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SATELLI l'E-BARTH L-BAND PROPAGATION - DIGITAL RADIO BROADCASTING 

Executive Summary 
Digital Radio Broadcasting (DRB) is a new L-band audio service that will replace existing AM and FM 
services in Canada starting in 1997; the CRTC has been accepting license applications since October 1995. 
Initial system roll-out is limited to terrestrial delivery, but future complementary satellite delivery will provide 
much more flexibility. 

In an effort to characterise the satellite channel for land mobile reception of DRB services, this document 
reviews existing literature that presents relevant propagation measurement results. A variety of reception 
conditions are considered, including mobile, portable, hand-held and fixed reception in open, rural, 
mountainous, wooded, suburban, urban and indoor environments. Fading statistics are presented according 
to these reception conditions, as well as elevation angle, presence of foliage and signal bandwidth. 

A summary of published propagation measurements is presented, including signal impairments and resulting 
fade mechanisms. The reviewed data indicates that the greatest cause of signal impairment is fading from tree 
shadowing, predominant in some rural and most suburban environments. 

Canadian authorities (government and industry) involved in DRB agree that urban and indoor reception will 
not be achieved via simple satellite delivery, and will require terrestrial on-channel repeaters to boost the 
signal strength. With this in mind, the results presented for urban and indoor reception are of less interest 
than results for other reception environments. 

This report also features a brief review of proposed propagation models, as well as a listing of various 
transmission platforms used in measurement campaigns and an exhaustive list of relevant references. 

Sommaire exécutif 
La radiodiffusion audionumérique (RAN) est un nouveau service audio en bande L qui remplacera les 
services AM et FM actuels au Canada à partir de 1997; le CRTC accepte depuis octobre 1995 des demandes 
de licence. La mise en oeuvre initiale du service sera limitée à la transmission terrestre, mais l'addition 
éventuelle de transmission satellite comme complément à la transmission terrestre offrira plus de flexibilité. 

Pour permettre la caractérisation du canal satellite en réception mobile terrestre du service RAN, ce 
document étudie la littérature scientifique qui discute et présente des résultats pertinents de campagnes de 
mesures de propagation. Une liste des conditions de réception est considérée, incluant la réception avec unité 
mobile, de table, portative ainsi que fixe et ce, dans des milieux ouverts, ruraux, montagneux, boisés, de 
banlieue, urbains ainsi qu'à l'intérieur d'édifices. Les statistiques 'd'affaiblissement du signal sont présentées en 
fonction des diverses conditions de réception, de l'angle d'élévation, de la présence du feuillage sur les arbres 
et de la largeur de bande du signal. 

Un résumé des résultats publiés de campagnes de mesures de propagation est présenté. Celui-ci s'intéresse, 
entre autres, à la détérioration du signal ainsi qu'aux mécanismes d'affaiblissement du signal. Les résultats à 
l'étude suggèrent que la principale cause de détérioration du signal serait l'affaiblissement dû à l'ombrage des 
arbres, typique de certains environnements ruraux et de la plupart des banlieues. 

Les intervenants canadiens dans le secteur de la RAN (gouvernement et industries) s'entendent sur le fait que 
la réception en milieu urbain et à l'intérieur d'édifices ne se fera pas par transmission satellite, mais bien par 
transmission terrestre, par le biais de répéteurs terrestres co-canal qui augmentent la puissance du signal 
disponible. Ainsi, les résultats de caractérisation de canal poux la réception urbaine et intérieure présentent 
moins d'intérêt que les résultats pour les autres milieux. 

Ce document présente aussi un compte rendu de divers modèles de propagation proposés dans la littérature, 
ainsi qu'une liste de plates-formes de transmission utilisées pour les campagnes de mesure. Par ailleurs, une 
liste exhaustive de références sur le sujet traité est aussi présentée dans ce document. 
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SATELLITE-EARTH L-BAND PROPAGATION - DIGITAL RADIO BROADCASTING 

1. Introduction 

Digital Radio Broadcasting (DRB) is a new service that offers CD quality stereo programs to mobile, 
portable and fixed receivers. Terrestrially-delivered DRB in Canada is considered as a replacement 
technology for existing AM and FM services, and it is expected to start up commercially in 1997. 
Canada has decided to use proven Eureka 147 technology operating at L-band, in the 1452-1492 
MI-lz frequency band allocated to such services during WARC'92, for its DRB service. 

While terrestrial delivery of DRB is appropriate for small to medium sized service areas, such as 
cities and their associated suburbs, larger scale services are more appropriately delivered using 
satellite. This approach allows not only provincial coverage, but also service to sparsely populated 
areas such as regions in the North. 

When considering satellite delivery of DRB services, it is necessary to understand signal propagation 
in order to be able to identify fade margin requirements. Much propagation research has been 
published based on studies for land mobile satellite services (LMSS) such as MSAT. This report 
reviews this and other published research, and considers results in the context of DRB. 

A first section of this report presents a collection of field measurement results for satellite-Earth 
propagation at L-band under a variety of reception conditions. Propagation models proposed in the 
literature are presented in a second section. The report concludes with a listing of the various 
measurement platforms that have been used for field measurement campaigns. An exhaustive list of 
references on the subject is provided. 
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SATELLITE-EARTH L-BAND PROPAGATION - DIGITAL RADIO BROADCASTING 

2. Propagation Results 

Before presenting propagation characterisation results, it is important to define the context for signal 
reception. DRB services must be accessible to a variety of listeners: 

• using either mobile, portable, hand-held or fixed receivers; 

• located in a variety of environments, including open, rural, highway, mountainous, tree-
shadowed/forested, suburban, urban and indoor. 

Each of these reception conditions is considered in this section. Propagation impairments [8510- 
Vog, 9202-Gol] can occur as a function of a number of variables. These impairments can be 
summarised as: 

• Multipath 

Multipath propagation will occur when reflecting surfaces in the vicinity of the receiver 
cause the signal energy to arrive via several paths simultaneously, from different directions 
with different time delays. This is typical in urban environments with building reflections. It 
is also found in mountainous environments with flat rock surface reflections, and to a lesser 
degree in suburban environments and open rolling hilly terrain at very low elevation angles. 

• Shadowing 

Shadowing will occur when an obstacle attenuates the signal energy. This is typical of trees 
found in rural and especially suburban environments. Other roadside obstacles such as 
buildings and utility poles as well as the surrounding terrain are other sources of signal 
shadowing. 

• Blockage 

Blockage results when an obstacle interrupts the signal energy such that the receiver looses 
the signal completely. This is typical of urban and dense urban environments, with their 
variety of large buildings. It can also be fou_nd in open or rural environments due to bridges 
or  overpas  ses, or even mountains. 

Indoor reception poses an additional difficulty. Depending on the building's construction material, 
signal penetration may occur through walls and ceilings, or may be limited to openings such as 
windows and doors. 

Each of these impairments can be described using the following stadstics: 

• 1st order statistics useful to characterise the fading process and design the fade margin: 

• Fade Probability Distribution Function (PDF); 

• Fade Cumulative Distribution Function (CDF); 
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SATELLITE-EARTH L-BAND PROPAGATION - DIGITAL RADIO BROADCASTING 

• 2nd order statistics useful to design a communications system: 

• Average Fade/Non-Fade Duration; 

• Level Crossing Rate. 

Of most interest is the fade CDF, which defines the maximum level of fade expected for a given 
percentage of locations. These statistics are discussed for the various recepdon environments, and as 
a function of different variables, including elevation angle, presence of foliage, signal bandwidth and 
antenna gain. 

Also discussed in this section is the usefulness of polarisation diversity, and also scale factors 
between operating frequencies to apply the fading CDF results to other frequency bands. 

Second order stat_istics, although mentioned, are of less interest in this study. 

2.1 Reception Environments 

The reception environments considered include open, rural, highway, mountainous, tree-
shadowed/forested, suburban, urban and indoor. 

2.1.1 Open/Rural/Highway 

References: 8005-Hes, 8805-Vog, 8908-Ben, 8908-Vog, 9003-Vog, 9005-Ren, 9006-Gos, 9007-HoL, 
9107-Has, 9201-Vog, 9202-Gol, 9206-Smi, 9207-But, 9208-Vog, 9210-But, 9306-Smi, 9404-Ben, 
9502-Gol, 9506-Bel. 

Open, rural and highway environments are typified by a dear line-of-sight signal path from the 
satellite to the receiver, with possible impairments due to terrain and structure (overpass) blockage, 
multipath scattering due to terrain, traffic or utility poles, and tree shadowing. 

Terrain 
Results in flat open terrain (prairies) indicate that fading will  not exceed values of 2 to 4 dB for 99% 
location with values of elevation angles above 15°. This result is not very dependent of elevation 
angle because there are no obstacles. For such environments, fading will be dominated by utility 
poles and the occasional roadside tree. 

