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Modeling for LMSS Scenarios
8.1 Background

Modeling serves a variety of purposes for characterizing land mobile satellite propagation.
Without the availability of data, a qualitative propagation model is desirable in order to
ure imnortant signal characteristics without im-
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dequm propag gation experiments which m

nosing instrumentation limitations ,

posing instrumentatio n limitations. Once data are available, quan ve models can be

developed to explain the observed signal variations and their dependence on a wide range of

experimental parameters, such as the environment topography, link elevation angle, vehicle

speed, or receiver antenna pattern. As models reach maturity, they can be employed to
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for LMSS scenarios with a particular choice of modulation and coding. Good models based

on a thorough understanding of the causes of signal degradation can then be used as aids in
optimizing system design and to explore fade mitigation strategies.

Much work has been done to characterize the signal variations observed in terrestrial
land mobile propagation at UHF [Jakes, 1974; Lee, 1986]. While some of the same basic
concepts of signal statistics apply also to LMSS, significant differences exist and require the
development of LMSS specific models. Satellite systems are usually power limited because it
is expensive and/or impractical to operate high-power transmitters and high-gain antennas
in space. Such systems therefore function with relatively low fade margins at or near the
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line-of-sight signal ievel. On the other hand, terrestrial systems can apply higher power levels
and do not need to establish a line-of-sight signal path. They normally operate by utilizing
the scattered multipath signals. In contrast, satellite systems must utilize the line-of-sight
component for communications, and multipath scattering represents interference.

In response to the needs of experimenters and system designers, several distinct types of
LMSS models have been developed. Three classes of models are described in the following
paragraphs. They are classified here as: (1) empirical regression fits to data, (2) probability
distribution models, and (3) geometric-analytic models. The empirical regression fits to data
models describe probability distributions of fades based on experimental measurements. The
second class, statistical probability distributions models, are based on the utilization of a
composite of several probability density functions customarily used in radio wave propa-
gation; namely, Rayleigh, Rician, and lognormal statistics. Among these, some combine
densities based on physical reasoning about the propagation process, while others add the
use of fade state or fade state transition probabilities. The third class of models employ

geomet rical analvtical
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In this chapter are described background information associated with the important
elements of model development. Also described are the dominant LMSS propagation models
of the above types, their input and output parameters, as well as their advantages and

limitations.
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8.4 Dackgrouna Information Associated with Model
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8.2.1 Diffusely Scattered Waves

To explain signal variations specific to LMSS transmissions between a satellite and a moving
vehicle, the interactions of two important signal components have to be considered: line-of-
sight and diffusely scattered waves. We ignore the ground reflected waves since it is presumed
that for LMSS scenarios, any energy directed towards the antenna near the horizontal will
be outside its beamwidth and be filtered out by the low gain pattern function values.

The direct wave may be approximated by a plane wave propagated along the line-of-
sight path, with most of the power transmitted through the central few Fresnel zones. It
may be completely obscured by obstacles such as mountains, buildings, or overpasses, or it
may be partially shadowed by roadside trees or utility noles The shadow1mz process may

T Y T o A I T =T e TTo ¥

be e..p‘ ined by absorption, diffraction, scattering, or a cgmbins_t,-lcn thereof. The frequency

of the r“rur'f wave 18 nu; .PI‘ v an amount nronortional to the relative sneed hetween the
e direct wave is shifted by an amount proportional to the relative speed between the
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A scenario for diffuse scattering for mobile reception may be described as follows. Trans-
missions from a satellite illuminate obstacles in the vicinity of the vehicle resulting in re-
flected energy emanating from multiple scatterers. Waves from these scatterers arrive at the
snratzrine antonng with mandan i lolondiane aranlltadas o d nhocs wrhana $ha 1o diseideaal
Iecelvil ls 1LCILIla 1uil 1aliuvilll, Puldl 4aLlVILS, alllplituucsy, (0} puaac, WIICL LI1IT 11IUlVIUUcC

1 at L. ___ L1 .1 | al s £ oA ~ 4L _ ___a__ _ _al
ine exira pavn

T

traveled. In addition, the individual contributions undergo a Doppler s
the relative speed between any particular scatterer and the vehicle. It i
. of frequencies relative to the zero speed center frequency given by,

contributions have peen a la.yea Dy the amount o1l time corresponu I_lg t
h ft proportional to
s limited to a band
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where v is the vehicle speed in m/s and ) is the wavelength in m. The 4+ and — signs denote
an increase and decrease of frequency assuming the illuminated obstacles are directly in front
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may occur at locations where there are sharp bends in the road. As an example, a vehicl
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traveling at 25 m/s (=~ 55 mi/ ) receiving L-Band (1.5 GHz or A = 0.2 m), will experience

Doppler shifts limited to £+ 12



8.2 Background Information Associated with Model Development 77

8.2.2 Faraday Rot

Faraday rotation effects [Davies, 1990; Flock, 1987] are potential contributors to signal
strength variations which can be neglected for LMSS systems which employ circular polar-

iyatinnA The ionosphere contains free electrons in a relatively static magnetic field. This

........ The ionosphere con free electrons relatively static ma

combination causes polarization .ota.-lvn of linearly polarized waves as given by (for f > 100
MH7)
L‘lll‘ll

s B. TEC . o o

¢=135x10° = (deg) (8.2)

where where { is the frequency in Hz and B, is the effeciive earth’s magnetic field in

Webers/m? defined by
f NBcosfp d¢
B, = e : (83)
I'EC

and where 0p is the angle between the direction of propagation and the earth’s magnetic
flux density vector. TEC is the total electron content (#/m?) given by

TEC = JI N d¢ (# of electrons/m?) (8.4)
where £ is the path length through the ionosphere and N (#/m3) is the electron density
along the path. Assuming, extreme values of TEC and B, given by [CCIR, 1986b (Report
29R817_R\1
&09-UJ|,

TEC = 1.86 x 108 (#/m?) (8.5)

oY A AV \77 %) D)
-4 i RPN
B. 0.43 x 10°° (Webers/m?) (8.6)
polarization rotations of 142.7° and 48.0° occur at { = 870 MHz and f = 1.5 GHz, respectively.
It is apparent that at UHF frequencies, signiﬁcant ‘ig“ﬁ‘} loss due to p*l*riz*tr“; rr'S'r*‘tch
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may OCcCur. As menuonea this 1s normally avoided Dy u‘ansrmumg and receivin g C
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polarized signals since the receiving antenna is insensitive to the same polarization shifts of
the orthogonal linear components comprising the circular polarized wave.

