.e., dithering of the satellite clock to deny 
full system accuracy) in 2000, ionosphere becomes the single largest error source for Global 
Navigation Satellite Systems (GNSS) users, especially for high-accuracy (centimeter - 
millimeter) applications like the Precise Point Positioning (PPP) and Real Time Kinematic 
(RTK) positioning. Fortunately, the ionosphere is a dispersive medium with respect to the 
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