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Abstract. 
In this work an overview of numerous possible processing modes in future dual frequency, dual constellation GBAS is given and compared to the current GAST D standard. We discuss the individual error contributions to GBAS protection levels and give an overview of the general processing. Based on this the consequences when adding a second constellation as well as frequency are investigated. Geometrical implications and changes to the residual differential error bounds are studied separately first. In terms of geometry a comparison between the single and dual constellation case is presented using dilution of precision as metric. The influence on the different sigma contributions when using new satellites (Galileo) and signals (E1, L5, and E5a) is individually discussed based on recent measurements. Final simulations for different varying parameters are carried out to compare relevant processing modes in terms of achieved nominal protection levels. A concluding discussion compares the outcomes and analyzes the implications of choosing one or the other mode.



1. Introduction
The Ground Based Augmentation System (GBAS) is a navigation system for aircraft designed to be used for precision approaches and landings. At its core is a differential Global Navigation Satellite System (GNSS) architecture providing locally relevant corrections for the navigation signals from the satellites. Furthermore, the ground station monitors the signals for any condition which might be able to cause differential navigation errors. Based on the monitoring and a performance evaluation of the ground station, integrity parameters are transmitted along with the corrections which enable the airborne system to calculate bounds on the differential positioning error. This instantaneous error bounding allows the airborne system to determine if the safety requirements for the operation are met at any point in time.
Currently, GBAS ground stations supporting CAT-I operations (i.e., approaches down to a minimum decision height of not less than 200 ft and a runway visual range (RVR) of at least 800 m) are commercially available and in operation at several airports throughout Europe, the United States, Australia, and Russia (for the latest up-to-date information on operational stations see the website http://www.flygls.net/). In the GBAS terminology these stations support the GBAS Approach Service Type (GAST) C. Development and standardization of a GBAS able to support CAT-II/III operations (i.e., operations with lower minima or without any requirements concerning visibility at all) are in their final stage. In GBAS terminology this service is called GAST D. It is expected that the standardization will be completed by the International Civil Aviation Organization (ICAO) by the end of 2016. Most of the current systems, however, only support the use of signals from the US-American Global Positioning System (GPS) on one frequency (L1). Under certain conditions this can lead to a somewhat reduced availability of the service, mainly caused by ionospheric irregularities in certain regions of the world.
All countries where a GBAS is in operation need to determine their own ionospheric threat space; that is, the largest gradient which can occur needs to be defined and the integrity parameters need to be adjusted accordingly. Several countries in mid-latitudes have performed this task [1–3]. Of all threat models in those regions the largest gradients were found in the United States. Applying this threat model to the station yields satisfactory performance for operational GAST C stations. However, recent studies investigated the ionospheric threat space in Brazil as an example for an equatorial region with very high ionospheric activity. In those studies gradients almost twice as large as the worst case in the US were found [4]. Furthermore, ionospheric scintillations cause frequent loss of lock events in GNSS receivers. These effects occur very regularly after sunset and impact the availability of the service [5].
With the latest generation of GPS satellites (the so-called Block IIF) a second civil signal on a frequency usable for aviation has become available to users. Furthermore, new constellations such as the European Galileo system are currently being launched which provide interoperability and civil signals on two frequencies from the beginning. As the ionospheric delay is frequency dependent, it can be estimated and removed when using a dual frequency combination of the signals. In addition to that, the large number of satellites available for navigation will also provide significant benefits in terms of geometric diversity of the satellites and enable good and reliable positioning even in the presence of ionospheric scintillations. For that reason significant work is underway in order to develop and standardize a future GBAS service which supports the use of two frequencies and several constellations in order to mitigate the negative effects on current systems.
The use of multiple constellations and two frequencies could enable a very large number of different processing modes which all would have to be analyzed in detail with all potential fault modes identified and bounded in the integrity concept. Furthermore, the new architecture has to be backwards compatible in order to be interoperable with existing ground stations and airborne equipment which is already in use. In order to keep the validation, standardization, and certification efforts manageable the number of new modes will be kept to a minimum. It is therefore important at this stage to carefully analyze all implications a new GBAS mode brings along. In this study we investigate the nominal performance of different processing modes in order to contribute to this effort of selecting an optimal future architecture based on the benefits that can be expected. Thus we combine the results from our previous studies with new measurement data to give a comprehensive overview of the performance for trade-off studies regarding the selection of processing modes.
We will start with a short discussion about the different processing modes considered and the baseline integrity concept in the form of calculating error bounds, the so-called protection levels. Next, we investigate benefits of a second constellation in terms of geometric diversity in different scenarios and the effect on the protection levels. Aside from the geometry the expected residual differential error bounds play an important role. We revisit the individual contributors and discuss the effects observed and changes to the current models. Finally, we show a comparison of several different processing modes and their protection levels in exemplary scenarios before our concluding discussion.
2. GBAS Processing
The GBAS corrects for the combined effects of multiple sources of measurement errors that are highly correlated between reference receivers and users. These effects include satellite clock and ephemeris errors as well as ionospheric and tropospheric delay. Through precise knowledge about the location of the reference receivers at the airport it is possible to generate differential corrections for the GNSS measurements that are then broadcast to the airborne users. The onboard system applies the received corrections to its own measurements and thus corrects for the largest part of measurement errors and makes the position estimate very precise and reliable. A detailed description of the current processing modes is given, for example, in [6] and a schematic overview is given in Figure 1.