8.2.3 Ground Specular Reflection

This type of specular reflection is generated on the ground near the vehicle, where the ray
from the reflection point to the antenna is below the horizontal. This coherent refiection

r
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comes from an area around the intercept point the size of a few Fresnel zones. Its strength,
relative phase shift, and polarization depend on the roughness and dielectric properties of
the ground and are elevation angle sensitive. In a system utilizing a low-gain antenna (e.g.,
a dipole) which can geometrically see the specular point and also has gain in that direction,
destructive interference between the specular reflection and the direct wave can produce deep

fades [CCIR, 1986a (Report 1008); Flock, 1986].

The antennas contemplated for use in LMSS are either low-cost, medium gain, fixed
pointed or higher-cost, high gain, tracking antennas. A typical medium gain antenna is a
crossed drooping dipole, which has azimuthally omni-directional gain of about 4 dB from
15° to 60° elevation. At lower elevation angles its gain decreases rapidly, thus providing pro-
tection against both specular reflection from the ground near the vehicle as well as multipath
scatter from elevated objects at larger distances. A high-gain antenna, typically a mechani-
cally or electronically scanned array, achieves even greater rejection of multipath power and
a concomitant narrowing of the Doppler spectrum. Isolation from ground specular scatter
he center of the vehicle roof which acts as a

Lhe >
placin g the anienn 1 the center Ol the vehicle rool which ac
t

Some additional rejection of the specular reflection can be achieved because circular po-
larization is reversed when the grazing angle of reflection is larger than the grazing Brewster
angles. In particular, these grazing angles are in the range of 15° to 35° for very wet to very
dry land, respectively [Reed and Russel, 1966).

[ 3 [ 3 [ 3
8.3 Empirical Regression Models

Empirical regression models correspond to fade distributions derived from experimental mea-
surements at different frequencies, elevation angles, vehicle headings, sides of road, types of
terrain, and extent of shadowing. They all have the common advantage of being based on
ree of confidence for the pre-
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The common disadvantage associated with these models is that difficulties may exist in
extrapolating these models to cases not considered; such as other “road-types” and frequen-
cies outside the interval of scaling.

8.3.1 Large Scale - Small Scale (LS-SS) Coverage Model

P, ad D o

The first propagation experiments targeted towards land mobile satellite communications
were conducted by observing 860 MHz and 1550 MHz transmissions emanating from NASA’s
ATS-6 spacecraft [Hess, 1980]. Using the data base from measurements taken over about
1200 km in or near nine cities of the Western and Midwestern United States, an empirical
model was derived relating the probabilities of exceeding fades for large scale (LS) and small
scale (SS) “coverages.” Coverage in broadcasting is defined either in terms of percentage
of locations within an area or percentage of time at a particular location that there exists
satisfactory service. For LMSS scenarios, signal level variations as a function of time are
produced by vehicular motion. The model under discussion (denoted by LS-SS) describes
statistics from measured data for small and large spatial scales. Small scale coverage (as
defined by Hess) represents a driving interval of 100 m. For a vehicle speed of 25 m/s

T ’

(=~ 55 mi/h), this converts to a time interval of 4 seconds or the time interval of a short

175 al SILVELLS LU & il 11

or each 1 0{) m interval, Hess derived a cumulative fade distribution

] (R.7)
j \v-v,

where the right hand side of (8.7) is read as “the probability that the attenuation A is smaller
than a designated attenuation level A, for the ith small scale distribution.” The “large scale”
distribution function Py, may be derived as follows. We first construct a large family of small
scale distributions of the type depicted by (8.7) on a graph. We next intersect each of these

distributions by a fixed percentage (e.g., Ps = 90%\ and arrive at a family of fade levels A4
from which a new cumulative fade d!st.-ibut n may be derived. We call this new cumulative
distribution the “large acale” cage and ren nt it bv
AQOVAIWVWUWVIVIL Viiw ll.lb\l AN AN AN WSRANA -vr.wv.‘- aw -J
PL(A)=PL[A < Ay | Pg] (8.8)
The right hand side may be read as “the pro babxhtv that the attenuation A exceeds a
designated threshold level A, given the condition that the small scale nrobabxhty Pg assumes
a particular value (Ps = 90% for the given ex..mple). The physical significance that may
be attributed to (8.8) is that it predicts the probability that the fade will be less than a

4
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particular fade level over many kilometers of driving, assuming a given Ps which denotes the
likelihood of successful reception over a 100 m driving distance.

Families of distributions of the type given by (8.7) and (8.8) were derived from data
collected for different vehicle environments and path geometries. A normal distribution was
fit to (8.8) from which a “mean excess path loss, p,” and “standard deviation, o” were
derived. The model equations of Hess for P = 90% valid in the range of P from 50% to
90% are given by:

A(PL) = p+k(Py) 0 (8.9)
wrh ann
11CIT
i = a, + a1 ENV + a; HEAD + a3 FREQ + a, SIDE + a; ELEV (8.10)
o =b, + by ENV + by HEAD + bz FREQ + by SIDE + bs ELEV (8.11)
In (8.9), k is the number of standard deviations for various values of Py, and are given by
£ N D. — en0Z
v 'L = ovu/0
I 1.28 PL =90%
k = { 1 e n nror (8.12)
| 1.65 Pp=095%
naona M nany
\ 2.33 PL=99%

The model parameters ENV, HEAD, FREQ, SIDE, and ELEV are defined in Table 8.1.
We note that the model contains the following elements: (1) the local environment (ENV),
such as urban, semi-urban (commercial) and suburban, {2) the vehicle heading (HEAD)
with respect to the satellite azimuth, (3) the frequency (FREQ); UHF or L-Band, (4) the
side (SIDE) of the road driven (satellite located across opposing lane or not), and (5) the

e B e we

elevation angle (ELEV) to the satellite. The downtown area of a city, with many tall buildings
and a rectangular street grid would be characterized as urban. Streets lined by shopping
centers as well as by businesses with off-street parking lots are classified as commercial, and
areas with small one- or two-story houses along moderately tree-lined roads define suburban
environment. Data acquired in rural surroundings are included in the suburban category.
The coefficients for the mean fade 4 and slope o given in (8.10) and (8.11), respectively, are
summarized in Table 8.2, along with their standard errors.