At low elevation angles, on the order of 15° or less, reception in rolling hilly terrain in the absence of 
shadowing can result in multipath fading, with cyclical variations due to forward scattering by terrain 
features. The fading from intermediate forward scatter is not expected to exceed 4 dB for 99% 
location, and 7 dB from maximum forward scatter. Backscatter is found to be of much less 
importance than forward scatter. This is explained by the fact that forward scatter requires terrain 
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surfaces to be close to the horizontal, whereas backscatter requires nearly vertical terrain surfaces. 
Rolling hilly terrain is likely to contain a number of near-horizontal surfaces and very few near-
vertical surfaces, and so minimal multipath fading is expected to occur for the backscatter geometry. 

Ovetpass 
Overpasses, tunnels and occasional buildings result in deep and wide fades, generally independent of 
elevation angle. Under an overpass, fades are typically greater than 15 dB, and can last about 0.5 to 1 
second. 

Utilie poks 

Roads lined with utility poles will be subjected to regularly varying fading — regular sequence of 
attack and decay of frequency-chirped interference, with a peak-to-peak variation of as much as 3 
dB. The variations are a function of the vehicle speed, related to Doppler. The elevation angle will 
determine the interference geometry. 

Trees 
Rural roads can be lined with trees or interspersed by the odd trees. These trees can produce deep 
but short shadows, depending on the tree type and the size of its trunk and crown, as well as the 
distance to the receiver and the elevation angle. Fading due to light shadowing is typically around 7 
dB for 99% location, while for heavy shadowing it increases to 13 dB or more, with possible fading 
as high as 20 dB for some severe shadowing. Increasing the elevation angle generally reduces the 
probability of tree shadowing: for elevation angles of 80°, results show fading of 5 dB for 99% 
location in heavy shadowing. 

The general case of tree shadowing is discussed in detail in Section 2.1.3. 

For open and rural environments, the dominant sources of fading are shadowing from trees and 
possibly utility poles, followed by scattering multipath due to utility poles and occasionally trees, and 
minor multipath from the terrain at low elevation angles (150  or less). The combined impact of trees 
and utility poles will generally result in fades of 5 to 15 dB at 99% location, or 1 to 8 dB at 90% 
location. 

2.1.2 Mountainous 

References: 8801-Vog, 9003-Vog, 9202-Gol. 

In mountainous environments where roads may cut into slopes, scattering can arise frorn reflection 
surfaces close to the receiver, such as elevated vegetation, rocks or even the ground. This scattering 
results in multipath. 

March 17,  1996- Page 4 



SATELLITE-EARTH L-BAND PROPAGATION - DIGITAL RADIO BROADCASTING 

When the line-of-sight path is niaintained, fading due to rnultipath for 99% location can range from 
5 dB at 450  elevation, to 10 dB at 30°. The larger fade values at lower elevation angles are attributed 
in part to some tree shadowing. For 95% location, fading will not generally exceed 3.5 dB for 
elevation angles above 30°. For 90% location, fading is reduced to around 2 dB for elevation angles 
between 30° and 45°. 

In canyon passes, where important multipath reflections occur due to roadside rock wall, fading on 
the order of 14 dB is observed. Variations between different canyons are found to be less than 3.5 
dB for 99% location, and less than 0.5 dB for 95% location. 

It is important to note the impact of elevation angle and travel direction on the level of fading. The 
geometry between satellite, receiver and reflecting surfaces is critical. 

2.1.3 Tree-Shadowed 

References: 8605-Jon, 8612-Vog, 8705-Gol, 8801-Vog, 8805-Bun, 8805-Vog, 8904-Bun, 8904-Gol, 
8908-Vog, 9002-Vog, 9005-Ren, 9006-Gos, 9007-HoL, 9201-Vog, 9202-Gol, 9207-But, 9210-But, 
9304-All, 9306-Smi, 9308-Par, 9404-Ben, 9502-Vog, 9506-Bel, 9507-Vog. 

Tree-shadowing is typical of forested and suburban environments, but it can also be found in rural, 
mountainous and urban environments. In the course of discussing fading mechanisms due to tree-
shadowing, this section looks at: 

• the impact of single trees; 

• seasonal variations due to foliage; 

• tree-induced multipath; 

• varying degrees of tree-shadowing; 

• the importance of the satellite/receiver/shadowing geometry, seen in the elevation angles and 
the effects of lane changes and vehicle direction; 

• handheld reception near trees. 

Single Trees 
Fading from tree shadowing will depend on the path length through the tree canopy, and the density 
of foliage and branches along the line-of-sight path. The average tree-shadow fading ranges from 4 
to 15 dB, depending on tree type and size, with peaks up to 20 dB during small time periods. Table 
1 presents fading results for three types of trees; all trees were 9 to 12 m high, with maximum crown 
diameters of 6 to 10 m and trunk diameters of 0.25 to 0.38 m. The fade differences are attributable 
to variations in the tree type and size. 
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Tree Type 	Median Fade 	Mean Fade 	Standard Deviation 

(dB) 	(dB) 	 (dB) 

Pecan 	 7.6 	 8.5 	 5.1 

Cottonwood 	3.7 	 4.3 	 3.2 

Pine 	 7.7 	 7.8 	 5.6 

Table 1: Fading (dB) due to single tree shadowing, as a function of tree type. 

The average attenuation coefficient, which measures the attenuation per metre of tree crown 
diameter, is found to vary from 0.7 dB/m up to about 3.2 dB/m, depending on tree type and size, 
with an average value around 1.3 dB/m. 

Seasonal Variations &Foliage 
Signal absorption and scattering from branches are the main fading mode, as opposed to the effects 
of leafy foliage. Tree trunks and branches are the major cause of deep but short shadowing, while 
foliage on the trees has modest additional contribution, mostly causing excessive shallow but long 
shadowing. 

The presence of foliage on tree branches will result in a fading increase of up to 40% for worst case 
fixed reception, and up to 25% for mobile reception. The tree type has a definite impact on this fade 
difference, since non-deciduous trees that do flot shed their leaves annually provide almost no 
fading difference with season, even though the water content of the foliage may decrease in winter. 
In wooded environments with predominantly non-deciduous trees, there was minimal seasonal 
effect. 

Mu/tipath 
Tree-induced multipath fading is attributed to scattering off tree canopies. Enhanced fading due to 
multipath are expected for low elevation angles, below 20°, where scattering from tree canopies and 
trunks, other vehicles, and the road itself may be non-negligible. 

Signal variations on the order of a few dB are typical for tree-induced multipath. Variations of up to 
1 dB are expected for 50% location, 3 dB for 90% location and 6 dB for 99% location. 

Tree-Shadowing 
Tree-shadow fading is strongly affected by the degree of shadowing. The value of percentage of opfical 
shadowing (POS), defined as the percentage of locations along a route that is shadowed, can be used 

here to describe the degree of tree-shadowing. Light to medium shadowing refers to POS 25%, 
whereas heavy to severe shadowing refers to POS > 25%. 

Light (POS 5%) and medium (5% < POS 25%) tree-shadowing can occur along roads lined 
with distant trees, typical of some rural and suburban environments. Tree-shadowing in certain 
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urban environments can also be characterised as such, although buildings will typically be the source 
of much more shadowing and the POS will be much greater. 

For light to medium tree-shadowing, the resulting fades will not normally exceed 10 dB, and will 
depend on elevation angle. For angles between 300  and 45°, fades of no more than 9 dB are 
expected for 99% location, and no more than 5 dB for 90% locations. Higher angles from 60° to 
80° will result in fades of no more than 5 dB for 99% locations and 4 dB for 90% locations. 

Heavy (25% < POS 75%) and severe (75% < POS) tree-shadowing can occur along roads lined 
with trees, typical of some rural, wooded and suburban environments. 

For heavy tree-shadowing, the resulting fades will be highly variable, with fluctuations that can 
exceed 15 dB, while for severe tree-shadowing, fades can reach 25 dB. For 99% location, fades 
ranging from 9 to 15 dB are typical, while for 90% locations, they will range from 2 to 12 dB, 
depending on the foliage density and elevation angle. Values of elevation angle of 80° or more can 
reduce the fading to 5 dB or less, even for 99% location statistics. 

S atellite I Receiver/ S hadowing Geometg 
The geometry between satellite, receiver and obstacles, in this case trees, has an important impact on 
the tree-shadow fading. This geometry is dependent on a number of variables, including elevation 
angle, distance from the trees, and signal path azimuth. 

(a) Elevation Angle 
The elevation angle is strictly a function of the satellite orbit and the location of reception. In 
general, tree-shadowing increases as the elevation angle decreases, with fades becoming longer and 
deeper, as high as 25 dB, because the line-of-sight path can be intercepted by more trees. This is 
typical of suburban environments, but in rural environments, a given elevation angle will typically 
result in less shadowing than in suburban environments, while in wooded or forested environments, 
the same angle will typically result in more shadowing than in suburban environments. Values of 
elevation angle below 20° can also increase the effect of multipath reflections. 

