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Introduction

From the middle of the 20t century worldwide
researchers tried to find the adequate models that
could predict operational parameters, pass loss,
fading and link budget, in the land-satellite com-
munication (LSC) links where the built-up profile,
density of buildings and other obstructions, as well
as the terrain structure and contours affect signals
passing from the moving satellite and grand-locat-
ed subscriber. Where proposed several approaches
that we briefly will present below to understand the
matter of the problem under studying. In our de-
scription of the matter we follow results discussed
in the references [1-27].

Statistical Models

These models correspond to cases for which mul-
tipath and line-of-sight are present simultaneously
[6-13, 16, 19]. In this section we will describe only
two models; Loo’s [15, 17] and Lutz [16], which have
been used in [10, 11, 22, 23] for designing the uni-
fied algorithm for predicting fading phenomena in
the land-satellite links. Therefore, we will describe
briefly these models and compare their results with
those obtained in [10, 11, 22, 23] and with those ob-
tained on the basis of the multi-parametric stochas-

tic approach proposed for the land-satellite links in
[20] for the special series of experiments described
in [11, 25-27].

We also refer the reader to some other statistical
models by Corazza — Vatalaro [19], Xia — Fang[20],
Abdi [21], and the three-state model [27], which are
lesser used by designers of such land-satellite links.

Loo’s Model. This model is a statistical model [15,
17] for a land mobile-satellite link with applications
to rural environments. The model assumes that the
amplitude of the line-of-sight (LOS) component un-
der foliage attenuation is distributed according to
the lognormal probability density function (PDF)
and the received multipath component is described
by a Rayleigh PDF. The model is statistically de-
scribed in terms of its PDF or cummulative distriu-
tion function (CDF), which were obtained under the
hypothesis that foliage not only attenuates but also
scatters radio waves. In such assumptions, the total
complex fading signal is the sum of a lognormally
distributed random signal and a Rayleigh signal
[15, 17]:

rexp(jo) =z-exp(jog) +w-exp(j), z > 0, w > 0, (1)

where the phase ¢, and ¢ are uniformly distributed
between 0 and 2n; z is lognormal distributed
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amplitude, and wis a Rayleigh distributed amplitude.
If z is temporally kept constant, it can be assumed
that the PDF p(z) is lognormal. The signal random
envelope r is lognormal distributed for large values
and Rayleigh distributed for small values [15, 17]:

(Inr —p)

1
exp
ry/2nd, { 2d,

2
Lexp | for r<< bo
by 2bg

} for r>>,/dy

p(r)= - 2)

In this equation \/% and n are the standard de-
viation and mean for the lognormal distribution, and
by is the variance for the Rayleigh distribution, re-
spectively. The parameter b, represents also the ave-
rage scattered power caused by multipath effects.

Many calculations with different values for b, d,
and p where carried out by Loo with the objective of
fitting the results of his model to those derived from
measurements made on simulated satellite paths.
The measurements site was a rural area with about
35 % tree coverage. The model parameters were ob-
tained by trial and error to fit measured values.

Computational results for the signal envelope,
based on Loo’s model, we compare to measurements
obtained in [15, 17].

As was mentioned in [8], the signal envelope
PDF of the model facilitates the calculation of fade
margins in the design of communications systems.
As for the signal envelope phase distribution, Fig. 1
shows a comparison of the complementary cumula-
tive distribution function (CCDF) for the received
signal phase calculated using the well-known equa-
tion [8]:

R
CCDF(r)=p(r>R)=1-CCD(r)=1- Ip(r)dr, 3)
0

where R is either maximum accepted path loss or
noise floor figure of the system.
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B Fig. 1.Loo’s phase model and measurement for heavy
shadowing at f = 18.925 GHz

‘We must note that for the case of infrequent light
shadowing, the model shows the best fit around the
median region and some deviation near the tails of
the distribution. As for the heavy shadowing situa-
tion is changed (see Fig. 1), the results indicate that
the model shows a correlation between the rate of
change of the envelope due to multipath and foliage
attenuation for heavy shadowing too excluding only
the higher probability of the event. The disadvan-
tage of this model is that the measurements were
made up to 30°. Model parameters for higher eleva-
tion angles are not available.