=

The overall standard errors of x4 and o are

S.E.(s) = 3.65 dB (8.13)
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Table 8.1: Parameter Definition and Values for Hess Model

Parameter Range of Values

ENVironment | 1 = Urban, 0 = Commercial, —1 = Suburban/Rural

DA o P, Y - e )

NnLAvIng — COS 2\ N\Zyehide — NZgatellite)

FREQuency |1 = UHF, 1.8 = L-Band

SIDE of road | +1=Satellite across road, —1=0n same side

ELEVation 15° to 50°
QFE () =95 dR (8.14)
S.E.(¢c)=25dB (8.14)

In order to extend the smali-scale coverage from the modeled value of Ps = 90% as given

by (8.9)-(8.11) and Table 8.2 to other values of Ps, we use the following formulation:

rban and Commercial

/> na\ N~ AT N\ Nnrly T SN nnD7
(Fs —9U) X U.0+ A(FL) Jo/0 2 Fs 2 W/
(Ps—90) x 0.2+ A(PL)  50% < Ps < 90%
(Ps — 90) x 0.1 + A(Py) 50% < Ps < 95%

(8.15)

—_
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Table 8.2: Coeflicients In LS-SS Fade Model

Mean Fade, u Standard Deviation, o
Coeffic. | Value (dB) | Std Error (dB) | Coeffic. | Value (dB) | Std Error (dB)

a, 9.55 b, 3.75

ay 4.46 0.42 by 2.62 0.29
a; 3.41 0.61 b, 0.98 0.42
a3 1.66 0.91 bs 0.046 0.62
ay -0.35 0.36 by —0.24 0.25
as —0.052 0.045 bs 0.04 0.031
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To illustrate the procedures by which we execute the LS-SS model, consider the following
example. Assume that a receiver can recover the LMSS coded errors as long as the small-

scale coverage is at least P = 70%. The system operates at L-Band in uburb n area with
an elevation &Ill!le to the satellite of 45°. It is desired to determine the required fade margin
to achieve a large scale probability of P} = 95%.

We assume a worst case heading
angle to and right of the vehicle. He

and ngh ience, we employ the following parameter values from
Table 8.1
ENV = -1 (Suburban/Rural)
HEAD = +1 (a.Z-_..‘_l.__ cle — @Zgatellite = 90°)
FREQ = 1.8 (L —Band) (8.17)
SIDE = —1 (Satellite Same Side)
(]

p=9.5dB (8.18)
o =4.23dB (8.19)
Substituting (8.18), (8.19) and k = 1.65 (from (8.12) for P, = 95%) into (8.9) results in
A= 165dB Ps=90% (8.20)
The fade given by (8.20) corresponds to a large scale probability of P, = 95% and small
scale probability of Ps = 90%. To convert the above to the desired small scale probability
Ps = 70 %, substitute (8.20) into (8.16). Hence,
A= 145dB Ps=170% (8.21)
d with (8.20) may be derived by substi-

ula.t.mg the square root of the sum of
is gives a prediction error of 5.5 dB.

an

amily of curves of the large-scale cumulative distiributions Py, for

In Figure 8.1 is given a {
°, and 45° with small-scale probabilities of P = 90%, 70%, and

nnan

elevation angles of 20°, 30°,
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Figure 8.1: Probability distributions for LS-SS model for family of elevation angles and

indicated small scale probabilities Pg.
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50%. These depici an overall driving condition as each curve represents the average of four
distributions; right side of road, left side of road, and difference in vehicle-satellite azimuth
directions of 90° and 0°. We note that Py is relatively insensitive to elevation angle but is
highly sensitive to Ps.

Discussion
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'pe antennas previously described. While shadowing loss measurements

were not affected by. the antenna choice, muliipath and specular effects were most likely
enhanced. This may have caused overprediction of signal variations especially in open rural
areas where shadowing is statistically less significant than muitipath. It is aiso important to
note that the experiment emphasized urban over rural areas, making predictions from the
data base for rural areas less reliable.
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Since the empirical roadside shadowing model was addressed in Section 3.3, the model de-
tails will not be described here. A short summary discussion is presented in the following
paragraphs.

Discussion

mL is Locnd o ol e i ccc e menda tem mccmal aen ) cei bl o 4
i1ne Dm mOch DasStu 0l CXLEIISIVE 1IICasu 1 S 111 Tur 14 sSuburvaii VI IX1 LS
in central Maryland usmg a realistic LMSS antenna comprised of a crossed drooping dipole

(previousiy descnbed) The model is based on systematically repeated measurements (at
UHF and L-Band) along the same system of roads at different elevation angles ranging from
20° to 60°. The fade distributions are simple to calculate. They are a manifestation of an

4
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overall average fade condition for both left and right side driving and various degrees of
roadside shadowing (55% to 75%). It has been independently validated to within a few dB
employing measurements in Australia.

Because of the limited dynamic range of the measurements, only the median distribution
of many 90 second intervals could be determined and modeled. The higher percentile distri-
butions (e.g., 90th or 95th) were beyond the measurement range of the equipment in the 20%
to 1% range of fade exceedance. The variability of the distributions could therefore not be
modeled. As is the case with the LS-SS model, the ERS model does not provide information
about fade dynamics and therefore cannot be used to generate simulated data. This model
is also biased in favor of the geometric condition where maximum shadowing occurs; namely,
the line-of-sight path is dominantly directed perpendicular to the line of roadside trees. The
model is only valid in the range of elevation angles 20° to 60°.

8.4 Probability Distribution Models

Probability functions used to describe LMSS propagation are the Rayleigh and Rician for
multipath effects and the lognormal for shadowing. These statistics are useful to the extent
that they accurately describe the shadowing and multipath scenarios.

Models of these type correspond to homogeneous cases for which line-of-sight fading and
multipath are simultaneously present, or only multipath is present under the conditions of no
shadowing or complete blockage. They do not account for scenarios in which the vehicle may
pass from shadowing to non-shadowing conditions (causing bursts of fading and non-fading)
typical at higher elevation angles (e.g., 45°) in rural and suburban environments.

Their usefulness is also based on the ability to tailor parameters of the distributions to
actual measurements. The parameters of importance are standard deviation, mean, per-
centage of shadowing, and ratio of line of sight to multipath power. These parameters are
however tuned to “light” or “heavy” shadowing, “zero to frequent” percentage of shadowing,

and “urban”, “suburban”, or “highway scenes.” They represent a “rough” tuning to the
model which is based on measurements at fixed elevation angles. It is, for example, difficult
to relate these models to other elevation angles which are known to critically influence fad-
ing. Furthermore, it is difficult to extract from these statistics “time-series” of fading events
for simulation purposes without the employment of experimental data.

r
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In the following section is given an overview of the density functions used in modeling

procedures. A further characterization is given by the CCIR [CCIR, 1986a (Report 1007)] .