	
	
		
		
			
		
			
		
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
				
			
				
		
		
			
				
			
				
		
		
			
				
			
				
		
		
			
		
			
		
			
				
			
				
		
		
			
		
			
		
			
		
			
	


Figure 1: Simple overview diagram of GBAS architecture.


The current GBAS architecture is based on single frequency GPS L1 C/A code measurements only. Single frequency smoothing reduces noise and multipath; however ionospheric effects can potentially cause differential errors if the plasma density in the ionosphere exhibits large gradients. The use of a second frequency in GBAS processing might overcome many current limitations of the single frequency system. One of the dual frequency smoothing algorithms that have been proposed to mitigate the effect of the ionosphere gradients is the ionosphere-free (Ifree) combination. By forming a linear combination of the code and phase measurements from two frequencies the Ifree combination removes the ionospheric error (except for higher order effects that are negligible in this context).
In order to reduce noise and multipath errors, code-carrier smoothing is performed in the ground station and at the airborne receiver. Smoothing makes use of the less noisy but ambiguous carrier-phase measurements to suppress the noise and multipath from the noisy but unambiguous code measurements. In general, the input is the difference of the code and carrier-phase measurements, which is called “code minus carrier” or CMC. The final smoothed pseudoranges are obtained by adding the carrier-phase measurements back into the smoothed CMC. This step restores the range to the satellite and removes the integer ambiguity.
The expression of the smoothing filter as defined in DO-253C [7] iswhere  is the current carrier-smoothed pseudorange (in meters),  is the previous carrier-smoothed pseudorange (in m),  is the current raw pseudorange measurement (in m),  is the current phase measurement input (in cycles),  is the previous carrier-phase measurement (in cycles),  is the wavelength (in m),  represents the sample interval (in seconds), and  is the filter time constant (100 seconds or 30 seconds). We will now have a look at the errors contained in the final smoothed pseudoranges for the different smoothing techniques (single frequency and dual frequency).
2.1. Single Frequency Smoothing
In single frequency smoothing, the code minus carrier method is performed using code and carrier-phase measurements from the same frequency. Since the ionosphere affects code and carrier by the same amount but with opposite sign, the filter input (CMC) will contain double the ionospheric delay as expressed in (2). In this equation,  represents the ionospheric delay,  is the carrier-phase integer ambiguity, and  and  are the code multipath and noise. Carrier-phase error (multipath and noise) is neglected and omitted in the equation, as it is small enough (typically in the range of millimeters) in the GBAS context to be ignored:After recombining the ranging information by adding the carrier input to the smoothed CMC, the carrier-smoothed code measurements  are expressed by (3). Here  represents the geometric range from a user to the satellite,  the tropospheric error,  the satellite clock bias,  the receiver clock bias,  the smoothed code multipath,  the smoothed noise on code,  the (unknown) ionospheric error on the raw code measurement, and  the ionospheric error on code after smoothing:If the ionospheric error is constant over time, the low-pass filter would not have any impact on it and  would hold. The observed ionospheric delay introduced on a measurement varies with time of the day and elevation of the satellite. Furthermore the single frequency filter introduces an additional delay due to the difference between its (averaged) impact on smoothed code and its impact on carrier. This effect is called code-carrier divergence.
2.2. Ionosphere Frequency Smoothing
Ionosphere-free smoothing completely removes the first-order effects of the ionospheric delays by using the code and carrier-phase ionosphere-free combinations from two frequencies as inputs to the smoothing filter. The code and carrier-phase inputs are described in (4), where  and  represent the code measurements on frequencies  and  and  and  the respective carrier-phase measurements:The Ifree filter input  is not affected by the ionospheric error; thus the delay due to the smoothing effect on the ionosphere is removed from the filter output. The final carrier-smoothed code measurements () are described in (5), where  is the geometric range from user to satellite as before,  is the tropospheric error,  is the satellite clock bias,  is the receiver clock bias, , , , and  are the smoothed multipath and noise errors on frequencies  and , respectively, and IFB represents the interfrequency code bias caused by hardware differences between the two frequencies which appears when combining code measurements across frequencies [8]:The Ifree solution no longer contains ionospheric delays (to a first-order) but instead contains the combination of multipath and noise effects from two code measurements. This increases the standard deviation of the differential pseudorange error and thus also of the position solution and protection levels as will be analyzed more in detail later in this paper.
However, due to the VDB capacity it is unlikely to have corrections for a second frequency for both smoothing time constants [9]. As there is no decision made which smoothing time constant should be used for the second frequency we analyze the performance of both possible solutions, 30-second and 100-second smoothed corrections. Based on the available single frequency corrections (L1/E1 and L5/E5a) Ifree corrections can be formed on the airborne side. In order to remove the ionospheric delay the single frequency corrections have to be generated using the same smoothing time constant [10].