Typically, tree-shadow fading will range from 8 to 15 dB for 90% location, depending on elevation 
angle and reception environment. This range can extend up to 25 dB for 99% location and down to 
2 dB or less for 85% location. 

In suburban environments with deciduous trees and foliage, the fade depth can reach values of up to 
15 dB or more, depending on elevation angle but also on the presence of foliage. As an example, in 
the presence of foliage and for 99% location, a 16.5 dB fade at a 60° elevation angle can be reduced 
to 12 dB (4.5 dB reduction) by increasing the elevation angle to 80°. Without foliage, the fade can be 
reduced even more, from 14.8 down to 3.1 dB (11.7 dB reduction). This is also the case for 90% 
location, where the fade is reduced from 5.0 to 2.5 dB (2.5 dB reduction) with foliage and from 4.8 
to 1.1 dB (3.7 dB reduction) without. 

In wooded environments, fading is much worse because of higher tree density, but the presence of 
foliage has much less impact on the fade depth than it does in suburban environments. As an 
example, in the presence of foliage and for 99% location, a 18.5 dB fade at 60° elevation angle can 
be reduced to 8 dB (10.5 dB reduction) by increasing the elevation angle to 80°. Without foliage, the 
fade will only reduce from 17.9 to 9 dB (8.9 dB reduction). This is also the case for 90% location, 
where the fade is reduced from 7.5 to 3 dB (5.2 dB reduction) with foliage and from 8.4 to 2.6 dB 
(5.8 dB reduction) without. 
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It has been suggested that non-deciduous (coniferous) trees present a structure (flared downward) 
that may result in further reduced fades at higher elevation. 

(b)Distance 
The distance from the trees is mostly dependent on the environment, although changing lanes will 
affect it. Changing lanes can modify the geometry sufficiendy to alter the signal path, and resulting 
either in an increase or a decrease of the tree shadowing and fade depth, depending on the elevation 
angle. 

In general, the tree-shadow fading will increase as the receiver gets closer to the trees, because the 
signal path will move through the tree crown. However, when the signal path is already tree-
shadowed and the receiver rnoves closer to the trees, it is possible that the fading will decrease if the 
signal path moves closer to a section of the tree that has thinner foliage, for example below the tree 
canopies. This is of course very dependent on the elevation angle. 

A measure of the distance from which scatterers start affecting reception is defined as the circle of 
influence (COI). This is the distance between a scatterer and the vehide for which peak-to-peak 
variations of 0.1 dB are introduced by a typical single scatterer. For a scatterer such as a utility pole, 
the COI is determined to be about 100 m. Studies have shown that the effect of trees, rock surfaces 
or man-made scatterers is only felt when the receiver is reasonably close to them, even though as the 
distance increases so does the number of potential scatterers. 

Fade changes of 3 to 5 dB can be observed due to lane changes, with extreme variations of up to 15 
dB or more possible with large elevation angles, where shadowing conditions are more likely to 
change radically due to a lane change than they are with low elevation angles. 

(c).Aineuth 
Conditions of maximum tree-shadowing are observed when the signal path is approximately normal 
to the line of roadside trees and cuts through them. As with lane changes, changing direction can 
result in fade changes of 3 to 5 dB or more. 

Handheld 
Using a handheld receiver around trees presents slighdy different difficulties than for a mobile 
receiver, especially for semi-stationary use. Back-and-forth movements of the receiver of only a few 
cm can cause several dB of signal variation, on the order of 5 to 20 dB. Rapid signal variations due 
to tree branches swaying in the wind can be observed. However, signal variations over time tend to 
be small when the attenuation is less than about 10 dB. 

2.1.4 Suburban 

References: 8005-Hes, 9005-Ren, 9006-Gos, 9104-Gal, 9107-Wak, 9202-Gol, 9207-But, 9210-But, 
9306-Smi, 9308-Par, 9404-Ben. 

Suburban environments typically consist of residential housing with some trees on the properties 
and possibly utility poles along roads. The housing can vary from single floor detached units to 

March 17, 1996 - Page 8 



1 SATELLITE-EARTH L-BAND PROPAGATION - DIGITAL RADIO BROADCASTING 

apartment buildings. The trees can line the road, or can be scattered on the property. Mature trees 
can usually be found in older suburban areas, whereas newer areas wi ll  often have very little trees. 

The tree-shadowing will be the major source of fading, while some multipath and blockage may 
occur due to utility poles, trees and houses. While fading from tree shadowing will typically vary 
between 4 and 16 dB for 99% location, and between 1 and 8 dB for 90% locations, fading as high as 
20 dB or more for 99% location is possible for some severely shadowed routes. As with other 
environments, the fading decreases for increased elevation angle. 

Table 2 presents typical fading results from two studies, as a function of service availability and 
elevation angle. The second study features much worse fading than the first; this difference is 
attributed to more severe tree shadowing in the second study. For a given elevation angle, the fade 
can vary considerably, in these two cases from 4.4 dB to 16.5 dB for 60° elevation at 99% location. 
When considering 99% location statistics, an increase of the elevation angle from 40° to 60° results 
in a drastic improvement in fade statistics. 

Study No. 1 	 Study No. 2 

with foliage 	without foliage 
(0/0) 	400 	600 	80° 	600 	80° 	60° 	80° 

99 	7.2 	4.4 	2.2 	16.5 	12.0 	14.8 	3.1 

95 	4.5 	2.5 	1.4 	8.0 	6.0 	7.9 	1.6 

90 	3.5 	1.9 	1.1 	5.0 	2.5 	4.8 	1.1 

85 	3.0 	1.7 	1.0 	- 	- 	- 	- 

80 	2.7 	1.6 	0.9 	- 	- 	- 	- 

70 	2.3 	1.4 	0.8 	- 	- 	- 	- 

Table 2: Sample fading results (dB) as a function of elevation angle (°) 
and service availability (%). 

Data in Table 2 can be compared with data in Figure 1, which presents proposed fade margins 
required, based on preliminary results [9104-Gal], as a function of service availability and elevation 
angle. For example, with 60° elevation, curves in Figure 1 suggest that about 4 and 7 dB margin will 
be sufficient for 90 and 99% location respectively. Comparing with results in Table 2, such margins 
would most likely be reasonable for typical suburban environments with average shadowing. It will 
however not address severe shadowing conditions. 

While tree shadowing is seen to be the predominant cause of shadowing in suburban environments, 
occasional buildings such as multi-floor apartment complexes can result in deep and wide shadows, 
and even houses and utility poles have been found to create some fading, on the order of 5 dB or 
more for 87% location. 
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Figure 1: Proposed fade margin requirement (dB) for suburban environments based on field 
measurements, as a function of service availability (%) and elevation angles 0 [9104-Gal]. 

2.1 .5 Urban 

References: 8005-Hes, 9005-Ren, 9006-Gos, 9104-Gal, 9107-Wak, 9202-Gol, 9206-Smi, 9306-Smi, 
9310-Dso, 9404-Ben, 9507-Akt, 9508-Akt. 

Urban environments typically consist of medium- to heavily-built-up areas with multi-storey 
buildings at various distances from the road, and densely distributed utility poles, sign posts and 
trees. They can also contain highways. Tall buildings will have the predominant impact on fading in 
urban environments. 

Table 3 presents typical fading results in urban environment, as a function of elevation angle and 
service availability. While not shown in this set of results, fades can exceeding 20 dB for 99% 
location. Results will usually be worse in dense urban environments, such as in a large city's central 
business district. Worst case conditions can easily produce fades of 25 dB. 

For values of elevation angle less than those presented in Table 3, results indicate that severe urban 
shadowing has only a modest dependence on elevation angle. This is because severe shadowing is 
generally found in streets perpendicular to the satellite azimuth, and such streets remain shadowed 
for such values of elevation angle. As indicated from the results in Table 3, elevation angles must 
increase to values of 60 to 70° before severe shadowing can be reduced. 
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(/o) 	40° 	600 	80° 

99 	13.1 	10.7 	8.1 

95 	8.2 	5.9 	1.3 

90 	5.5 	3.8 	0.9 

85 	4.5 	3.1 	0.9 

80 	4.0 	2.7 	0.8 

70 	3.4 	2.4 	0.7 

Table 3: Sample fading results (dB) as a function of elevation angle (°) 
and service availability (%). 

Data in Table 3 can be compared with data in Figure 2, which presents proposed fade margins 
required, based on preliminary results [9104-Gal], as a function of service availability and elevation 
angle. For example, with 60° elevation, curves in Figure 2 suggest that about 12 dB and 17 dB 
margin will be sufficient for 90% and 99% location respectively. Comparing with results in Table 3, 
such margins seem to suggest more severe shadowing than the results in Table 3. 
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Figure 2: Proposed fade margin requirement for urban environrnents based on field measurements, 
as a function of service availability and elevation angles [9104-Gal] 
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2.1.6 Indoor 

References: 8812-Mil, 9003-Gol, 9107-Vog, 9304-All, 9307-Vog, 9503-Vog, 9506-Bel, 9508-Vog. 