8.4.1 Density Functions Used In Propagation Modeling

Rician or Nakagami-Rice Density Function
The voltage phasors from all the reflection sources can be combined into two independent or-
thogonal vectors x and y, the in-phase and quadrature components, having normal envelopes

and uniform phase distributions. When received together with a direct signal voltage a, the
two-dlmensmnal probability density of the received voltage can be expressed as

- r \92
i x—a)+y?
foy(x,y) = exp - ) TV | (8.22)
2xo? L 202 ]|
where ¢ is the standard deviation of the voltage. The signal envelope represents the length
ot the valtace v, AT 7 t 1@ eiven hv
A VAl 'vlu“b\d VW UNIL &ie AV AW 6"““ IIJ
z= \'/x2 +y? (8.23)
from which we derive the Rician density f,(z) [Papoulis, 1965}
2, .2
. oz TP |77 | e \57) \&-2%)
L = 4 D
where I, is the zeroth order modified Bessel function.
The normalized line-of-sight power is given by
2
n/t a’ 10 aw\
Pla== (8.25)
2
and the average (normalized) multipath power is given by
PL_P =a? (8.26)
where we denote the pﬁW“érs by a p rime to distinguish it from probability. The ratio of these
two powers defines the K value which characterizes the influence of multipath scattering on
the signal distribution. Hence,
n/ -2
P! 2
K===_— (8.27)
Php 20

b
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Usually, the K factor is quoted in terms of dB. That is,
e (PN L [ a?) ‘o oo
K(dB) =10 log | ;=) = 10log | 5= | (8.28)
\*mp/ \*¥ 7

It is apparent from (8.27) that the lower the relative level of the multipath power, the larger
the K value, and conversely. Further normalizing P{, such that P}, = 1, reduces the Rician
density (8. 24) toa smzle parameter density function of the voltage, which can be written as

""" A\~
a function of K

o [ (22 \l.... = o ol
L.(z) =Kz exp|-K|-+1]]| L(Kzv '_) (8.29)
L \ ~ /71
where ]
K== (8.30)
o2
Rayleigh Density Function

The Rayleigh density is a special case of the Rician distribution and arises when no line-of-
sight power is received. Setting a = 0 in (8.24)
. / 2\

— (8.31)

o T\ 20%)

f.(z) =

Even though no direct signal is received, the Rayleigh density can also be defined in
terms of a K-factor

Substituting (8.32) into (8.31)

lVOEe tna.t. Eﬂe n,aylelgu ul
Rayleigh scattering, the averag catter
a dB scale is constant and equa.i to 5. 5
Theorem [Papoulis, 1965], at least six

Rayleigh (or Rician) distribution.
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Lognormal Density Function

Shadowing is a manifestation of the absorption and scattering of the incident direct wave by
roadside trees or other obstacles as it is transmitted via the line-of-sight between the satellite

and the vehicle. The cumulative distribution function of the recewed power expressed in dB

allll L1l CI1ILIT 4 11 ullidianl LiouiliisULl 11C 1Tl }

can often be fit to a straight line when plotted on a normal probability scale. The voltage

vﬂf‘ﬂ ;n'n I“I‘Iﬂ fn Ghﬂ Qnurna 1@ f}lm ]nﬂ“nm\ﬂ] }\ﬁ ]nn‘nnrmn] Aﬂﬂﬂ‘f‘l |1“f‘f‘ﬂn Nr 2 ra“f‘nm
ariation due to shadowing is then lognormal. The lognormal density function for a random

Trarta IA 7 ran LA Am;" rrnm "l\n nnmn] Anﬁﬂ:“’ r“ﬁl‘*:nﬁ 72 A 'd 17 1M1Oo0IM A
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where m and s are the mean and standard deviation of In (z), respectively. Since the power
(%) i usnallv exnressed in dR the relation hetween v (in dR) and 7 ie
\l\’ anF “Uu“llJ wnynvuu\a\‘ AAL “u, VE3AW AWASBVAVIEL WV TVWiE N \lu uul WNAANA & AV
x = 10log (z) z = power (watts) (8.36)
o \*¥J f o \ \ J
or .
x = 20log (2) z = voltage (volts) (8.37)
o \T/ ©~ \ \ 7J
The lognormal density function of power when z is the power in watts is
(2) = 4 343 ay I 10108 (Z) — I 7 = nower (watte) (R 2R)
l’\u’ W l- 282 J -~ rvvvv& \"-UUI,I \vov\l,

where m and s are the mean and standard deviation of 10 log (z), respectively. The lognormal
density function of power when z is voltage is

w
-
—

.Cb

(<]

w
——

((g) - 8686 [ (20log(z)—m)
z\«) sz y 21[' i I- 282

-
I o~
J o Ul

where m and s are the mean and standard deviation of 20 log(z), respectively.

t
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CeZes aiUU'S

A statistical model for land mobile satellite propagation based on probability density func-
tions of multipath and shadowing propagation has been developed by Loo [1985; 1987]. The
following assumptions are made: (a) the receiver voltage due to the diffusely scattered power
is Rayleigh distributed, and (b) the voltage variations due to attenuation of the line-of-sight
signal are lognormally distributed. The two voltages are considered correlated, as attenua-
tion by trees is caused by both absorption and scattering, some of the latter directed into

r - (=4
 parameters K ag giv

I LPC SN T FRNRNSE PR | Toooal b1 1 11
ndaitional aensity muitipiiea oy ine iognormal probapiit

-
-

is

Kv =1 [ (n(z)-m)® K{*+2%)]). .
f(v)=—= | -—exp|-‘—Z 1 2 T [ (Kvz)dz (8.40)
R sv2n7 Jo z - |_ 284 2 J N : . :

For signal voltages much greater and much less than the standard deviation of the
Rayleigh process, the density function is lognormal or Rayleigh, respectively, and can be
simplified to

f ’V\ —_ 1 é_x_p I-__ (ln(V) - m)i‘] - > _}_ 18 41\
vilV) SV,,_Z‘J!' l 252 J ‘./I'(.- (0.41)
and
o _ { Kv’\ 1 ) .
f.(v) = Kvexp (\— 5 /] v o= (8.42)

At intermediate values of v, f,(v) is found by numerical integration.
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r Loo’s Model

Table 8.3: Parameters

Shadowing Class | Rayleigh | Lognormal
Scatter | Shadowing

=
=)

[=2]
(94
(=]
-
[—
(4]
(==
e
b
(S}

Infrequent light

Frequent heavy 15.8 -3.91 | 0.805

Overall 4.0 —0.69 | 0.23
The probability that the received voltage is less than or equal to v is
Fo(v)= [ f,(u)du (8.43)
Jo h ’
from which the cumulative distribution function A in dB is found using
A =20 log(v) (8.44)

Values of the model parameters were derived by Loo from propagation data measured
over a helicopter to vehicle link with 15° elevation angle in a rural environment with two
classes of shadowing: infrequent light and frequent heavy. The parameters are summarized
in Table 8.3.

