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ABSTRACT 
 
Occurrence probabilities of open, shadowed and blocked propagation states are analyzed for Ottawa and Bells Corners, 
Canada, and Lillestrøm, Norway. Hemispherical photographs with pixels sorted into these three states are used to 
determine average path state occurrence probabilities as a function of azimuth and zenith angle. Two-dimensional state 
occurrence probability maps are compared with models depending on zenith angle only. These results are used to 
estimate the path-state occurrence probabilities for a low-earth-orbit system using the single highest satellite. Azimuthal 
asymmetry appears to increase in importance with both building height and the regularity of building location (e.g., on a 
grid). 
 
INTRODUCTION 
 
Land-mobile satellite (LMS) communication systems suffer from signal fading due to blockage and shadowing by 
buildings and vegetation. A method based on the analysis of digital hemispherical (fisheye) photographs collected in 
representative environments has been developed to derive statistics of whether the path to the satellite is open line-of-
sight (LOS), shadowed by vegetation, or blocked by solid obstacles [1]. Significant advantages of this method are that it 
minimizes the need for expensive propagation campaigns to monitor actual signal transmissions, specific environments 
of interest can readily be sampled, and the results may be extrapolated to similar locations and different satellite 
constellations relatively easily. A fundamental deficiency with current propagation prediction techniques for land 
mobile-satellite (LMS) channels is the inability to specify and incorporate real features of the earth-terminal 
environment. General categories of the environmental scene, such as “urban,” “suburban” and “rural,” are typically 
used, but variations in the features of these environments (e.g., density and height of buildings, and occurrence 
probability and height of trees) are expected to create substantial differences in actual propagation conditions.  
 
This paper reports on a statistical characterization of the propagation environment, based on hemispherical photographs, 
with application to the statistical model for mixed propagation conditions developed by Karsawa et al. [2] and later 
adopted by the International Telecommunication Union, Radiocommunication Sector (ITU-R), in Recommendation 
ITU-R P.681-5 [3]. Environmental characterizations for Ottawa, Bells Corners and Lillestrøm are applied to predict link 
performance for a Globalstar-like LEO system. The path-state occurrence probabilities are derived for the three 
propagation states (open, shadowed and blocked) as a function of the azimuth and zenith angle for these sites. The 
simulated satellite look angles are combined with statistical descriptions of the environment to estimate the 
performance, in terms of path-state occurrence probability, in the three locations. Differences between two “suburban” 
locations, Bells Corners and Lillestrøm, are illustrated. 
 
STATISTICAL CHARACTERIZATION OF THE ENVIRONMENT 
 
The occurrence probabilities of open, shadowed and blocked propagation states are derived for Ottawa, Bells Corners 
and Lillestrøm based on digital hemispherical photographs. Lillestrøm is a small city with about 10000 inhabitants 
situated 28 km northeast of Oslo with latitude of 59.8o North and longitude 11.0o East. The terrain is relatively flat with 
mainly 2-3 story houses in a mixture of business and residential buildings; the streets have mainly two lanes. Ottawa is 
a larger city of about a half-million inhabitants, situated at 45.4o North and 75.9o West, with a downtown area dominated 
by large and high buildings, and wider streets compared to Lillestrøm. Bells Corners is a suburban area in Ottawa, 
located about 15 km west of downtown; the test area is characterized by mainly 1-story houses, tall trees up to 20 m in 
height, and 2-lane streets. Compared to Lillestrøm, the streets are wider, and the buildings sparser and farther from the 
streets. About seventy images were acquired to characterize Lillestrøm and Bells Corners and about two hundred for 
Ottawa. All the pictures were taken at head-height at potential user positions along the sidewalks during either late  



 

 Table 1. State occurrence model parameters 
 ITU-R urban Ottawa Lillestrøm ITU-R suburban Bells Corners 
a 1.43 · 10-4 1.49 · 10-4 1.01 · 10-4 6.0 · 10-5 8.04 · 10-5 
b 0.25 0.13 0.31 4 10.28 

 

spring or early fall when most of the trees had leaves. Following the approach developed by Akturan and Vogel [1], the 
pixels in every image were sorted into one of three groups, representing three different propagation states: A: open 
areas; B: shadowing by vegetation; and C: blockage by buildings or terrain. The picture matrix had a 0.5o x 0.5o 
elevation and azimuth resolution. Further details of the photo processing can be found in [4]. 
 
Zenith Angle Dependence 
 
Cumulative distribution functions (cdfs) for the state occurrence probabilities were derived as a function of the zenith 
angle for each of the three states, and compared with the recommended state occurrence probabilities from the ITU-R 
[3]. The ITU-R procedure provides estimates of overall fading statistics of the LMS propagation link for frequencies up 
to 30 GHz with zenith angles from 0° to 80°. It models the occurrence probability of the clear state A as 
 

   21AP a β= − ⋅  (1) 
 

where β is the zenith angle in degrees. The probability of the shadowed state B is given as 
 

   B CP b P= ⋅  (2) 
 

where Pc is the probability of the blocked state given as 
 

   ( ) ( )1 / 1C AP P b= − +  (3) 
 

The values of parameters a and b, as recommended by the ITU-R for urban and suburban environments, and as derived 
using the hemispherical photographs taken in Ottawa, Bells Corners and Lillestrøm, are given in Table 1. It should be 
mentioned that Karasawa et al. [2] analyzed of a limited set of measurements to suggest the values of parameters 
adopted in [3], and especially for the suburban environment these values may be rather coarse. The new parameters 
given in this paper were optimized for the three locations by minimizing the mean square error, ε, between the model 
and the measured cdfs for elevations between 10 and 90 degrees 
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The optimized parameters for Ottawa and Bells Corners are relatively close to the urban and suburban values in the 
ITU-R classification, while Lillestrøm has parameter values in between the two classifications.  
 