Indoor reception, as considered in this study, assumes portable reception inside a building without 
the benefit of an exterior antenna. 

Building penetration uses one of two predominant modes, depending on the building construction, 
and the penetration loss depends on the predominant mode. For non-metallic structures, the 
primary signal penetration and propagation paths are through walls and ceilings. This first mode 
favours lower frequencies. For office buildings and other structures using metallic construction 
materials, the primary signal penetration and propagation paths are through openings such as 
windows and doors. This second mode favours higher frequencies. For both modes, the penetration 
loss depends on both the absorption by building materials and the reflection and scattering 
properties of the building skeleton. 

Mode I -- Through Walls and Ceilings 
Typical non-metallic structures that favour signal penetration through walls and ceilings include 
mason or brick constructions with plasterboard indoor finish, acoustic tile ceiling, coated windows 
with aluminium frames and wooden or metal furniture. 

Mean penetration losses on the order of 5 to 11 dB are observed in typical non-metall ic 
constructions, with a 2 to 3 dB standard deviation as the receiver is moved around inside the 
building. This corresponds to losses of 9 to 17 dB for 98% locations (97.72% _ T+2L). 

One particular series of measurements shows a 6 dB mean penetration loss when averaged over one 
dozen rooms in six different non-metallic single family residences, with a 3 dB standard deviation 
due to the room-to-room variability. Averaged spatially in a room and over time, the penetration 
loss is shown to be less than 12 dB for 95% of rooms within buildings of this type. 

Another study found that fully insulated brick veneer houses result in mean penetration loss of 8 dB. 
To account for the variability in 90% of the houses of this type, an additional 4 dB is added, and the 
resulting 12 dB penetration loss applies to houses of the particular construction assumed 

Measurements in multi-family residences show that the penetration loss can exceed 12 dB. 

Mode II--  Through Openings 
For office buildings and other structures using metallic construction materials, the average 
penetration loss experienced will be much greater, on the order of 9 to 25 dB or more. This is 
because the building penetration through walls and ceilings is inhibited by the presence of metal, and 
it must now use openings, including windows and doors. As well, the metallic materials result in a 
reduction of the direct signal and increased multipath, which increases the standard deviation up to 
10 dB in certain cases. 

For example, in residential constructions that use wallboard backed by aluminium foil, the average 
penetration loss can reach 17 dB or more. In residential and non-residential constructions that use 
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significant metallic materials, including aluminium siding, corrugated steel or wire mesh screens, this 
loss can reach 20 dB, with a standard deviation on the order of 10 dB. In mostly metallic structures, 
such as mobile homes and metal shacks and trailers, average penetration losses of 20 to 25 dB or 
more are measured, with greater values found when openings such as windows feature aluminium 
frames and metal screens. 

Reflective glass can result in average penetration losses of about 6 dB. Measurements show that the 
minimum penetration loss inside a building that features signal penetration through openings will be 
about 6 dB, typically right at the window. 

Table 4 presents some penetration loss results for six construction types, giving values of average 
penetration loss as well as the standard deviation. While the construction type descriptions are not 
very detailed, the results suggest that all of these constructions contain some metal, since average 
penetration losses are between 7 and 20 dB, with standard deviations between 6 and 8 dB, results 
which corresponds mosdy to constructions which allow penetration mostly through openings or 
which greatly attenuates signal penetration through walls and ceilings. 

Construction Type 	Average Penetration Loss 	Standard Deviation 
(Walls/Floors/Roof) 	 (dB) 	 (dB) 

Wood/2/Wood 	 7.4 	 6.1 

Wood/ 1 /Composite 	 10.6 	 5.7 

Stee1/1 /Tar 	 14.7 	 6.2 

Brick/1 /Tar 	 15.0 	 6.9 

Brick/ 2 / Compo site 	 19.8 	 6.3 

Concrete/1 /Tar 	 19.9 	 8.1 

Table 4: Penetration loss (dB) results for six construction types. 

Antenna Location 
Results from various studies indicate that the receive antenna should be very close to a window to 
provide a clear path to the satellite. Depending on the construction type, penetration loss increases 
very rapidly as the antenna moves away from the window and farther inside the building. Results 
also show that reception will vary considerably within a given room, due to a standing wave pattern 
formed by  constructive/destructive addition of multiple reflections from within the room, creating 
peak and null volume spaces within each area. Furthermore, the signal variability in space increases 
with increasing attenuation, because as the direct signal is reduces, multipath reflections become 
more important. 

If the inside reception environment is static, moving the receive antenna only a few cm can cause 
the penetration loss to vary by several dB. As an example, a 17.5 dB loss in a concrete-wall building 
was reduced to 12.5 dB by moving the antenna. However, the inside reception environment is 
typically dynamic, with people moving about and doors opening and closing. Such a dynamic 
environment will result in the shifting of nulls, which can make indoor reception very unpredictable 
because of strong time variations at a fixed reception point. 

March 17,  1996- Page 13 



SATELLITE-EARTH L-BAND PROPAGATION - DIGITAL RADIO BROADCASTING 

Studies have shown that while people moving near the receive antenna (a few metres away) 
produced signal variations of less than 1 dB, a person blocking the direct signal path, even just with 
his head, can increase the loss by 6 to 12 dB. 

Ekvation Angle 
The above results assume negligible outdoor obstructions, as well as typical values of elevation 
angle. 

For the case of signal paths that are not obstructed by trees or buildings, the penetration loss is 
found to be virtually independent of elevation angle, down to about 100 . For the case of non-
metallic structures, where signal penetration is primarily through walls and ceilings, this 
independence to elevation angle for values of 100  or more is explained by the fact that the signal 
path will not encounter many mobile obstacles (traffic), and thus the signal variations will be fairly 
similar regardless of elevation angle. This has been shown for elevation angles up to 55°. For the 
case of metall ic structures, where signal penetration is primarily through openings, this 
independence to elevation angle is explained by the fact that the elevation angle of the direct path 
has little to no impact on the entrance of the signal into the building. 

This is however not the case when outdoor obstructions are present. Constructions shadowed by 
trees, mountains or other buildings will experience excess loss if the obstruction blocks the signal 
path. Trees with dense foliage can result in excess losses of 12 to 15 dB, in addition to the building 
penetration. Such blockage can increase in frequency and in fade depth as the elevation angle 
decreases. 

2.1.7 Portable 

References: 9202-Gol. 

Outdoor portable reception is characterised by both shadowing and multipath effects due to trees, 
buildings and traffic. Multiple reflections from surrounding buildings and other objects can cause 
standing wave patterns, as with indoor reception, with strong variations in signal level over short 
distances, on the order of a few cm. For a fixed reception point, the signal level also varies with 
time, especially if it is close to traffic. 

As with indoor reception, people moving near a portable receiver antenna (a few metres away) can 
produce signal variations of less than 1 dB, while a person blocking the direct signal path, even just 
with his head, can increase the loss by 6 to 12 dB. 
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2.2 Elevation Angle 

References: 8805-Vog, 8904-Bun, 9408-Akt, 9412-Akt. 

Elevation angle is a function of the satellite orbit and the reception location on Earth. For example, 
a geostationary Earth orbiting (GEO) satellite providing a service in regions between 20° South and 
20° North latitudes will achieve elevation angles of 55° or more. Smaller values of elevation angle 
will result in regions outside this range, which is the case for Canada, where elevation angles range 
between 15° and 35° for an optimised GEO satellite [9506-Pai]. Other orbits, such as the highly-
inclined elliptical orbit (HEO), can be designed to maximise elevation angles in a given region. For 
the case of Canada, which is widely spread over some 7300 km, an optimised HEO satellite will 
provide a range of elevation angle from about 30° to 90°  9508-Gau]. With a smaller coverage 
surface, as is the case for European countries considered in the Archimedes project[9403-Gal], a 
minimum elevation angle on the order of 45° or more can be provided. 

While the range of elevation angle expected in a given area is important, another factor that must 
also be considered is the POS (percentage of optical shadowing, presented in Section 2.1.3). Studies 
have tried to determine the minimum skyline angle for which no obstructions occur, for a given 
percentage of location (service availability) and for a given reception environment. Results 
summarised in Table 5 show that for 90% of distance along a route in rural, suburban and urban 
environments, the unobstructed skyline angle from the receiver was 11 0, 170  and 55° respectively. 
Presented another way, the results suggest that for elevation angles greater than 100, 98% of the 
route would provide line-of-sight in rural, 95% in suburban and about 72% in urban. These results 
represent typical American cities, except for the suburban environment that was newly developed 
and featured very few grown trees. Typical suburban environments typically feature mature trees, 
which would result in worse shadowing than what is shown in Table 5. 

Environment Type 	Mean 	Standard 	90 Percentile 
Deviation 

	

(0) 	
(0) 

(0)  

Rural Austin 	 5.3 	3.7 	 10.9 

Suburban Austin 	 7.4 	5.8 	 16.6 

Austin Central Business District 	25.8 	20.2 	 55.2 

San Antonio Central Business 	27.7 	18.1 	 53.5 
District 

Table 5: Environment average skyline (°) statistics. 