In addition to describing the fade cumulative distribution function, Loo’s model also provides
insight into the dynamics of fading by deriving statistical relations for the level crossing rate
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(LCR) and the average fade duration {AFD). The level crossing rate is the expected rate at

L, o1 . ___Y___ o _ _ _ - o e mmsac___ _Y___ L _ e
which the sign velope crosses a specified signal level with a positive slope. Th Tage
”~ . 1

fade duration is the expected time or distance the signal envelope is below the specified
signal level. The inverse of the level crossing rate is the sum of the average fade and non-fade
durations. The derivation, based on earlier work by Rice and Jakes, hinges on the statistical
independence between the signal envelope and its time derivative, which is assumed to be
a Gaussian process both for Rician and lognormal fading. The LCR is normalized by the
maximum possible Doppler shift

fomax =

(8.45)

S|

where v is the vehicle speed and A is the wavelength. The normalized level crossing rate
LCR, is based on the wavelength, independent of speed, and can be written as

l

R _ Vo J1 =) 0?2 "Z"T"T £,(v) (8.46)
rmae 7 (1= %) + dpos

rd

LCR, =

where p, now a fourth parameter of Loo’s model, is the correlation coefficient for the rate of
change of the envelope due to multipath and shadowing effects. Typically, the correlation
coefficient p was in the range from 0.5 to 0.9 for the data set used by Loo.

The AFD can be found from LCR,, by

1 rL

R -
uux\n 70

AFD =

f,(v) dv (8.47)

With supporting helicopter data at 870 MHz and satellite data at 1542 MHz and for
elevation angles from 5° to 30°, it was shown that the signal phase and the rate of change of
the phase can be treated as Gaussian processes [Loo, 1987]. Values of the mean and standard
deviation were 7.5° and 12.6° at 870 MHz, and 7.5° and 26° at 1542 MHz, respectively.

Discussion
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of the measurements were made at elevation angles below 30°, model parameters f
elevation angies are not availablie.
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Another statistical model characterizing the fade distribution applicable to LMSS propa-
gation has been devised by Lutz et al. [1986]. As in Loo’s model, Rician, Rayleigh, and
lognormal probability densities are combined and model parameters are derived from least-

Yo vesiisl P a1t WJiilviiica 4RI QL ALIICLVL1O

quare error fits to measured data. However, there are significant differences in the way the

qeGitT CIivi a2 poe. RIS L2 21

si
shadowing. In the unshadowed e

constant K-factor due to the superposition of the direct wave with constant intensity muiti-
path echoes. When the propagation link is shadowed by roadside trees, the line-of-sight is
assumed to be totally obscured and most of its power converted into scattered waves, leav-
ing only multipath signals with Rayleigh statistics, but their average strength is modeled as
lognormally distributed. Loo modulates the Rician K-factor by shadowing the line-of-sight
component. Lutz, in the shadowed state, varies the intensity of the Rayleigh scattering
process, or the K factor, in the absence of any line-of-sight signal. In Lutz’s model, the
probability density of the received voltage for the unshadowed fraction (1-S) of the driving

distance is Rician. When expressed in terms of the received power P’, it has the form

ctata g
state, €a to
R

fpr Rice(P') = K exp [-K(P' + 1)] L(2KVP’) (8.48)

where unitv line-of-sight nower is assumed and i the ratio of line-of-sicht to averag

J AMAL UL DBV pYTTVE U WO MIME AW AR AT WAL AR WA AR Vs mRpttY Y WA TDT
multipath power. That is

1
) 7 1Q A0\
AR = P {0.49)
mp
For the shadowed fraction S of the total distance, it is Rayleigh distributed and has the
following form when expressed in terms of the received power, P’
’ > [ & o
fpr!mM(P ) = K exp (—K P ) (8.50)

sn s\

where K is the reciprocal of the average muitipath power as given by (8.32). Lutz et al.
postulate this multipath power Rayleigh intensity 1/K to be lognormally distributed. The

[

P
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density can be expressed in terms of the K-factor, the mean m, and the standard deviation
s of 101log (K) as
’ \ 21
o gy 4343 | (10log(K)—m) | (8.51)
R\ )_ng,/:expl 9 g2 I (8.91)
L J
where _
m = E [10 log (K)] (8.52)
and
¢ r _ A2 2172
s={E IL( 101og (K)) j| -m?} (8.53)

where E denotes the “expected value.”

The overall probability density of the received power follows by combining (8.48) and
(8.50) with (8.51)

. _ , oo - - o
4 14 4
fp(P’) = (1 — S) fprRice(P’) + S fpr Rayteigh (P’ | K) fr(K) dK (8.54)
JO
The cumulative distribution of the fractional distance the fade exceeds A dB is found
by evaluating (8.54). Model parameters were determined by Lutz et al. from regressions
to satellite measurements performed in various environments with a 24° elevation angle.

They are summarized in Tabie 8.4 for a vehicle antenna with a hemispherical pattern. Good
fits of the model to the measured cumulative distribution functions of the attenuation were
obtained.

Discussion

The Lutz et al. experiments were carried out using three different receiving antennas. The
shadowing parametér S derived from the Cﬁﬁ'é‘p‘ﬁdiﬁg data sets was found to be dependent
on the antenna, which indicates a coupling of S to muitipath propaga.tion Had the model
been a true representation of LMSS propagation, S should have been independent of the

antenna pattern.

1

r
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Table 8.4: Typical Parameters for Total Shadowing Model of Lutz et al. [1986]
Environment | S | K(dB) | m(dB) | s(dB)
Urban 060 30 | -10.7| 3.0
Suburban | 0.59 | 9.9 -93 | 28
Highway 025 11.9 =-7.7 6.0

8.4.4 Lognormal Shadowing Model

Smith and Stutzman [1986] incorporated the idea into a model that different statistics
should be used to describe LMSS signal variations depending on whether the propagation
path is shadowed or unshadowed. They developed a model which assigns Rayleigh, Rician
and lognormal behavior of the received signal voltage in a manner similar to Loo’s model.
In the unshadowed state, the received signal consists of the sum of the direct signal and a
constant average intensity Rayleigh voltage due to the diffusely scattered multipath echoes.
The resulting signal amplitude has a Rician probability density characterized by a constant
ratio of direct to scattered power. In the shadowed state, the amplitude of the line-of-sight
signal is assumed to have lognormal statistics. When combmed with constant level diffuse

The overall probability density of the received voltage is developed in analogy to the
derivation of (R 84) ae
derivation of (8.54) as
2 _
£ 1N 11 o\ o ___A[ r}/v .1\]711/__\.08686Kv
f,(v) = 1-S)Kv xplL n\\z +1}J L(Kv)+S =/
X [ l exp r_ (20105 (z) - m)‘ K (V2 + 22)1 LIK v z)dz (8.55)
o 277 282 P A e

where S, K, K, m, and s are the five model parameters already described in the previous

PO
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density can be expressed in terms of the K-factor, the mean m, and the standard deviation
s of 101log (K) as

i mim [ IIG}_‘IK‘—I‘I‘I\z-'
-K(K) = ‘——4:26— exp |1 i /| (8.51)
Ks+2x | 2 g2 |
L J
where ) .
m=E llO log (K)J (8.52)
- A

s = {E [(1010g (I.())z.l - m’}lﬁ
QA 7] )

where E denotes the “expected value.”