3. Error Bounding in GBAS and Performance Metric
The system availability is one of the most important performance parameters. The system is available whenever no monitor triggers and the protection levels (PLs) calculated by the user are smaller than the alert limits (ALs) for the current phase of flight. The ALs depend on the distance of the aircraft to the runway and represent the maximum tolerable navigation errors which do not endanger the safety of the operation. Protection levels are bounds to the residual position error after application of the differential corrections provided by the ground system which are only exceeded with a risk of  [11]. Because the vertical alert limit (VAL) is much tighter (10 m close to the runway threshold) than the lateral alert limit and the vertical errors are typically larger than lateral errors, only the VPL will be used as a measure to assess the performance of different processing modes. We keep the general overbounding concept and stick with the established processing techniques and parameters.
According to RTCA DO-253C [7] the protection levels for the fault-free case are computed aswhere  represents the fault-free missed detection multiplier,  the vertical projection factor in the along-track coordinate system (see (8)), and  the standard deviation of the uncertainty of the residual differential error. The variance  consists of different error contributionsbased on the weighted pseudoinverse  of the geometry matrix . The parameter  represents the glide path angle (typically 3°), to account for the fact that an uncertainty in along-track direction projects into the vertical domain.
The  matrix translates the measurements from pseudorange domain into the position domain and is defined aswhere each row  of the geometry matrix  is defined as  for GPS or for Galileo.
The parameters  and  are azimuth and elevation of the th satellite, respectively.
The inverse of the least squares weighting matrix  is defined asThe terms  (and  in the lateral case) are GAST D specific terms that represent the magnitude of the vertical and lateral difference between 30-second and 100-second smoothed position solutions. Note that for future processing modes some additional nominal errors might have to be bounded for in the protection levels. This could be true, for example, for interfrequency biases in the dual frequency case. However, for the moment we limit the study to the same contributors that were shown in (6). These are now discussed in detail in the following section.
4. Contributors to Error Budget
When looking at the protection level calculation (6) two main influencing factors can be separated: the influence of the satellite geometry on the one hand and the different noise contributions (residual differential error bounds) on the other hand. While the geometry is dominantly defining the  matrix (9) the noise also plays a role as weighting factor here. In the final protection level equation the summed noise terms occur again, being scaled by the weighted -factors.
4.1. Geometry Projection Factors
First we consider the influence of adding a second constellation (in this study Galileo) in terms of satellite geometry. Even if all the simulations in this paper focus on Galileo it will be mentioned that the general influence on the geometry stays comparable when considering GPS and GLONASS or BeiDou instead.
The evaluations in this section utilize dilution of precision (DOP) values to separate the geometric effects on the protection level performance. In general DOP values represent an additional, multiplicative uncertainty which comes from the geometric distribution of the satellites. Therefore, smaller DOP values represent a more favorable geometry. These DOP values can be calculated for different domains, like horizontal, vertical, or 3D positioning. The so-called DOP-matrix  can be computed asusing the same geometry matrix as in (9). In case of two constellations and therefore two clock offsets which have to be estimated the resulting matrix is of shape .
The diagonal elements of  represent the different DOPs as follows: GDOP which takes into account the time DOPs is built up of all diagonal elements.
As in GBAS the vertical domain is the most critical and at the same time vertical positioning is least precise due to the satellite geometry (there are no satellites below us), further studies will focus on the vertical VDOP.
4.1.1. Global DOP Values and Influence of Elevation Masking
Figure 2 shows the global distribution of average VDOPs. The VDOP values in this plot are calculated on a 2-by-2-degree grid using all satellites in view for a GPS constellation with 31 satellites. Time-wise averaging is performed over 10 days, taking one sample every 150 seconds with a typical elevation masking of 5°. As can be seen from the plot the VDOP fluctuates only slightly in latitudes between 60° south and north in the range of 1.2 to 1.4 for most regions. Going closer to the poles the VDOP is then steadily increasing up to 1.8 due to the lack of (very) high elevation satellites near the poles. This latitudinal behavior is static as it mainly originates from the inclination of the satellite orbits. The longitudinal fluctuations seen in the plot (e.g., Indian Ocean, Pacific, and Sahara) on the other hand vary slowly over time with the orbit position of the satellites and the Earth’s rotation.