Lutz Statistical Model. In this model, which
can be considered as a generalization of the Loo’s
model, the simple statistics of LOS and NLOS (non-
line-of-sight) are modeled by two distinct states,
good and bad, called the Markov’s chain, as shown
in Fig. 2. This is appropriate for describing the
propagation situation in urban and sub-urban areas
where there is a large difference between the shad-
owed and non-shadowed statistics. The parameters
associated with each state and the transition prob-
abilities for evolution between states are empirical-
ly derived. The LOS condition is represented by a
good state, and the NLOS condition by a bad state.
In the good state, the signal is assumed to be Ricean
K-factor distributed [8], which depends on the sat-
ellite elevation angle and the carrier frequency, so
that the PDF of the signal amplitude is given by
P,p0a = Price- In the bad state, the fading statistics
of the signal amplitude are assumed to be Rayleigh,
with a mean power S = o2, which varies with time.

So the PDF of amplitude is specified as the con-
ditional distribution pRayleigh(S |SO), where S, varies
slowly with a lognormal distribution p; 5(S,), repre-
senting the varying effects of shadowing with the
NLOS component. For detailed formulas, we refer
the reader to the original [8].

Transitions between states are described by a
first-order Markov chain. This is a state transition
system, in which the transition from one state to
another depends only on the current state rather
than on any more distant history of the system. The
transition probabilities, which summarize all mod-
els based on the Markov chain approach, are (see
Fig. 2 [8]):

from good state to good state P,;

g
from good state to bad state P,

Bad

Pbg

B Fig. 2. Markov’s model of channel states
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from bad state to bad state P,;

from bad state to good state P,

For a digital communication system, each state
transition is taken to represent the transition of
one symbol. The transition probabilities can then be
found in terms of the mean number of symbol dura-
tion spent in each state [8]:

Py, = 1 where D, is the mean number of
D,
symbol duration in the good state;

1
P,y =— where D), is the mean number of
Dy

symbol duration in the bad state.

The sum of the probabilities leading from any
state must equal to the sum of

ng Zl—Pgb and Pbb :1_Pbg' (4:)

The time share of shadowing (the proportion of a
symbol in the bad state) is
Dy

A=—"T09 5
Dg+Db ( )

Below we will use this formula to find the pa-
rameter A, denoted as the time share of shadowing,
during comparison with physical-statistical and
the stochastic multiparametric approaches, where
this parameter is derived in other manner. In this
comparison we will use the Lutz model as a classical
statistical approach.

Physical-Statistical Models

In pure statistical models, the input data and
computational effort are quite simple, as the model
parameters are fitted to measured data. Such mod-
els only apply to hypothetical environments and
lack the physical background of the realistic prob-
lem. On the other hand, pure deterministic physi-
cal models provide high accuracy, but they require
actual analytical path profiles and time-consuming
computations.

A combination of both approaches has been de-
veloped by the authors. The general method relates
any channel simulation to the statistical distri-
bution of physical parameters, such as building
height, width and spacing, street width or eleva-
tion and azimuth angles of the satellite link. This
approach is henceforth referred to as the “Physical-
Statistical” approach [10, 11, 22, 23]. The main con-
cept of such an approach is the following. According
to the physical approach, input knowledge consists
of electromagnetic theory and a full physical under-
standing of the propagation processes. However,
this knowledge is then used to analyze a statistical

input data set, yielding a distribution of the output
predictions. The output predictions are not linked
to specific locations. Physical-statistical approach
therefore require only simple input data such as dis-
tribution parameters (e. g., mean building height
and building height variance).

This model describes the geometry of mobile
satellite propagation in built-up areas and proposes
statistical distributions of building heights, which
are used in subsequent analysis. We will consider
only two these models:

1) a shadowing model based on the two-state
channel Lutz model;

2) a multi-parametric stochastic model.

The Model of Shadowing. The geometry of the
situation, which was analyzed in [10, 11, 22, 23] by
Saunders and Evans with their colleagues, is illus-
trated in Fig. 3.