The overall probability density of the received power follows by combining (8. 48) and
(8. 50) with (8.51)

fp:(P') = (1 = S) fpr pice(P') + S / fpr Rapteign (P’ | K) fo(R) d

T'he cumulative distribution of the fractional distance the fade exceeds A dB is found
by evaluating (8.54). Model parameters were determined by Lutz et al. from regressions

to satellite measurements performed in various environments with a 24° elevation angle.
They are summarized in Table 8.4 for a vehicle antenna with a hemispherical pattern. (Znnd

fits of the model to the measured cumulative distribution functions of the attenuation were
obtained.

Discussion

The LlltZ et al exngnmep_ts were rarngﬂ ont ngine throe difforent racoivine antannae Tha

TEY VASALITAL VAV WUalipy VAMIVU WINIVAVILY AVLVUIVILLE GILVOLLILIGD. 1 T

shadowing para.meter S derived from the correspondmg data sets was found to be dependent

on the antenna, which indicates a coupling of S to mulupa.(.u propagaiion. Had the modei
been a true representation of LMSS propagation, S shouid have been independent of the
antenna patiern.
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o a2 w o oy |
8.4.0 OlInpl

This model [Barts and Stutzman, 1991; Bartz et al., 1987] has the inputs K, K, m, s, and
S which have been defined in the previous two sectlons and assume the values summarized

a2 iia oeil ) 3

Table 8.5. The resultant probability distribution model is expressed in terms of the

E l

- e = - r
or the “no shadowing” and “shadowing” cases in the following way

’ aas SIS SSIINS
wWing ana snaao

P(A>A)=P,(1-S)+P.S (8.56)
where P, is the probability distribution for the case of no shadowing of the line of sight and
is given by,

— L. . r (A + U‘l)] I e\

P (A > Aq) exp I—T—I (8.97)

U; |

U, =0.01 K*-0.378 K + 3.98 (8.58)
¥ oo aow =220 /0 Pn\
U =3d3l.d0 K ™ (8.9Y)

P.(A>A.)= (50~ \_Y.Z (8.60)
.\“, ‘lq’ \Vv llql \v vv,
1
whana ¢ha manammatare V. and V. ara aivan hvy tha fallauwrineg funectinne o I-( ae well ae the
111 LT PalalliCiTIS V] aliu V2 alT KIVOl Uy WUU IUVLIVUWILE JUMLUVIVIIS UL 2i &GO ywlal @O viiv
e mm mmd cbacmdand Feindinm o AL dha Jammnmanenal atenal
€all IIl 4llU Stallualu ucvialuivil S Ul Luli© lUBllUlll 1 Dlg il
V. —_N97TEW L0797 L 0 226 ¢ L 58 Q70 (R.A81)
vV] — Vel iU AN T Vel U 111 T VWUV 0 | UV IV \Vevay
7 { annns T n Ano __ NnNn1o _ n1n1\—l /0 O\
Vg = \-—U UUO R —U.0USs M + U.Uld s+ U.141) (0.02)
Typical fade P predictions calculated from (8.56) have been plotted in Fig. 8.2 for light and
heavy as well as in Fig. 8.3 for mediu hea_wy shgdowmg, for infrequent (S=0.25), moderate
(S=0.5) and frequent (S=0.75) s-.adowmg occurrences. In the worst case scenario: heavy
and frequent shadowing, the calenlat ade nrobahilities may exceed 1 n but should be
\iu‘du‘l DEAEARANV VY Illb, VALV VARIWLALWUVWLEE AW r-vv‘-w‘u
Tirmitnd ¢~ that walira
11I1HLTCU W LilavV valuu.
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Model for light (L), and heavy (H) shadowing, and for infrequent (I; S

Figure 8.2: Typical fade distributions calculated from the Simplified Lognormal Shadowing
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Discussion

The model has been shown to fit measured fade distributions when the propagation pa-
rameters were determined by tailoring the data to the model. Calculation procedures are

straightforward.

SLisigiwid

-
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' v4

8.4.6 Models With Fade State Transitions
Two- and Four-State Markov Modeling

A 2-state Markov model (Gilbert-Elliot model) for non-shadowed (good) and shadowed (bad)

channel conditions and a 4-state Markov model, also with good and bad states and qualified
by either short or long duration, have been used to predict error rates in the land mobile
satellite channel [Cygan et al., 1988]. Channel states are related to the presence or absence of
shadowing conditions and both models describe the transition probabilities between states.
Model parameters are determined from data collected in L-Band satellite propagation exper-
iments carried out in a variety of environments at elevation angles between 21° and 24°. The
data set on which the parameters are based is the same as the one used for the derivation

of the total shadowing model.

The 2-state model has a total of four parameters, of which two are signal level dependent
error rates and two are state transition probabilities. A summary of its parameters for three
propagation scenarios is given in Table 8.6. The derived bad lengths appended to the table

r Sofhivil OLLLIGLIVO 41 i1 4 11y

in the urban environment where much of the shadowmlz is due to blockalze
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good/bad states are 0. 46/1 85 m for urban, 0.92/0.65 m for suburban, and 5.
highway driving, respectively. Error probabilities range from 1 x 10~* — 3.5 x 1U
good states to 0.16 — 0.37 for the bad states, with the short bad state’s error rate about 30%
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below the long bad state. While the discussion of error probabilities is beyond the scope of
this text, these models give an indication of the level of complexity that may be required for
successfully modeling the LMSS channel.

Markov Transitions, Multipath, and Fade Depth Model

By combining three distinct concepts into one LMSS propagation model, Wakana [1991] has
modeled fading and its spatial characteristics. Fading due to multipath is rendered by Rician
statistics (8.29), while fading of the line-of-sight signal due to tree shadowing is described
in terms of a Markov model for the transitions between fade states and an attenuation
algorithm for the fade depth. Like the 4-state model described above, this Markov model
considers transition probabilities between four fade states: fade or non-fade, short or long,
but with a total of only six as opposed to eight independent parameters. Of two attenuation
models introduced, one linking the attenuation to the fade state, the other to the fade
duration, the former alternative was used. Besides the six state transition probabilities, four
other parameters are required. They are the Rician K-factor for the multipath scattering,
attenuation levels for short and long fades, and a lowpass filter time constant to smooth the
transitions between fade and non-fade states. The ten model parameters were determined
for one particular suburban propagation -path geometry with an optimization procedure
performed on data collected in a helicopter experiment. Simulated data produced using these
parameters are qualitatively similar to real data when time series are compared and have,
of course, similar cumulative distributions of fades, fade durations, and non-fade durations.
Typical parameter values are in the range of 0.13 — 0.97 for the transition probabilities, 10.7
dB attenuation for both fade states, a 13 dB K-factor, and a 22 Hz lowpass filter cut-off
frequency, corresponding to a spatial filter of about 1 m.