	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
				
				
				
				
			
			
			
			
			
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
					
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
					
				
				
				
				
				
				
				
				
				
					
				
				
					
				
				
				
				
				
				
				
				
				
				
				
					
				
					
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
					
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
					
				
				
					
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
					
				
					
				
					
				
				
				
				
					
				
				
				
				
				
				
				
				
				
					
				
					
				
					
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
					
				
				
				
				
				
					
				
					
				
					
				
				
				
				
					
				
				
				
				
					
				
					
				
				
				
				
				
				
				
				
				
				
					
				
					
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
					
				
				
				
				
				
				
					
				
				
					
				
				
				
				
				
				
					
				
				
				
				
					
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
					
				
				
					
				
				
					
				
				
					
				
					
				
				
				
					
				
				
				
				
				
					
				
					
				
					
				
					
				
				
					
				
				
					
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
					
				
					
				
					
				
				
				
				
				
					
				
					
				
					
				
				
				
					
				
					
				
				
				
					
				
				
				
					
				
					
				
				
					
				
				
					
				
				
					
				
				
				
				
				
				
					
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
					
				
				
				
				
					
				
				
				
				
				
				
					
				
				
				
					
				
					
				
				
				
					
				
				
				
				
				
				
				
				
				
					
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
					
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
					
				
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
					
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
				
					
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
					
				
					
				
				
					
				
					
				
				
				
				
				
				
				
				
				
				
					
				
				
				
					
				
				
				
				
				
				
				
				
					
				
				
				
				
				
				
				
				
				
				
				
				
					
				
					
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 2: Global simulation of average VDOP using GPS only ( elevation mask).


Another relevant aspect in terms of the geometric influence is the deterioration of the DOPs with a raising elevation mask from the currently used value of . The benefits of increasing the elevation mask from an operational point of view will be further discussed at the end of Section 5.5. Here, we only focus on the geometrical implications.
In Figure 3 DOP values are simulated every 10 minutes within 10 days using GPS single constellation for an elevation mask between 1° and 25°. Figure 3(a) shows the dependency of the different DOP terms for a single location (Braunschweig, Germany) and Figure 3(b) focuses on the VDOP at different latitudes.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
		
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


(a) Ratio between DOPs over elevation mask and DOPs for an elevation mask of  in Braunschweig




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
		
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


(b) Ratio between VDOP over elevation mask and VDOP with  elevation mask for different latitudes
Figure 3: Influence of elevation masking on DOP values.


In Figure 3(a) all the different DOPs are normalized by their value at 5° elevation mask (accordingly the value at 5° is 1 for all of them). One interesting fact to mention here is that the VDOP is more vulnerable to elevation masking compared to the horizontal DOP. At about 22° elevation mask the initial VDOP doubled, while the ratio stays below 1.5 for more realistic potential masking angles of up to 15°. From these results an increase of the resulting vertical protection levels of roughly 18% and 44% can be anticipated when going from 5° to 10° or 5 to 15° elevation mask in GPS. Actual protection level simulations will investigate this further in Section 5.5. In Figure 3(b) we show the dependency on the geographic latitude. As we have already seen in the global plot of VDOPs (Figure 2) the properties of the satellite orbits lead to a latitudinal profile. With the different elevation distributions of satellites seen from different latitudes it can be expected that the vulnerability to elevation masking is varying as well. When looking at Figure 3(b) we see that this effect is visible but not as pronounced as maybe expected. In accordance with the global VDOP profile we can see the VDOP more susceptible at very high latitudes than at medium latitudes, but larger differences show up only for hardly relevant elevation masks greater than 15°.
4.1.2. Satellite Selection
Using all satellites in view is the most common approach when it comes to navigation in a single constellation scenario. Nevertheless, there are some reasons why