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Procedure Design in Mountainous Areas 
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NAV - GPS/SBAS only 
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Typical Swiss Alpine Valley 

Photo Rega 



 
Fig. 2.  Left side shows the satellite positions between June 2008 and June 

2013 during one day per each month and an epoch resolution of 15 minutes. 
Right side shows the corresponding density plot based on the calculated 
satellite positions. Bin sizes are 10°x10° [5]. 

At this stage a second refinement of the model is done by 
including satellite masking due to terrain. As an example an 
RNP approach is used. This kind of approaches requires a 
straight approach and missed approach segment. In a 
mountainous environment this implies an approximately 
straight valley. This kind of valleys can be modeled by to 
imaginary walls to the left and right of the approach path (see 
Fig. 3). The valley orientation is defined by τ.  

 
Fig. 3. Valley modeled by two walls. The terrain horizon depends only on 

the maximum terrain elevation εmax and valley orientation τ. 
 

The horizon is described as follows: 
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Fig.4.  Terrain (black lines) of an approximately straight valley and 

modeled horizon (red line). 
 

As an example the impact of the valley orientation shall be 
studied. A valley with maximum flank inclination of 25° is 
chosen. Here, the impact of the valley orientation on GPS 
performance, i.e. HDOP relative to minimum HDOP in our 
case, is assessed. It can be seen, that best performance is 
achieved when the valley orientation is in the range of 20° to 
30° and 150° to 160°. 

 
Fig. 5.  Relation between valley orientation and HDOP relative to 

minimum HDOP. 
 

 
Fig. 6. Mean real HDOP versus simple model 
 

In order to get more information on the representativeness 
of our simplified model with respect to the real case we 
carried out a simulation on a valley (orientation of the valley’s 
strike: 90 degrees, e.g. East-West extension) with a maximum 
inclination of the flanks of 15 degrees. The real horizon of 
such a valley and its model with two inclined planes are 
depicted in figure 3. Of primary interest in this work is the 
lateral guidance, therefore, only the HDOP values are given. 
On the one hand the HDOP based on the simplified model is 
calculated for a specific number of satellites (4 to 11) and 
compared to the exact value derived from the almanac (the 
plot has been generated by using data from one day per month 
during five years). The plots show mean and median values as 
well the percentiles (25, 75, and 95). The model values are 
given in black. These values are determined for a certain 
topographic geometry (obstruction) and a given number of 
satellites. The vertical black dotted lines correspond to the 
HDOP of the actual constellation. It is immediately seen, that 
the simplified model gives a realistic estimate of median 
HDOP in case of few satellites. For increasing numbers it will 
move towards the upper bound of the HDOPs and therefore, it 
could be considered as a conservative estimate. In future 
situation it is expected to simultaneously see more satellites, 
giving the simplified algorithm the advantage to directly 
represent the 95% upper bound of the HDOP.  

Terrain silhouette and elevation angles  

from Geiger A., Wipf H., Scaramuzza M. PLANS 2014 
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Typical Swiss Alpine Valley 
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GPS Terrain shadowing in Alpine Valleys  
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Potential GPS Signal Interferences  
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from Scaramuzza M. IFIS 2014 
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Helicopter Random Recording Flights 

from Troller M. 
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Flight Trials – NAV Performance 

•  6 separate flights from Bivio to Samaden via Julier 

•  Cross Track – Lateral Errors   
•  Navigation System Error (NSE) 
•  Total System Error (TSE) 

•  Statistical Modeling 
 

 TSE = f⟨NSE, attitude, nonphysical track, pilot intervention, autopilot⟩ 
 

 Autopilot = f⟨Wind, control loop characteristics, initial heading⟩ 
 
•  Units  

•  error distances in m 

•  sample time Δt= 0.1s  
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PROuD IFR Flight Trials 
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Probability Density Function Lateral TSE 

rnavCrossTSE
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densityplot(~ 
rnavCrossTSE | run, 
data=proud3.sub2_7, 
type="count", bw = 1, 

xlim= c(-30,30), col="red", 
border="red", 

index.cond=list(c(4,5,6,1,2,
3)), ylab=c("sample 

counts"))

TSE in m 
 
 
 
	
  

Oct 2018 Heinz Wipf AIRNAV CONSULTING 22 



Chapter 3 33 Required Navigation Performance

where

8 = decay of amplitude A.

It should be shown, that it is not possible to find the inverse function of (3.33) in

a closed form. Consequently it will be shown, how the distribution of this function

is characterized. Figure 3.10 shows on the left side the track modeled and on the

right side the track error E distribution for given initial values A, 5, u and (p, which

leads the system to a damped oscillation.

The distribution contains some peaks, which are analogous to the ones on the border

ofthe distribution of the sine curve. These peaks are caused, when the first derivative

of f(t) is equal zero. These local maximums converge to E = 0 when t increases to

infinity, due to

lim A = 0.
t->oo

(3.34)

The characteristics of the distribution depends on the selected initial values and can

differ from the example shown in figure 3.10, especially when the system does not

oscillate.

Distance d or Time t Error E

Figure 3.10.: Damped oscillation describing a modeled error depending on time or

distance (left) and corresponding error distribution (right).

These two examples show, that assumptions on the error distributions have to be

done carefully.
from Scaramuzza 1998   
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  Typical theoretical TSE  - Autopiloted 



Analysis Lateral Total System Error 
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Lateral Navigation System Error 

 
 

 
 

Cross track Nav System Error in m   
N = 6400  

Histogram of rnavCrossNSE
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Lateral Total System Error 

 
 

m    N = 59140      

Histogram of rnavCrossTSE
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Attitude Heading Reference System - AHRS 

from Troller M. 
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Outlook 
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