It describes a situation where a mobile is situat-
ed along a straight street with the direct ray from
the satellite impinging on the mobile from an arbi-
trary direction. The street has buildings, line-up on
both sides, with randomly varying heights. In the
presented model, the statistics of building height in
typical built-up areas is used as input data. A suita-
ble form was sought by comparing with geographi-
cal data for the cities of Westminster and Guildford,
UK [11, 22, 23]. The PDFs that were selected to fit
the data are the log-normal and Rayleigh distribu-
tions with unknown parameters the mean value, m,
and standard deviation, c,. The PDF for the lognor-
mal distribution is [10, 22, 23]

_In?(hy/m)
Py(hy)=———e % (6)
hb\/ﬁcb

The PDF for the Rayleigh distribution is fully
described in [8]. We will repeat it using notations
made in references [10, 22, 23]:

by
by 20
Py(hy)=—5-e “. (7)
Op
Electromagnetic
Theory =
Knowledge ]
@
S35
@ g | Prediction
3=
[
Data E‘
Statistical and Point-by-point
Propagation Distribution
Theory

B Fig. 3. Algorithm of physical-statistical model
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B Table 1. Best-fit parameters for the theoretical PDFs

Lognormal PDF Rayleigh PDF
City Mean m Standard Standard
Deviation Deviation
Westminster 20.6 0.44 17.6
Guildford 7.1 0.27 6.4

To find the appropriate parameters for these
functions in order to fit the data measurements as
accurately as possible, the PDF was found by min-
imizing the maximum difference between the two
cumulative distribution functions. The parameters
for each PDF are quoted in Table 1 from [10, 22, 23],
where all parameters are in meters.

The direct ray is judged to be shadowed when the
building height k, exceeds some threshold height
hp relative to the direct ray height A  (Fig. 4). The
shadowing probability, P,, can then be expressed in
terms of the PDF of the building height, p,(k,) as
[10, 22, 23]

Py =Pr(hy >y )= | py(hy)dhy. ®)
by

The definition of Ay is obtained by considering
shadowing to occur exactly when the direct ray is
geometrically blocked by the building face. Using
a simple geometry, the following expression is ex-
tracted for A, [10, 22]:

hm+w for 0<6<m

sin®
hp =y = (w-d,)tane - O
h,, +—————| for —-1<0<0
sin®

All notations and geometrical parameters in (9)
are explained in Fig. 4.

The shadowing model estimates the probabili-
ty of shadowing for Lutz two-state model [24]. The
same Markov chain, shown in Fig. 2, is used, but
parameters A, P,,, and P,,,, are obtained from ac-
tual random distribution of the obstructions above
the terrain. Thus,

)
A= j P, (h)dh, (10)
2
where h are different heights of obstacles, z; and z,

are the minimum and maximum height of the built-
up layer;

lognormal+ Ricean
b= (11)

lognormal + Rayleigh’

Mobile

B Fig. 4. Geometry for mobile-satellite communication
in built-up areas

where the lognormal PDF is for pure NLOS
shadowing. The Ricean PDF describes both the LOS
and the multipath component, and the Rayleigh
PDF describes the multipath component of the total
signal, when the LOS component is absent [8].

Now, using theoretical results obtained by Lutz’s
pure statistical model and results the Saunders and
Evans model, we can combine them into one unified
model. This unified model will be compared with the
stochastic multiparametric model described in the
next section based on the theoretical framework ana-
lyzed in [8]. Thus, taking into account the Markov’s
chain (see Fig. 2), we consider the bad state by us-
ing the Rayleigh PDF and the good state by using
the Ricean PDF, as well as shadowing by using the
lognormal PDF. By combining all these PDF's in a
Markov’s chain, we finally can obtain the total PDF
that describes the effects of different kinds of fading
occurring within the LSC link, caused by terrain ob-
structions; natural and man-made. As a result we get

P(S)=(A=A) Pygooq + A+ Bpaq = (1= A) Price(S) +

o0
+Aijayleigh (S | SO) * Plognorm (SO)dSO' 12)
0

Then, we introduce the corresponding CCDF,
which describes the signal stability, being the re-
ceived signal with amplitude r that prevails upon
the maximum accepted path loss, R, in the mul-
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tipath channel, caused by fading phenomena. This
can be presented in the following form:

R
CCDF =Pr(r>R)= [ p(S)dS. (13)
0

All above formulas allow us to present the uni-
fied algorithm for fading phenomena estimation in
LSC links, both stationary and mobile.