Looking at speci fic reception environments, results of the impact of elevation angle on signal 
impairments presented in earlier sections of this report are now summarised. 
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In open and rural environments, the propagation is mostly independent on elevation angle, for 
values above 15°, since these environments typically have very few obstacles to create shadowing or 
blockage. Possible blockage from overpasses and bridges is independent of elevation angle because 
these are overhead obstacles. At very low elevation angles, below 15°, multipath can arise from 
terrain features in rolling hilly terrain. An interesting situation may occur when receiving along tree-
lined roads: a reduction in the elevation angle can result in a fade decrease if the signal path moves 
closer to a section of the trees that has thinner foliage, for example below the tree canopy. 

In mountainous environments, increased fading has been observed for lower elevation angles, but 
this has been attributed to tree shadowing. Some of the rocky terrain features could possibly result in 
scattering at low elevation angles. 

In tree-shadowed environments, fading is very much a function of the elevation angle. In general, 
reducing the elevation angle increases the probability of tree shadowing, with the resulting fades 
becoming longer and deeper as the line-of-sight path becomes intercepted by more trees. For low 
elevation angles, below 200 , the effect of multipath reflections from trees can increase. The type of 
tree can also affect the impact of elevation angles; for example, non-deciduous (coniferous) trees 
present a structure (flared downward) which results in reduced fades at higher elevation relative to 
deciduous trees. 

In wooded (forested) environments, the elevation angle needs to be increased beyond 60° to provide 
an interesting reduction of the tree-shadow fading. 

In suburban environments, which typically features many mature trees, interesting reductions in the 
tree-shadow fading can be achieved for values of elevation angle beyond 40 to 50°. The fading 
difference due elevation angle is greater when foliage is not present. Table 2 presents typical 
suburban fading results for light density (Study No. 1) and heavy density (Study No. 2) foliage. 
Figure 1 presents proposed fade margins based on field measurements. Both set of results illustrates 
well the impact of elevation angles in suburban environments. 

In urban environments, which feature some trees but mosdy obstructing buildings, the elevation 
angle has to be increased beyond 60 to 70° in order to achieve reasonable fades. This is confirmed 
by results presents in Table 3 as well as proposed fade margins presented in Figure 2 based on field 
measurements. 

Indoor reception is insensitive to elevation angle when there are no outside obstructions. Otherwise, 
the excess fading due to outside obstructions is similar to that for outdoor reception. 

In conclusion, it can be said that for rural environments, a given elevation angle will typically result 
in less tree-shadow fading than in suburban environments, while in wooded or forested 
environments, the same angle will typically result in more shadowing than in suburban 
environments. 
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2.3 Foliage 

References: 9202-Gol. 

Results show that signal absorption and scattering from branches is the main fading mode in tree 
shadowing, as opposed to the effects of leafy foliage. Tree trunks and branches are the major cause 
of deep but short shadowing, while foliage on the trees has modest additional contribution, mosdy 
causing shallow but long shadowing. 

The presence of foliage on tree branches can result in a fading increase of up to 40% for worst case 
fixed reception, and up to 25% for mobile reception, valid for 80 to 99% of location. This increase 
is smaller for the mobile case than for the static case because results for the mobile case assume a 
variety of trees, including non-deciduous trees, as well as some stretches of road over which there 
will be no trees. Furthermore, the static case also represents a maximum attenuation condition, 
whereas the mobile case is expressed in terms of cumulative distribution. 

The tree type has a definitive impact on this fade difference, since non-deciduous trees that do not 
shed their leaves annually provide almost no fading difference with season, even though the water 
content of the foliage may decrease in winter. 

As seen by data in Table 2, results for suburban environments with deciduous trees suggest that the 
presence of foliage has a greater impact on fading at higher elevation angles. 

In wooded environments, fading is much worse than in suburban environments because of higher 
tree density, but the presence of foliage has much less impact on the fade depth than it does in 
suburban environments. As well, wooded environments with predominantly non-deciduous trees 
show minimal seasonal effect. 

2.4 Signal Bandwidth 

References: 9104-Smi, 9105-Smi, 9112-Ike, 9306-Ike, 9308-Ike, 9309-Ara, 9406-LeM, 9506a-Jah, 
9508-Jen. 

The signal bandwidth is usually system specific and can not readily be modified. For DRB in Canada 
using Eureka 147 technology, the bandwidth is fixed at 1.538 MHz, so wide-band channel 
characterisation is of interest. 

Results presented so far come from systems that use either a carrier/continuous wave (CW) or a 
narrow-band signal transmitted from the satellite. In mobile systems using such signals, for example 
MSAT, impairments are perceived as rapid flat fading of the received signal envelope. However, as 
the signal bandwidth increases beyond the channel's coherence bandwidth, which is a function of 
the delay spread due to rnultipath, frequency-selective fading starts appearing. 
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The studies discussed in this section give a general idea of what can be expected for wide-band 
signalling systems. 

Results from wide-band (16 MHz) spread spectrum signal measurements at 2.09 GHz are presented 
in [9508-Jen] for a variety of reception environments, with fading results very similar to what is 
found for narrow-band signals. Comparisons of spread spectrurn and CW fade statistics for 39° 
elevation in tree-shadowed environments indicate that both systems exhibit the same degree of 
fading. 

Results from wide-band (30 MHz) signal measurements are presented in [9506a-Jah] for hand-held 
and car-mounted receivers in various environments. In all environments tested, echoes generally 
appear with small delays, typically less than 600 ns, and attenuated by 10 to 15 dB. Power delay 
profiles show delay spreads typica lly less than 100 ns, with maximums extending between 500 ns to 
2 Ts. This suggests that most echoes result from reflections in the close vicinity of the receiver. It 
was noticed that as the elevation angle increases, the delay spread tends to decrease, except for 
urban environment. This is explained by the predominantly vertical reflecting surfaces (buildings) 
found in urban environments, which result in increased multipath scattering at higher elevation 
angles. 

A comparison of narrow-band and wide-band (25 MHz) signalling is presented in [9406-LeM] for 
land mobile satellite services in rural environments. Figure 3 presents the fading CDF of both 
narrow-band (left graph) and wide-band (right graph) signals as a function of service availability 
(equal to 1 - Prob. Fade > Abscissa) for elevation angles between 10 and 50°. The impact of elevation 
angle is as expected, with fading increasing as the elevation angle decreases. Results show that for 
low elevation angles and low probabilities, fading is less for the wider signal. For example, at 95% 
and 99% locations (corresponding to 5% and 1% Prob. Fade > Abscissa), fading is 2 and 4 dB less 
respectively for elevation angles between 10° and 20°. This difference becomes negligible for 
elevation angles greater than 30° and for lower service availability, that is, less than 90% location. 
This may be due to some filtering of the multipath in extreme situations of low elevation angles and 
high service availability. 

The same study [9406-LeM] also looks at delay spread and coherence (also called correlation) 
bandwidth for the wide-band signal in order to characterise the multipath in the rural environment. 
Figure 4 presents the delay spread (left graph) and 90% coherence bandwidth (right graph) CDF for 
the 25 MHz wide signal. It is observed that the delay spread, ranging from about 15 to 65 ns, 
increases for decreased elevation angles, and is typically about 20 ns for 90% location. The 90% 
coherence bandwidth results for a 20 dB threshold range from about 1.5 MHz for 99% location at 
low elevation angles, up to 4.5 MHz for 30% location and elevation angle between 10 and 50°. 
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Figure 3: Fading CDF of narrow-band (left) and wide-band (right) signals as a function of service 
availability (%) (1-Prob. Fade>Abscissa) for values of elevation angle between 10 and 50° and for rural 

environment [9406-LeM]. 

0 	1000 2000 3000 40(X) 5000 
Correlation Bandwith 90% (kllz) 

Figure 4: Delay spread (left) and coherence bandwidth 90% using a 20 dB threshold (right) CDF 
for 25 MHz wide signal as a function of service availability (%) (1-Prob. ...Abscissa) for values of 

elevation angle between 10 and 50° and for rural environment [9406-LeM]. 
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There exists a definite relationship between delay spread (A) and coherence bandwidth  (BU):  

1 
BWc  = 

The value of a depends mostly on the specific definition of coherence bandwidth. [7400-Jak, 8200- 
Lee] suggest values of I = 2X for a 50% correlation level of the signal envelope, and I = 4X for a 
50% correlation level of the signal frequency or phase. [7202-Gan] proposes values of I between 6 
and 10, approximated to 8, for 75% correlation level of the signal envelope. The coherence 
bandwidth results in Figure 4 are for a 90% correlation level of the signal envelope, and suggest a 
mean value of I = 13, which seems consistent with other values just mentioned. 

For the most part, results from [9406-LeM] indicate that there is very little statistical difference as far 
as fading CDF is concerned between narrow-band and wide-band fading in rural areas. 