Variations of the signal level at near line-of-sight power, which may be due to diffraction
at the fade state transition zone and specular reflection from the ground near the vehicle
have not been considered in the model development and therefore are not replicated by
the simulator. Until parameters are determined for a variety of environments and elevation
angles, the modeling results cannot readily be applied to other propagation geometries.
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8.5 Geometric Analytic Models

a2V ___ ____ e ot L o = o = Sam o
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and characteristics of slgnal retrieval. 1ney may also be used to achieve time-series fades
which may be interfaced with simulation techniques. Unfortunately, the complexities of “real
life” scenarios do not lend themselves to analytic models and only snnplmed and idealized

scenarios are considered.

-

8.5.1 Single Object Models
Point Scatterer Multipath

Frequently, signal variations observed in satellite land-mobile propagation experiments can
be correlated w1th the receiving vehicle passing in the vicinit or of multipath

correlated with the receiving vehicle passing in the vicinity of a genera
Q o o

scattering, such as a utility pole or .oa\.si..e sign. To increase l..ndvr-,ta.--ding of these multi-
path reflections observed from a moving platform, a physical model based on the geometry
of a single point scatterer has been developed [Vogel and Hong, 1988]. While the model
does not address the ma jor limitation of LMSS, shadowing, it provides a tool to study the
Jh PR PRIy . puvpiy RIS 3. JIpNpI R Jh IV DIPIER, PIpIPT [Py . e A2 s A~ mamasmnad aes
a PC 1a€I1CC UL S]g lal Vdprldlolullb ODSErvea undaer cieéar iine- l'Slght LUudltl 153 VIl pPalalll t D

1 4 e add e - Y e Yo At a__ £ _____Tac_ _aYt o ___
such as antenna pattern, path azimuth and elevation angles, distance of multipath sources,

A sketch of the propagation scenario considered is shown in rng 8.4, in which a vehi-
cle carries an antenna with a given pattern along the x-axis with speed v. A plane wave
transmitted from a satellite propagates into the direction (8., ®,). In addition to the line-

. of-sight wave, the vehicle also receives one multipath component scattered by an object at

(Xsy Ya» 2s)- The vectorial sum of the two waves constitutes the received signal. In order
to achieve simplicity in the numerical evaluation of the model, the following assumptions
were made: 1) there is only one scatterer, 2) it scatters isotropically, and 3) the receiving
antenna’s gain is azimuthally omnidirectional. The formula developed by Vogel and Hong
[1988] for the received electric field strength E, is

—a
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Figure 8.4: Propagation geometry for single object scattering in which a vehicle trav
a speed v carries an antenna with a given pattern along the x-axis
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E{t) = E.D(8) expfjwot - B]
j,,._,_ _VoD(®s) _ [.2% _n_nmﬂl (8.63)
l* T 2\/— R(t)D(6¢) e L WA A “‘\'IIJJ ’ \BVe)
where f is the phase shift given by

2x ‘o oy
B = — vt sin(O,) cos (®.), (8.64)

a(t) is the path length from the wave through the origin to the antenna given by
a(t) =t sin(©,) cos (®,), (8.65)

p is the path length from the wave plane through the origin to the scatterer given by
P = X, sin (6,) cos (®.) + y, sin (6,)sin (®;), (8.66)

and where

E, line-of-sight field strength,
D(8.) antenna "oltag" directivity versus elevation 6y,
Wo transmitter fi eQiit‘;‘y‘,
T transmission of direct wave:
1 = no shadowing, 0 = complete blocxa.ge,
o bistatic cross section of scatterer,
R(t) path length between antenna and scatterer,
A wavelength.

sely matc
those observed, if appropriate parameters are used. One such examp is shown in Fig. 8.5
and Fig. 8.6, which respectxvely deplct experimentally received and calculated signal level
and phase for an L-Band receiver using a crossed drooping dipole antenna and moving at

24 m/s. The transmitter azimuth and elevation angles are 150° and 35°, respectively. The

This model has been shown to produce time series of received data that clo

N

P
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Figure 8.5: Measured L-Band signal level and phase fluctuations as a function of time relative
to arbitrary reference as receiving vehicle passes by a wooded utility pole with a metal cross
bar. The vehicle closest approach to the pole occurs at 540 ms.
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Figure 8.6: Calculated L-Band signal level and phase fluctuations as a function of time for
geometry of Figure 8.5
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scattering object is a wooden utility p01e about 3 m to the ﬁght ofand 4 m “o

with a 32 m? radar cross section. The modei precnct,s higher fluctuations be
passing the pole, an indication that the scattering is in reality not isotropic.

Evaluating the model over a range of parameters, the following has been empirically
determined:

1. The peak-to-peak fluctuations of the received signal level (dB) due to multipath vary
with the inverse of the square root of the satellite elevation angle.
2. The multipath power (dB) varies as the inverse distance to the scatterer taken to the

3. Assuming two frequencies (at L-Band) are simultaneously received, the rms deviation
of the dB power difference between signal levels at the respective frequencies is pro-
portional to the frequency difference. Employing this result, amplitude dispersion is

found to be mwhmh]e for narrow band (bandwidth < 10 kHz) LMSS systems.

Several simplifying methods have been used to assess the effect of shadowing by a single
tree. Modeling a tree trunk as a very long opaque strip of equal width, a diffraction pattern
was obtained by LaGrone and Chapman [1961] and compared to measurements at UHF
frequencies. Taking account of the tree crown, two different two-dimensional tree models
have been studied, both capable of achieving rough quantitative agreement with observations

of tree shadowing. One assumed a tree to be composed of a number of finite, canted opaque
strips of varying width and length, representing the silhouette of a tree with branches of
various sizes [Vogel and Hong, 1988]. Attenuations of up to about 12 dB were calculated
at L-Band versus 8 dB at UHF. Spatial fluctuations in the shadow of the tree were found to
be faster with highﬁ signal frequency and closer proximity to the tree during a simulated
3 . 1 . SR S J. P cmnmedinn o)l 44 dhn Ylnmnwidhonn Af ¢ha nssvnhawn
drive-Dy scenario. The maximum fade was Proporiional 1o un€ ogariviliii O1 i€ NUimoeT
L 7’4 10001 5 ~eAsEre:  SEra

of limbs. In the second approach [xosmxawa and na.gona.ra, 1989], the tree crown was
modeled as a triangle which obscures a wedge of the first Fresnel zone. By comparisons
with measurements, the results have been shown to correctly explain the average decrease
of attenuation with increasing distance of the receiver from the tree.
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8.5.2 Mult
Two-Dimensional Model

A two-dimensional geometiric LMSS propagation model by Amoroso and Jones [1988] con-
sidered 1000 scatterers randomly distributed in an annular region with an outer radius of
2000 m and an inner radius of 400 m, corresponding to an average scatterer density of 12,000
m?/scatterer. The model has been used to correctly predict multipath Doppler spectra, both
for omnidirectional and directive antennas. The simulated fading record of unmodulated car-
rier power for an omni-directional antenna shows unrealistic peak-to-peak variations of over
20 dB, however. This is the consequence of (1) using a two-dimensional approach, which
eliminates realistic elevation angle and antenna effects, and (2) the avoidance of any scatter-
ers in proximity to the vehicle, which in field measurements have been shown to dominate
the signal variations in the absence of shadowing. The model therefore also overestimates
delay spread.