Multi-Parametric Stochastic Approach

As an example of a physical-statistical mod-
el, we present the same stochastic approach which
was used successfully for land communication
channels, rural, sub-urban and urban, and was de-
scribed in [1-8]. The reason for that is based on the
fact that the previous physical-statistical model, as
was shown in [10, 11, 22, 23], predicts more strictly
the fading effects in different LSC links compared
to the pure statistical models [15-21].

At the same time, as was mentioned in [8], the
physical-statistical model, which is based on a de-
terministic distribution of the local built-up geom-
etry introduced in [22, 23], cannot strictly predict
any situation when a satellite, moving around the
world, has different elevation angles 6, with re-
spect to a subscriber located at the ground surface,
as shown in Fig. 5. As the result, the radio path
between the desired subscriber and the satellite
crosses different overlay profiles of the buildings
because of continuously changing elevation angle
of the satellite during its rotation around the Earth
with respect to the ground-based subscriber anten-

na. To predict continuously the outage probability
of shadowing in real time, a huge amount of data is
needed regarding each building, geometry of each
radio path between desired user and the satellite
during its rotation around the Earth, and finally
high-speed powerful computer.

Most of these difficulties can be handled by us-
ing the multi-parametric stochastic model [1-8].
Following [8], we take into account both, the build-
ings distribution at the ground surface and their
height profile changing in the vertical plane that is,
accounting for the 3D stochastic model of multiple
scattering, reflection and diffraction rearranging the
corresponding formulas in the case of the LSC link.

Buildings’ Overlay Profile. The LSC link is very
sensitive to the overlay profile of the buildings,
because during its movement around the Earth,
depending on the elevation angle ¢, the buildings’
profile will be continuously changed leading to dif-
ferent effects of shadowing in the current commu-
nication link (Fig. 6).

Taking into account the fact that real profiles
of urban environment are randomly distributed,
the probability function P,(z), which describes the
overlay profile of the buildings, can be presented in
the following form [6, 20, 39]:

Py(2)=H(hy —2)+ H(z—hy)- H(hg —2) ¥

« (rp-2) [ >0,0<z<h
(hz—hl) » n ’ 2 29 (14:)

where the function H(x) is the Heaviside step
function, which is equal 1, if x > 0, and is equal O,
if x < 0.

B Fig. 5. General geometry of the land-satellite link
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Vertical plans:
CDF(z4, z,)

B Fig. 6. Change of the profile function F(z,, 2,) in the
vertical plane during the movements of a satelllite

The graph of this function versus height z of a
built-up overlay is presented in Fig. 7. For n >> 1
P,(2) describes the case where buildings higher
than 2, (minimum level) very rarely exist. The case,
where all buildings have heights close to k, (maxi-
mum level of the built-up layer), is given by n<<1.
For n close to zero, or n approaching infinity, most
buildings have approximately the same level that
equals h, or hy, respectively. For n =1, we have the
case of building height uniformly distributed in the
range of h; to hy. _

The average buildings height %, can be found
as [8]

hy —hy)

Z:hz—n( (15)

n+1

Then, analyzing the built-up layer profile F(z,
z,), “illuminating” by the terminal antennas of the
heights z; and z,, we get :

— for the case when the antenna height is above
the rooftop level, that is, z, > hy > hy:

hy —h

+H (2, —hy)H(hy —2) (16a)

(n+1)(hy — )"
— for the case when the antenna height is below
the rooftop level, that is, z,< h:
F(z, z9) = H(hy — ) x
(hy — )" — (hg —2)"*" .
(n+1)(hy —1y)"
(hy —hy)"" —(hy —29)""!
(n+1)(hg —Iy)"

X{(h1—2’1)+

+H (21 —hy)H(hy —21)

. (16b)

Then, the cumulative distribution probabili-
ty function (CDF) of the event that any subscriber

Pn(z) Distribution Versus the Current Height z for h;=10 and h,=50
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B Fig.7.Buildings’ overlay profile PDF

B Fig. 8. Horizontal map of multipath phenomenon oc-
curring in the urban scene

located in the built-up layer is affected by obstruc-
tions due to shadowing effect can be presented as
[1-8]

22
CDF(z, 29, n) = j P,(2)dz=
21

22—

F(z, 29). an

The built-up profile function presented by (16)
allows us to account for continuous changes of the
overlay building profile during the movement of the
satellite around the Earth and the corresponding
changes of its elevation angle with respect to the
position of any subscriber located in areas of ser-
vice. This CDF will be used in the next section to
find the total outage probability of fading phenom-
ena occurring in LSC links.