Results from wide-band (3 MHz) spread spectrum signal measurements are presented in [9309-Ara, 
9308-Ike, 93-06-Ike, 9112-Ike] for urban and suburban environments. Power delay profiles for 
elevation angles between 40 and 47° show that maximum excess delay is less than 1 ts , while 
maximum delay spread is 160 ns, with typical values of 50 ns. The larger values of delay spread are 
observed mostly when the received signal level is greatly attenuated, which corresponds to multipath 
conditions without line-of-sight. For dense urban environments and bridge-covered roadways, delay 
spreads of 110 ns are observed. 

Wide-band signal measurement techniques are described in [9105-Smi, 9104-Smi] for high elevation 
angles, but no results are presented. 

These various results suggest typical values of delay spread between 15 and 100 ns, with maximums 
reaching 150, 500 ns or even 2 ps. This delay spread is the predominant factor in determining the 
coherence bandwidth, which will typically be greater than 1 MHz. Assuming a factor of a = 13 
based on results in Figure 4, the Eureka 147 DRB signal, which is 1.536 MHz wide, will suffer from 
flat fading when the delay spread is 50 ns or less. Larger values of delay spread will result in 
frequency-selective fading. 

For indoor reception, delay spread values can vary between 10 to 350 ns, with lower values typical 
of non-metallic single story construction, and larger values typical of office buildings and metallic 
constructions. 

In general, fading statistics seem to differ very little due to signal bandwidth, except at low elevation 
angles. 
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2.5 Antenna Gain 

References: 9202-Gol, 9305-All, 9506-Bel. 

The gain of a receive antenna depends on its directivity. It is expected that mobile and portable 
receivers will use non-directional (omni-directional) antennas for affordability reasons, and fixed 
receivers will use either omni- or directional antennas. 

Omni-directional antennas are limited in gain (4 to 6 dB), and cannot discriminate against multipath 
interferers as well directional antennas, which offer higher gain (around 15 dB) as the energy is 
concentrated within a narrower beam. 'These high gain antennas will receive less scattered energy 
from multipath than low gain antennas. Excessive fading with low gain antennas is expected because 
of close-in multipath effects, which become more prevalent with lower elevation angles. 

Whether the additional power due to scattering received by the low gain antenna is seen as 
constructive or destructive depends on its delay relative to the direct signal path and on the guard 
interval in the Eureka 147 DRB system. Nevertheless, the high gain antenna offers about 10 dB 
more gain, and the net power received by it will still be significandy higher than that for the low gain 
antenna. This preserves the better SNR obtained with the high gain antenna and its resulting systems 
performance advantage. 

26 Polarisation Diversity 

References: 8908-Vog, 9202-Gol. 

The use of polarisation diversity, where transmitted satellite signals are alternately co-polarised and 
cross-polarised, is useful to achieve frequency re-use, if it can be shown that the isolation between 
the two polarisations is sufficient. 

Signal de-polarisation can occur because of reflections that may occur in almost any reception 
environment. 

Results show that the isolation between left-hand and right-hand circular polarisation decreases as a 
function of the signal fading. For example, from a maximum isolation of 18 dB, the isolation 
decreased to 17 dB at the 1 dB fade level, 11 dB for 5 dB fades, 3 dB for 10 dB fades, and 0 dB for 
12 dB fades. 

The study in [9202-Gol] suggests that frequency re-use via polarisation diversity is impractical in 
systems with any reasonable fade margin, because of the poor isolation caused by multipath 
scattering. 
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2.7 Operating Frequency 

References: 8805-Bun, 9202-Gol, 9308-Dav. 

Most of the earlier fade measurements for land mobile satellite systems were done at UHF, around 
800-900 MHz. More recent measurements are mostly concerned with L-band, around 1.5 GHz, and 
very recent work is also considering higher frequencies, up to 2 or 3 GHz, for services such as PCS. 

For static reception, a scaling factor was developed between UHF and L-band, where the 
attenuation A(fL) in dB at L-band is a function of UHF attenuation A(fuEIF) in dB, as well as the 
UHF and L-band frequencies: 

A(f UHF 
fUHF 

To scale results from 870 MHz to 1472 MHz, the scale factor is 1.30. For example, a 5 dB 
attenuation at 870 MHz would correspond to 6.5 dB at 1.472 GHz. 

For mobile (dynamic) reception, a scaling factor was identified to be similar to that for the static 
case, but its validity is proposed only for values of service availability between 70 and 99% location. 

This scaling factor has been validated independently for UHF, L-band and S-band, from about 800 
MHz up to 3 GHz. 

2.8 Fade Duration 

References: 9105-Has, 9107-Has, 9202-Gol, 9308-Dav, 9406-Tan. 

The fade and non-fade duration measure the continuous distance over which the receiving level is 
below and above a threshold level, respectively. The distribution statistics are useful to optimally 
design communication systems, including channel coding (error coding and interleaving). Since this 
study is concerned with a specific broadcast system (Eureka 147 DRB) which is already designed, 
such statistics are of less interest than the fade CDF. A brief overview is nonetheless presents. 

The distribution of fade duration is found to be very well represented by a log-normal distribution, 
and does not depend on road features or the threshold level. In suburban, rural and forested 
environments, typical fade duration values are between 2 and 7 m for 99% location, and between 0.5 
and 1 m for 90% location. 

The distribution of non-fade duration is found to be acceptably described by a power curve fit, and 
does not depend on the threshold level. Typical non-fade duration values for 99% location varied 
depending on the environment, with higher values (50 to 300 m) in rural areas, and smaller values in 
wooded areas (4 to 20 m). Values for 90% availability were about 3 m regardless of the environment. 
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-A slight dependence with the elevation angle was identified. A small value of elevation angle is 
associated with larger fade durations regardless of the service availability. This is consistent with the 
fact that at lower elevation angles, there is generally more persistent shadowing. 

2.9 Summary 

The above propagation results show that the dominant factor in fade margin requirernent is tree 
shadowing. Table 6 lists signal impairments that can be found in various reception environments, 
including range of fading which can be expected, while Table 7 highlights the impact of certain 
variables. 
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Environment 	 Obstacle 	 Signal 	Fade Range for 99% Location 	Notes 
Impairmentl 	(unless otherwise noted)  

Open 	 line of sight 	 None 	 < 2 -- 4 dB  

Rural 	
utility poles 	 M 	 <3 dB 	 Evenly spaced utility poles result in regularly 

varying signal.  
Rural Highway 	 rolling -hills 	 M 	 < 4  -- 7 dB 	 For elevation angles below 15°. 

trees 	 S + B 	7 -- 20 dB 	 Depends on tree density and elevation angle. Refer 
to tree shadow environment below for more  details.  

bridge,  overpass, tunnel 	B 	 >15 dB  

Mountainous 	 rock surfaces 	 M 	 5 --  15 dB 	 Depends on elevation angle and azimuth. 

Tree Shadow 	 single tree 	 S 	 4--  15+ dB 	 Attenuation coefficient between 0.7 and 3.2 dB/m 
depending on  tree type, size  and density.  

multiple trees 	 S 	 <10  --  15 -- 25 dB 	 Depends on shadowing severity. 

multiple trees 	 M 	 <6 dB 	 For elevation angles below 20°. 
foliage 	 S 	 Presence of foliage increases 	Non-dedduous trees provide minimal seasonal 

fading by up to 25% for mobile 	variations. Absence of foliage causes greater fade 

and up to 40% for filred 	 reduction when elevation angle is increased. 

wind 	 S 	 5 -- 10 -- 20 dB 	 Rapid signal variations depend on tree structure 
and wind. 

Suburban 	 houses 	 B 	 > 5 dB (87% location)  
trees 	 S 	 4--  16  --20 dB 	 Depends on shadowing severity and elevation 

angle.  
utility poles 	 M  

Urban 	 buildings 	 B 	 20  -- 25 dB 	 Depends on building size and density. 

utility poles, sign posts 	M  
trees 	 S  
highway traffic 	M  

Indoor 	 walls & ceilings 	 P 	 9 -- 17 dB 	 Depends on construction. 
Non-metallic  Structures 	 (2 -- 3 dB  st. dey.)  
Indoor 	 walls & ceilings 	 P 	 9  --25 dB 
Metallic Structures 	 (10  dB st. dev.) 

windows 	 P 	 —6 dB 	 For reflective/coated glass. 

Table 6: List of signal impairments and expected fading as a function of reception environment. 

1  M: multipath scattering-, S: shadowing; B: blockage; P: penetration loss. 
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Variable 	 Environment 	Note  

Elevation 	 open / rural 	Fading is not very-  sensitive to elevation angles for values greater than 15°, because there are no obstacles. Multipath scattering 
starts appearing below 15°.  