An extension to the single scatterer multipath model of Vogel and Hong [1988] allows a ve-
hicle to be driven through a region with many randomly distributed, point-source multipath
scatterers [Vishakantaiah and Vogel, 1989). The output of the drive simulator yields time
series of signal amplitude and phase as well as Doppler spectra, all for user-specified con-
ditions. These outputs, in turn, can be used to calculate system performance parameters.
The simulator does not consider shadowing, and this limits its application to very low fade

margin systems, where multipath fading effects determine system performance most of the
timo
Vildi

In order to obtain the total field at the receiver due to many scatterers, the vector sum
of the constant incident field and all the scattered fields e is formed similarly to (8.63) and
the relative total power and phase are calculated from

b
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Phase,,:a = arctan

/N

E e: \ .
v (8.68)
142, €ea/

where the summation includes the real or imaginary parts of each scatterer’s response e to

the incident wave.

The model was validated by comparing the predicted power and phase assuming a sin-
gle scatterer to the results from measurements, both with similar parameters as well as by
comparing the calculated power spectral density to the one expected [Clarke, 1968). Figure
8.7 demonstrates that the model produces the correct Doppler spectrum, centered on the
received carrier frequency. The shape shows the typical signature of mobile multipath prop-
agation, a sharply bandlimited spectrum with maximum power at the edges. The frequency
deviation of the scattered wave (+ 120 Hz) agrees with the value expected from the geometry.

The signal level output of the model assuming 1000 scatterers located in an annular region

with radii of 400 a d 2000 m. dmommz dipole antenna, and the height of the scatterers
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average scatterer density of 625 m?/scatterer, were examined with inner clearance radii from
30 to 400 m. The result demonstrates that multipath phenomena for LMSS scenarios are
significant only if the scatterers are located clos th vehicle. The standard deviation of
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the loga.r ithmic a.mput.uqe qecreases mOIlOEODlC&
dB to 0.07 dB.

As an Outgl‘Oth of geometnc moaenng, it has been ascertained that when mgner g in

antennas are employed, the side of the road the scatterer is located influences the multipath

fading [Vishakantaiah and Vogel, 1989]. For example, assuming an antenna having an 80°
half power beamwidth in both the azimuth and elevation planes, the multipath fading was 10
dB when a simulated scatterer (e.g., a utility pole) was placed between the vehicle and the
satellite. Only 1 dB multipath fading occurred when the vehicle was between the scatterer
and the satellite. This diminished fading for the latter case was caused by filtering of the
signal by the antenna pattern. On the other hand, when an azimuthal omni-directional
antenna was used, no change in the multipath fading (e.g., 10 dB) was observed for the two

cases. In an environment w:th mmv scatterers at random heights and cross sections, the

sing from lower versus hm‘her gain antennas is not as

-0 =220 o= o™ GIILT11116Ga 10 1L

of 500 scatterers ( }mv_mr random heights and cross
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Figure 8.7: Calculated Doppler spectrum due to single multipath refiector averaged over one
second, while the vehicle is driving past the scatterer.
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sections ) located at distances between 10 m to 300 m, the peak-to-peak fade fluctuations
/ n M Y \ o4 1£__ _ Sl L Lt o enan o

were reduced from 3.6 dB (for the lower gain antenna) to 0.8 dB (for the higher gain antenna).

Discussion

The salient conclusions associated with model execution and development may be summa-

1. When the propagation path is unshadowed, Rician statistics apply most of the time,
although the K-factor cannot strictly be assumed constant.

2. Signal variations in the clear path case are due to scattering from objects such as
trees and utility poles in the vicinity of the vehicle, as weighted by the vehicle antenna
pattern. Where these objects recede from or come closer to the vehicle, the K-factor
decreases or increases, respectively.

3. When a single scatterer dominates, as might be the case with a utility pole, Rician
statistic are no longer applicable and a geometrical analytical model must be used.
This case is treated in Section 8.5.1.
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R 74

4. Statistics of clear path K K-factor variations have not been considered in any of the
models.

=1 a4 R | =

) 2
eievation mglea D L
a%__ Al __ P § d

distance, consequently there may not be a need to have a more accurate

“unshadowed propagauon" than that given by applying Ricean multipar.n sca.ttering
models as given by (8.29) or by using geometric-analytic models of the type described
in Section 8.5.

n XN PR _1 . PR, P I SR U U abamlae caem o emmaemd

6. When the line-of-sight is completely blocked by continuous obstacles such as
buildings, or overpasses, not enougn power is contributed by mumpat,h scattering to
enable any communication through a sateliite sysiem with a commercially feasible fade
margin of around 6 to 12 dB. In this case LMSS cannot be functional at ali and what is
required is some knowledge of the probability of blockage and its duration for specific
path geometry. No separate statistical evaluations for the incidence of blockage are
currently available.

7. In view of items 5 and 6, the major propagation model of interest should describe the
condition of shadowing of roadside trees where complete blockage does not occur.

8. Simulation of time series of fade data for vario lis conditi

requlremem for analytically aaaressmg fade mitigation techniqu
diversity and error correction schemes.

2
gr
:
:
g
3
3

Q" D L 2 s | Aats

8.7 Recommendations and Follow-On Efforts

Based on the results to date as examined in this text, the following represents a list of
recommendations to fill the present modeling gaps for LMSS scenarios.

1. A comparative assessment of the various statistical models described in this Chapter
is recommended.

2. In the absence of 1, the authors recommend the following:

P
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* Designers interested in cumulative fade distributions should employ empirical
1t L TDO /Q 43 29 il Q1 1T o] Ada st 3oman
models such as ERS (Section 3.3) or the Simplified Lognormal Model (Section 8.4.5)
s 14 4 £

ly from measured data.

* Designers interested in fade durations and fade rates should employ Loo’s model
(Section 8.4.2) which appears to be the most mature.

Empirical models describing cumulative fade distributions should be developed from
data bases associated with the following locations:

* regions where ionospheric scintillations are prevalent such as in the tropics (e.g.,
geostationary satellite communications) or auroral regions for cases in which commu-
nications exist with polar orbiting satellites.

Systematic measurements and modeling of wideband delay spread characteristics should
be executed. '