Multi-ray Pattern Distribution on the Ground
Surface. As is shown in [1-7] and mentioned also in
[8], at the horizontal plane the array of buildings
are randomly distributed according to Poisson’s
law. During movement around the Earth, the satel-
lite antenna “illuminates” different land areas with
various distributions of obstructions on the ground
surface, that is, in the horizontal plane, as shown
in Fig. 8.
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The proposed multi-parametric model [1-8] al-
lows us to consider the strength of the total field
at the receiver as the additive summation of n-time
independently scattered waves with independent
strengths. The real situation with multipath phe-
nomena occurring in the urban environment is
shown in Fig. 8. As was mentioned in [8], in micro-
cell land communication links (d < 1-3 km; d is the
range from the base station antenna), the singly
scattered waves are dominant, whereas the twice-
and three-time scattered waves begin to be prevail
in macro-cell scenarios for d > 5-10 km. Therefore,
as was shown in [8], for land-satellite mega-cell
links we must additionally consider the three-time
reflected and scattered waves. As was shown in [8],
the strengths r; of these waves are distributed ac-
cording to the Gaussian law with the zero-mean val-
ue and dispersion 0% (for singly scattered waves),
cg (for twice scattered waves) and cs% (for three-
time scattered waves), which depend strongly on the
characteristic features of the terrain. The average
number of scattered waves involves also a depend-
ence on the distance from the base station antenna
d. Following [8], we can obtain a new multi-ray dis-
tribution for the LSC link. Thus:

— for the average number of single scattered
waves

2
Z\_]l _ nvd

Kz(’YOd); (183)

— for the average number of two-time scattered
waves

Ny -9(nva?)’| KaltoD | 2 Frz0d) |, g,
2 8! mod T |

— for the average number of three-time scat-
tered waves

Ng= 8(chd2 )3 x

K K- d
R 5(y0d)+ 2 Ki1/2(vod) 8o
yod 10! yod 11!

where K, (yyd) is the MacDonald’s function of
n-order, 7, [km™] is the density of buildings
contours [8].

The probability of receiving once to three-time
(i. e., for n =1, 2, 3) scattered waves at the mobile
station antenna can be computed according to the
following formula [8]:

P,=1-exp[N,], n=1,2,3. (19)

In computations of equation (19) we take into
account the effects of independent single (the first
term), double (the second term) and triple (the third

term) scattering of rays with the random amplitude
r, as well as their mutual influences on each other
(the fourth term), that is,

r2

CDF(r):Pl(l_PZ)(l_P3) rze 26% +
B oy

rz

_ _ Py
L BA-P)A-B) f‘ze 20}
PO Go

I‘2

_ _ )
L BA-P)A-P) rze 20}
PO o3

r2

+P1P2P3 r e72(6%+(5§+63)’ (20)

By o} +0%+05

where
Py=1-(1-P)(1-P)A-Py)=1- Mi+NatNa) (97)

is the probability of direct visibility (e. g., LOS
component), P;, P, and P, are defined by equation
(21) combined with (18a)—(18c), respectively.

Equation (21) is more general form of the cumu-
lative distribution function of the multipath effects
occur in the land-satellite links with respect to that
describing the same multi-ray effects in the land-to-
land communication scenarios (see [1-8]). This CDF
will be used in the next section [together with CDF
described by (19)] to estimate the total probability
of fading for predicting successful communication
and service by the satellite antenna of any ground-
based subscriber.