Angle 	 suburban 	Fading decreases considerably as elevation angles become greater than 40 to 50°. 
urban 	 Fading decreases considerably as elevation angles become greater than 60 to 70°. 
trees 	 Generally, fading decreases as elevation  angle is increased. One exception is when shadowing is due to a very close line of single 

trees, where decreasing the elevation angle might move the signal path below the tree canopies, such that fading decreases. 
The fade difference as a function of elevation angle is greater without foliage. 
Multipath scattering starts appearing below 20°.  

forest 	 Fading is very sensitive to elevation angle, and decreases considerably as elevation angles become greater than 60 to 70°. 

indoor 	 Fading is generally insensitive to elevation angle when there are no outdoor obstacles. Otherwise, the excess fade due to the 
outdoor obstacles must be added to building penetration loss. 

Distance 	 trees 	 Generally, fading increases as trees get doser. One exception is when shadovring is due to a very close line of single trees, where 
moving doser  might move  the  signal path below the tree canopies, such that fading decreases. 

Lane  Change 	trees 	 Typical fading differences of 3 to 5 dB, with extremes of 15 dB at high elevation angles. 

Azimuth 	 trees 	 Changing direction can result in a 3 to 5 dB or more fading variation. 

People 	 shadowing 	People moving at a few metres from the antenna cause fading of less than 1 dB. Human body or head blocking the signal path 

Traffic 	 blockage 	can result in fades of 6 to 12 dB. 

Foliage 	 shadowing 	Presence of foliage increases fading by up to 25% for mobile and up to 40% for fixed. Non-deciduous trees provide minimal 
seasonal variations. Absence of foliage  causes greater  fade reduction when elevation  angle  is increased. 

Signal 	 fading 	 Fading statistics seem to be similar for narrow- and wide-band signalling, except maybe at low elevation angles and high service 
availability, where fading is sligb.tly less for wide-band.  

Bandwidth 	 delay spread 	Typical range between 15 and 100  us. Maximum up to 150, 500 and even 2000 Ils. 

Rural: 15 to 65 ns / Urban/Suburban : 50 ns (typical), 160 ns (maximum when LOS is lost) 
Indoor: 10  us  (non-metallic) to 350  us  (metallic) 
Delay spread values  tend to decrease as elevation  angle increases, except in urban.  

coherence 	Coherence bandwidth is a function of the inverse of the delay spread value. 

bandwidth. 	Frequency-selective fading occurs when the signal bandwidth is greater than the coherence bandwidth, and flat fading otherwise. 
For  the 1.536 MHz wide DRB signal, flat fading will  occur for values  of delay spread below  about 50  fis.  

Polarisation 	 LH/RH circular polarisation isolation decreases as a function of the signal fading. Maximum isolation of about 18 dB reduces to 

Diversity 	 11 dB for 5 dB fades, and to 3 dB for 10 dB fades. 

Operating 	 I f,  

Frequency 	 A(fL) -  A(fuHF) 	f 	valid for UHF (-800 MHz), L- and S-band (up to 3 GHz). 
J UHF 	 r  

Fade  Duration 	 2 to 7 m for 99% locations, 0.5 to 1 m for 90% locations 

Non-Fade Duration 	 4--  20 m in wooded / 50 -- 300 m in rural for 99% location. —3 m anywhere for 90% location. 

Table 7: Impact of certain variables on the propagation 
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3. Propagation Models 

Considerable work has been published on the characterisation of signal variations observed in 
tetréstrial land mobile propagation at UHF. Some of the same basic concepts of signal statistics can 
be applied to land mobile satellite services (LMSS), but significant differences exist. This section 
looks at a few of the LIVISS channel models presented in the literature. 

The LMSS channel models presented in the literature can be classified according to three types: 

1. Empirical regression models, where the model is fitted to experimental measurement data, to 
describe the probability distributions of fades. 

2. Statistical probabilie distribution models, which are based on the use of a composite of several 
known probability density functions (Rayleigh, Rician, log-normal, etc.) to describe the 
propagation process. 

3. Geometric-anaetic models, which use geometric analytical procedures to predict the effect of 
scatterers on the propagation. 

The ITU-R, in its Recommendation 681, proposes a few models, induding the empirical roadside 
shadowing (ERS) model, an attenuation frequency scaling model, a model for fade and non-fade 
duration distribution statistics, a model for fading due to multipath, models for mountainous and 
road-side tree environments, and a user blockage model for hand held terminals. 

Of particular interest for DRB and other wide-band applications are wide-band channel models 
presented by [9506-But, 9506b-Jah]. 

3.1 Empirical Regression Models 

a) Large-Scale/ Small-Scale Model 
An early empirical regression model to be derived for LMSS is the one presented in [8005-Hes]. A 
normal distribution fit was used, from which values of mean excess path loss and standard deviation 
were derived. These values are used to model the excess path loss as a function of local 
environment, vehide heading, frequency, street side and elevation angle. This model provides excess 
path loss for large scale coverage between 50% and 99%, and small-scale coverage of 90%, and is 
more applicable to urban environments. It is defined by: 

A(PL ) = p.-F k(PL )cr 

where 

U = a0  + ale + a2h + a3f + a4 s + a50 
o = 1,0 +b1 e +b2h+b3f + b4 s + b50 

and 
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1.28 PL  = 90% 

1.65  

2.33 PL  = 99% 

The parameters are as follows: 

• e: environment = 1(uxban), 0 (commercial), -1 (suburban/rural); 

• h heading = - cos 2(Azvehicle - Azsatellite); 

• f frequency = 1(UHF), 1.8 (L-band); 

• s side of road = 1 (satellite across the road), -1 (satellite on the same side); 

• O  elevation angle, between 15° and 500 . 

The local environment and vehicle heading are found to be dominant factors in the excess path loss. 

b) Einpirical Roadside S hadowing Model 
A second empirical regression model, the Empirical Roadside Shadowing (ERS) model [9202-Gol, 
9308-Day], uses least square fits of second and first order polynomials to model the fade. The result 
corresponds to an overall average driving condition, which indudes lane and direction diversity 
along highways and rural roads, where the propagation path is generally perpendicular to the lines of 
roadside trees and utility poles, and where maximum shadowing conditions exist. Roadside tree 
shadowing is found to be the major dominant cause of fading. The model is based on extensive 
measurements in rural and suburban environments. 

For P -= 1% to 20%, the empirical fade expression is given by: 

A(P ,0) = — M (0) ln P + N(0) 	[dB] 

where P is the percentage of the distance travelled over which the fade is exceeded, and 0 is the 
elevation angle. For a constant speed over the distance travelled, P can also represent the percentage 
of the time the fade is exceeded. Values for M and N are presented in Table 6. Based on this 
expression, Figures 5 and 6 present the cumulative fade distribution and fade depth as function of 
elevation angle, where for example at 40° elevation, fading would not exceed 17 dB for 99% and 
about 7 dB for 90% location. 

The ERS model is not recommended for elevation angles below 20°, where fade statistics become 
increasingly complex because of absorption and scattering due to multiple canopies and tree trunks. 

k =  
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Elevation Angle 0 	M 	N 
(0)  

20 	4.590 	25.90 

25 	4.628 	23.69 

30 	4.565 	21.47 

35 	4.403 	19.26 

40 	4.140 	17.04 

45 	3.778 	14.83 

50 	3.315 	12.61 

55 	2.753 	10.40 

60 	2.090 	8.18 

Table 8: ERS model coefficients. 

Figure 5: Fade CDF derived from the ERS model. [9202-Gol] 
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Figure 6: Fade exceedence derived from the ERS model. [9202-Gol] 

c)Modified Empirical Roadside S hadowing Model 
[9308-Sfo] presents a modified ERS (MERS) empirical model based on the original ERS model. 
This model is proposed for elevation angles varying from 200  to 800, Percentage of Optical 
Shadowing (POS) from 35% to 85%, with trees being deciduous, at L-band only. The fading can be 
given in two different forms by curve fitting the measured CDFs: 

A(P , 0) = —A(0) ln(P) + B(0) 
A(P ,0) = a(P)02  + fi(P)0 + 7(P) 

where P is the percentage of the distance (and time with a vehicle at constant speed) over which the 
fade is exceeded, up to 30%, and 0 the elevation angle, and A and B are functions of 0, whereas a, (3 
and y are functions of P. 

d) [9308-Par] presents two empirical fade models for high elevation angles: 

i) Empirical Fading Model (EFM): 

A(P,0 , f) = aln(P) + c 	 [dB] 

where A is the maximum fade for a specified outage probability P between 1% and 20%, and 

a = 0.0290 — 0.182f — 6.315 

c = —0.129 +1.483f + 2 1.374 

where 0 is the elevation angle between 60° and 80°, and f the frequency between 1.3 and 10.4 GHz. 