The cdfs for the state occurrence probabilities, as a function of the zenith angle, for each of the three states are displayed 
for Ottawa, Bells Corners and Lillestrøm in Fig. 1, along with the recommended urban or suburban probability 
distributions. The ITU-R model with optimized parameters for the three cities, denoted as “ITU-R*”, is shown as well. 
As expected, the occurrence of the blocked state increases with zenith angle, and Ottawa experiences a higher degree of 
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Fig. 1. State occurrence probabilities for Ottawa (left), Bells Corners (middle) and Lillestrøm (right) 



 

blockage than Lillestrøm and Bells Corners. In results derived from the hemispherical photographs, occurrence 
probabilities of both LOS and shadowing approach zero as the zenith angle approaches 90o (horizon), while the 
probability of blockage approaches unity. A simple state-occurrence model based on these data represents the behavior 
of the open state fairly well, but the observed decrease in the shadow-state probability as path elevation angle 
approaches zero is not covered by the model. 
 
Azimuth and Zenith Angle Dependence 
 
The two-dimensional state-occurrence probability maps are compared with models that depend on the zenith angle only 
to investigate the importance of including azimuthal asymmetry. The measured two-dimensional state occurrence 
probabilities as function of azimuth (0o Geographic North) and zenith (0o in center) in degrees, are shown for Ottawa, 
Bells Corners and Lillestrøm in Fig. 2. The two-dimensional state occurrence probabilities for Bells Corners and 
Lillestrøm are only weakly dependent on the azimuth angle. However, for the larger city of Ottawa, with its regular 
street-grid layout, a quite strong azimuthal dependence was observed for the occurrence probabilities. 
 

 
PREDICTION RESULTS FOR A LEO SYSTEM  
 
Satellite elevation and azimuth angles for a Globalstar-like constellation were simulated and combined with the 
environmental-statistical models in order to determine the propagation conditions as a function of time and user 
location. The circular-orbit LEO constellation consists of 8 planes with 6 satellites in each, inclined 52o with respect to 
the equatorial plane with an orbit height of 1414 km. The satellite positions were calculated over a period of 48 hours 
with a 5-sec interval. All satellites above 10o elevation were used in the simulation. 
 
For single-highest-satellite operation of the constellation, the state-occurrence probabilities are identical whether they 
are obtained by imposing the satellite constellation onto each picture or by using two-dimensional probability maps.  
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Fig. 2. State occurrence probability maps for Ottawa (left), Bells Corners (middle) and Lillestrøm (right) 



 

By averaging the results over all azimuth angles and neglecting asymmetric terrain in the azimuthal direction (one-
dimensional), the occurrence probabilities of the open state are overestimated in Ottawa, and slightly so in Lillestrøm, 
while good agreement is observed between estimates and actual values for Bells Corners (see Fig. 3). The results 
suggest that taking into account the azimuthal asymmetries of urban environments may improve the performance 
predictions with satellite constellations. 
 
With the simple model noted above, denoted as “ITU-R” (urban or suburban), the occurrence probabilities of the open 
state are overestimated in Ottawa and underestimated in Lillestrøm while good agreement is observed for Bells Corners. 
The same model with optimized parameters, denoted as “ITU-R*”, has a similar behavior for the open state occurrence 
probabilities. The difference in the results between the full two-dimensional model and the optimized one is less than by 
using the ITU-R model, especially for Lillestrøm. These results underline the importance of environment classification 
and the use of model parameters optimized for the environment. 
 
CONCLUSIONS 
 
Two-dimensional state occurrence probability maps for Ottawa and Bells Corners, Canada, and Lillestrøm, Norway, 
obtained using a photogrammetric technique were compared with models that depend on zenith angle only to 
investigate the importance of including azimuthal asymmetry of the environment. The results were used to estimate the 
path-state occurrence probabilities for a Globalstar-like LEO system accessing the one highest satellite, and differences 
between the environmental-statistical models evaluated. The observed differences were generally not large, but indicate 
that the influence of azimuthal asymmetry increases with average obstacle height and the regularity of relative positions 
among the obstacles. The two-dimensional state occurrence probability maps are particularly useful for the evaluation 
of system performance in urban areas. The technique utilizes real scenarios derived from hemispherical pictures of the 
local environment to produce path state occurrence matrices, which are then used to predict service availability and 
quality. The one-dimensional statistical characterization of the environment could be improved by taking into account 
the values of the state occurrence probabilities close to the horizon. It would also be useful to develop a set of two-
dimensional (azimuth and zenith) state occurrence maps for typical environments to be used with the recommended 
prediction procedures. 
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Fig. 3. State occurrence probabilities for Ottawa (left), Bells Corners (middle) and Lillestrøm (right) 