Prediction of Fading and Pass Loss in LSC
Links via Experimental Data

In this section, we use the unified algorithm,
based on use the combination of the physical-sta-
tistical (e. g., Saunders and Evans) model and the
pure statistical (Lutz) model of the mobile-satellite
communication channel, using formulas (12) and
(13), and compare it with the proposed stochastic
multi-parametric model based on the corresponding
CCDF(r)=1 — CDF(r), of signal random strength
envelope (20). This CCDF describes the total prob-
ability to achieve a successful communication be-
tween any ground-based subscriber and the satel-
lite. It can be presented as [8]

CCDF(r)=1-CDF(r)-CDF(z, 25, n),  (22)

where both CDFs are described by (17) and (20),
respectively.
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In the comparative analysis, we used measured
data from references [25, 26], done in several cities in
Europe. These tests were narrowband measurements
at a single frequency, representing the channel with-
in its coherence bandwidth. The test was transmitted
from the ESA ground station in Villafranca, Spain
and relayed by the geostationary satellite MARECS at
L-band (1.54 GHz). The measurements were conducted
in areas with different satellite elevations (Table 2).
Using these measurements and using a Rayleigh PDF
for building distribution heights and the correspond-
ing equation (22) for CCDF, we constructed a corre-
sponding numerical code to see if there is a good agree-

B Table 2. Parameters of channel model according to
[25, 26]

10log(c),

Satellite Elevation A dB

M, dB c,dB

13° — Stockholm 0.24 10.2 -8.9 5.1

18° — Copenhagen 0.8 6.4 -11.8 4.0

24° — Munich 0.66 6.0 -10.8 2.8
34° — Barcelona 0.58 6.0 -10.6 2.6
43° — Cadiz 0.54 5.5 -13.6 3.8

a) CCDF of Normalized Signal for City Stockholm
at Satellite Elevation = 13° for 6 = 2.6 dB

© 04 - o
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0.3 statistical Model
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c) CCDF of Normalized Signal for City Munich
at Satellite Elevation = 24° for c = 2.6 dB
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b)  CCDF of Normalized Signal for City Copenhagen
at Satellite Elevation = 18° for c = 2.6 dB
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d) CCDF of Normalized Signal for City Barcelona

at Satellite Elevation = 34° for 6 = 2.6 dB
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e) CCDF of Normalized Signal for City Cadiz
at Satellite Elevation = 43° for c = 2.6 dB
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B Fig. 9. CCDF of normalized signal for three different models: a — for city Stockholm at satellite elevation angle 13°;
b — for city Copenhagen at satellite elevation angle 18°; ¢ — for city Munich at satellite elevation angle 24°; d — for city
Barcelona at satellite elevation angle 34°; e — for city Cadiz at satellite elevation angle 43°
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ment with the measured data. It is clear that the CCDF
gives us the knowledge of stability of received signal
with respect to noise caused by fading phenomena.

The same was done for the multi-parametric
model by using equation (22) with the correspond-
ing CDF (17) and (20) for each city. The results of
fading estimations were compared with those ob-
tained from the pure statistical Lutz model based
on Markov’s chain.

The main goal of such simulations was to define
which one of the three models presented the best fit
to the measured data and also the simplest one. In
such a comparison we used for the Lutz statistical
model simulation ng =(0.8, 0.95, 0.85, 0.83, 0.7)
and Py, =(0.08, 0.15, 0.25, 0.22, 0.5). These results
are shown in Figs. 9, a—e for five cities presented in
Table 2.

The standard deviation, o, was taken not more
than 2.6 dB, obtained from our estimations of each
built-up profile. Nevertheless, in reference [16], the
authors used o = 3+4 dB, which is not a realistic case
when NLOS regime is very small compared with the
LOS component of the total filed strength. It is clearly
seen from the results of the comparative analysis pre-
sented in Fig. 9, a—e that the physical-statistical mod-
els, Saunders and Evans, and the stochastic multi-par-
ametric, are closer to the experimental data compared
to the pure statistical Lutz model. Therefore, in our
further analysis, we will compare the proposed physi-
cal-statistical models with each other.

Before doing this comparative analysis, let us
check the accuracy of the proposed stochastic mod-
el in the case when the standard deviation of the
CCDF cannot be directly estimated via numerical
evaluations. Thus, in Fig. 10, the CCDF of received
signal for the city of Stockholm [25—-27], at satellite

CCDF
1

0.8
0.6
0.4

0.2

-20 -15 -10 -5 0 5 10
Signal Strength, dB
c=4 c=2 c=0 c=-2

c=-4 o = Measurements

B Fig. 10. Comparison between the experimental data
obtained in satellite observations over Stockholm (con-
tinuous line) and those obtained theoretically from the
stochastic approach

elevation angle 13° is presented. The computations
were carried out taking the following parameters:

— the building contour density parameter varied
from 8 to 12 km™! with the mean value ¥ =10 km™1;

— the built-up profile parameter n was changed
from 0.65 to 1.48;

— the obtained terrain data allow us to estimate
the standard deviation of CCDF within the range of
c € (-4, 4)dB.