[dB] 

March 17,  1996-  Page 29 



SATELLITE-EARTH L-BAND PROPAGATION - DIGITAL RADIO BROADCASTING 

The Suburban/Rural Empirical Fading Model (S/REFM): 

A(P,O, f)= bln(P)+ d 

where A is the maximum fade for a specified outage probability P between 1% and 20%, and 

b = 23.5f —0.1080 + 0.00180 2  —38.5 

d = —58.5f —0.3750 + 121.5 

where 0 is the elevation angle between 60° and 80°, and f the frequency between 1.3 and 10.4 GHz. 

e) The Extended Empirical Roadside S hadowing Model 
The Extended Empirical Roadside Shadowing  (BERS)  model [9508-Gol] extends the ERS model 
for a more general situation. It provides roadside tree attenuation for highway and rural road 
scenarios, and is valid for frequencies from 870 MHz to 20 GHz, elevation angles from 7° to 60°, 
and probability range from 1% to 80% (0 dB fade). It assumes that the trees populate at least 55% of 
the roadside along the distance driven, and that the propagation path generally cuts the line of 
roadside trees perpendicularly. "The model is representative of a median distribution of measured 
data which deviates from measured distributions generally to within ± 5 dB at elevation angles above 
20°. At low elevation angles, terrain blockage and multiple tree attenuation may be prevalent and 
hence the deviation relative to the EERS model may be substantially larger." [9508-Gol] 

3.2 Statistical Probability Distributions Models 

Typical distribution functions that are used to describe LMSS propagation include Rayleigh and 
Rician in multipath situations, and log-normal in shadowing. This can be used to model simple 
situations, but are of no interest for situations where the receiver might pass from shadowing to 
non-shadowing conditions. A number of statistical models are presented in [9202-Gol], including 
Loo's distribution model [8508-Loo], the total shadowing model [8605-Lut], the log-normal 
shadowing model, the simplified log-normal shadowing model [9204-Bar, 8706-Bar], as well as 
models with fade state transitions. Recent literature [9408-Cor, 9506-But, 9506-Kan] presents yet 
more variations on the statistical model. 

A model to predict the overall propagation behaviour based on knowledge of the reception 
environment for elevation angles from 5° to 85° is described in [9508-Akt, 9507-Akt, 9502-Akt, 
9412-Akt, 9408-Akt]. Ground-based fisheye images are analysed to evaluate propagation statistics as 
a funcdon of elevation angle, to identify where the propagation path has a clear line-of-sight, is 
shadowed by trees, or is blocked by mountains and structures such as buildings and overpasses. 
Given this, it is then possible to estimate the probability of fades for a specific environment type. 
The three-state fading model is based on a cumulative probability distribution consisting of a 
weighted linear combination of Rice, Loo, and Rayleigh fading. 
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3.3 Geometric-Analytic Models 

Two approaches to geometric-analytical models are presented in [9202-Gol], the single object 
models and the multiple object scattering models. 

A model to simulate narrow-band and wide-band propagation of land mobile satellite signal in urban 
environments is presented in [9306-Sfo]. This deterministic model was developed as a software 
package, and is based on the geometrical theory of diffraction (GTD) and using ray tracing, and uses 
canonical electromagnetic laws with a user-specified urban layout. 

An analytical model is presented in [9210-Vuc], where signal amplitude and phase variations are 
described using a combination of log-normal, Rayleigh and Rice models, and an M-state Markov 
chain is applied to represent environmental parameter variations. 
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4. Measurement Platforms 

This section lists the various experimental test platforms that have been used for doing the 
propagation measurements discussed earlier. Experiments have often been carried out using 
simulated satellite platforms, including aircrafts, balloons, helicopters and towers. Such simulated 
platforms are more readily available than actual satellites, but they also allow more varied scenarios 
to be studied with increased reliability. This is the case when the effect of elevation angle is studied. 
When using a geosynchronous satellite, a study of the elevation angle on the propagation requires 
that the experiment be carried out in widely separated regions, with possibly quite different terrain 
morphology. This inevitably reduces the reliability of the data. However, actual satellites are useful 
to confirm general results derived from simulated platform experiments. 

4.1 Space Platforms -- Satellites 

The following spacecrafts have been used for propagation measurements: 

Australia -- OPTUS B3 

• Summer 1995: CW and Eureka 147 signals were downlinked at 1552.5 MHz. [9508-Aus] 

• December 1995: CW measurements. 

INMARSAT MARECS-A 

• November 1982: CRC measured L-band for foliage [8404b] 

• June 1983: CRC measured L-band for foliage [8404b] 

• Dec. 1983-84: ESA and partners measured L-band for maritime, land mobile, and aeronautical 
mobile reception [8605-Jon] 

• 1984: L-band measurements. [8605-Lut] 

INMARSAT MARECS-B2 

• Winter 1987: UofTexas measured L-band in the USA for roadside trees.  9002-Vog, 9202-Gol] 

• May 1991: UofMadrid measured L-band in various regions of Europe. [9404-Ben] 

• Sept. & Dec. 1991: UofTexas measured L-band at low elevation angles. [9208-Vog] 

• 1993: L-band (1542 MHz) CW signal was measured at low elevation angles for unshadowed line-
of-sight reception. [9502-Vog] 
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INMARSAT -- Pacific 

• Fall 1988: UofTexas measured L-band in Australia for roadside trees. [8908-Vog, 9108-Vog, 
9105-Has, 9202-Gol] 

Japan BTS-V [9411-Wak] 

• 1988: CRL in Japan measured L-band over two roads. [8908-Sar] 

• Summer & Fall 1988: UofTexas measured L-band in Australia for roadside trees. [8908-Vog, 
9007-HoL, 9201-Vog, 9105-Has, 9202-Gol] 

• February 1990: CRL in Japan measured L-band in urban areas. [9310-Dso, 9207-Mat, 9105-Mat] 

Mexico -- Solidaridad II 

• Summer 1995: BBC transmitted Eureka 147 signals to mobile receivers. [9508-BBC] 

USA (NASA) -- ATS-6 

• 1977-78: Motorola measured path loss in urban, suburban and rural areas at 860 and 1550 MHz, 
for elevation angles from 19° to 43°. [8005-Hes] 

USA --Nav Star GPS 

• Fall 1994: UofTexas used a 6-channel commercial GPS receiver with a tilted antenna to measure 
tree shadowing, obstacle blockage, as well as indoor and vehicle penetration at L-band for a wide 
range of elevation angles. [9505-Vog] 

4.2 Sky Platforms -- Aircraft/Balloon/Helicopter 

The following simulated sky platforms have been used for propagation measurements: 

Aircraft 

• Summer 1985: UofTexas measured UHF for single tree attenuation using stationary receiver. 
[8612-Vog, 9202-Gol] 

• Fall 1989: UK measured L-band at high elevation angles. [9005-Ren, 9105-Smi, 9306-Smi] 

• 1993-94: ESA measured narrow- and wide-band L-band signals. [9506a-Jah] 
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Balloon 

• Spring-Fall 1981: CRC measured UHF for foliage [8408a]; 

• Fall 1983: UofTexas measured UHF for forested and rural roads, elevation angles from 15° to 
35°. [9202-Gol] 

• Winter 1984: UofTexas measured UHF, elevation angles from 15°to 30°. [9202-Gol] 

• Fall 1984: UofTexas measured UHF and L-band for variety of roads and terrain, elevation angles 
from 30° to 50°. [9202-Gol] 

• Summer 1986: UofTexas measured UHF and L-band in open terrain, elevation angles from 20° 
to 60°. [8805-Vog, 9202-Gol] 

Helicopter 

• September 1982: CRC measured UHF [8404a] 

• June 1983: CRC measured UHF [8404a] 

• Fall 1985: UofTexas measured UHF for roadside trees with foliage. [8705-Gol, 9202-Gol] 

• Spring 1986: Uofrexas measured UHF for roadside trees without foliage. [8705-Gol, 9202-Gol] 

• Summer 1986: UofTexas measured UHF and L-band for mountainous terrain. [8801-Vog, 9202- 
Gol] 

• Summer 1987: UofTexas measured UHF and L-band for roadside trees with foliage. [8904-Gol, 
9202-Gol] 

• September 1991 & April 1992: UK measured L-band to characterise the LMS channel at high 
elevation angles in various environment types. [9210-But, 9207-But] 

• September 1993: France measured narrow- and wide-band L-band in rural areas. [9406-LeM] 

4.3 Ground Platforms -- Towers 

The following simulated ground platforms have been used for propagation measurements: 

Tower 

• Spring 1981: CRC measured path loss in suburban and rural areas at UHF and L-band, for 
elevation angles of 15 to 24°. [8408a-But, 8408b-But, 9202-Gol] 

• 1985: CRC measured UHF spread spectrurn.  [8702-Bal]  

• 1991: UofTexas measured building penetration loss at frequencies between 700 and 1800 MHz. 
[9307-Vog, 9107-Vog] 
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• Fall 1994: UofTexas measured indoor fades in three types of constructions at 1618 and 2492 
MHz for elevation angles ranging from 16° to 57°. [9508-Vog] 

• Fall 1993: NASA measured shadowing due to three types of trees with foliage at 1618 and 2492 
MHz for fixed elevation angles between 20° and 30°. [9507-Vog] 
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