The results of comparison between the experi-
mental data (continuous curve) and those obtained
numerically for the range in the estimated param-
eters o shown in Fig. 9 show that the experimental
data lie between the two theoretical curves comput-
ed for o changing from —4 to —2 dB, which is close
to that parameter estimated by analyzing the topo-
graphic map of Stockholm [25-2T7].

Another land-satellite experiment was compared
with the Saunders — Evansphysical-statistical model
[10, 11, 22, 23], and was carried out in England for two
cities, Westmister and Guildford. Here, the CDF, as a
total probability of shadowing was investigated using
both models. We do not go deeply into the description
of these experiments that are fully described in [10,
11, 22, 23]. Here we will only mention that a compar-
ison showed that the best fit was obtained when the
CDF of the combined fast/slow fading was described
by the corresponding Rayleigh law with the corre-
sponding mean height of buildings # =20.6 m and
standard deviation ¢, =17.6 m (for Westmister) and
h =7.6 m and o, = 6.4 m (for Guildford). The corres-
ponding comparison analysis is presented in Fig. 11, a
and b for each city, respectively.

Therefore, in this additional comparison with the
Saunders — Evans, physical-statistical model and with
experimental data, we accounted for these estimations
as well as for the average density of buildings’ contours
within one square kilometer, which was estimated as
Yo =10.6 km ! (for Westmister) and Yo=7.5 km !
(for Guildford). We also estimated the corresponding
mean height of buildings for Westmister, 2 =18.2 m
with a standard deviation of c,=7.5 m and for
Guildford, ~ =5.8 m and o, = 4.6 m. These estimations
have suggested that the two cities have fully different
built-up terrain profiles: the parameter of the overlay
building profile is n = 2 (the amount of small buildings
exceeds that of tall buildings) for Westmister, and
n =10 (most buildings are small) for Guilford.

‘We should note that these parameters were taken
in a form of average values, but not exactly, as was
done by Saunders and Evans with their co-authors in
[10, 11, 22, 23] using the local parameters for each
position of the moving satellite. Despite this fact,
our estimations are within the ranges of estimations
obtained by Saunders and Evans, and we can, final-
ly, compare our computations of CDF =1 — CCDF ac-
cording to (17), (20) and (22) with those obtained by
them using the Rayleigh CDF, as a best fit of measu-
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a) CDF
1
0.8
0.6
0.4
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0.2 Rayleigh
multiparametric (n = 10)
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Building height, m
b) CDF
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multiparametric (n = 10)

20 40 60 80
Building height, m

B Fig. 11. Comparison between experimental data
(dots) obtained in Westmister (a) and Guildford (b),
physical statistical model (blue line) and data obtained
from the stochastic approach (green line)

red data. This comparison was shown in Fig. 11 for
Westmister and for Guildford, where the correspond-
ing experimental data were plotted by dots.

Conclusion

Even with the data on terrain features using aver-
age parameters of the built-up terrain, not the local
parameters, we obtained a satisfactory agreement
between the theoretical prediction based on both,
the Saunders — Evans physical-statistical and mul-
ti-parametric stochastic models, and experimental
data. This means that the designers of satellite-land
links do not need every time to have information on
the local built-up terrain parameters as shown in
Fig. 6 and 7. It is enough to obtain average parame-
ters of the terrain during satellite movements above
the corresponding city, town, village, and so on, and
we can for prediction of fading effects to use the sto-
chastic multi-parametric approach.

As can be finally expected, and as seen from Fig. 11,
according to the knowledge of the kind of terrain to-
pography from good (open) to bad (urban) scenarios,
the main difference is noticeable in the urban en-
vironment (as the worst case of strong fading), due
to its special propagation features such as multiple
diffraction, scattering and reflection from buildings
surrounding the subscriber ground-based antenna.
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