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PREDICTION OF TROPOSPHERIC RADIO TRANSMISSION LOSS
OVER IRREGULAR TERRAIN

A COMPUTER METHOD - 1968

by

A. G. Longley and P. L. Rice

This report describes a computer method for predicting "~ng-
term median transmission loss over irregular terrain. The
method is applicable for radio frequencies above 2C MHz and
may be used either with detailed terrain profiles for actual
paths or with profiles that are representative of median terrain
characteristics for a given area. Estimates of variability in
time and with location, and a method for computing service
probability, are included.

KEY WORDS: transmission loss, tropospheric propagation, irregula-
terrain, time availability, service probability

1. INTRODUCTION

This report describes a computer method for predicting long-t rin
median radio transmission loss over irregular terrain., The metl.od is
based on well-established propagation theory and has been tested against
2 large number of propagation measurements. ]t is applicable for radio
frequencies above 20 MHz and may be used either with detailed terrain

profiles for actual paths or with profiles that are representative of

median terrain characteristicas for a given area. Estimates of median
terrain characteristics are based on a large number of terrain profiles
for several types of terrain, includir ; plains, desert, rolling hills, foot-
hills, and rugged mountains.

Given radio frequency, antenna heights, and an estimate of terrain
irregularity, median reference values of attenuation relative to ..e trans-

mission loss in free space are calculated as a function of distance. For
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radio line-of-sight paths, the calculated reference is based on two-ray
theory ard an extrapolated value of diffraction attenuation. For trans-
horizon paths, the reference value is either diffraction attenuation or

forward scatter attenuation, whichever is smaller.

This prediction method was develope: tor use with a digital com-
puter and has been made sufficiently general to provide estimates of
transmission loss expected over a wide range of frequencies, path
lengths, and antenna height combinations, over smooth te highly rugged
terrzin, and Jor both vertical and horizontal polarization. The method
is described in complete detail in annex 3. Shortcuts appropriate for
limited applications are indicated throughout the body of the report.
Familiarity with other propagation models, such as those described by
Rice et al. {(1967) is not essential for using the prediction method des-~
cribed here.

Predictions have been tested azainst data for wide ranges of fre-
quency, antenna height and Jdistance, and for ail types of terrain from
very smnnth ~f ins to extremely rugged mountains. The data base in-~
cludes more than 500 long-term recordings throughout the world in the
frequency range 40 to 10,000 MHz, and several thousand mobile re-
cordings in the United States at frequencies frem 20 to 1000 MHz. The

method is intended for use within the following ranges:

Parameter Range

frequency 20 to 40, 000 MHz
antenna heights 0.5 to 3,000 m
distance 1 to 2,000 km
surface refractivity <50 to 400 N-units

In applying this prediction method to specific paths for which de-
tailed profiles are available, certain limitations on antenna siting are
desirable., For example, the angle of elevation of each horizon ray

above the horizontal should not exceed 122, and the distance from each
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antenna to its horizon should not be less than 1/ 10, or more than three
times, the cerresponding smooth-earth distance,

Section 2 discusses atmospheric and terrain parameters, and sec-
tion 3 explains how transmission loss is calculated. The topics treated
in the annexes are as fcllows:

Annex 1 shows how the computed reference values, Acr , are ad-
justed to provide long~term median estimates, A{0.5), of attenuation
relative to free space for any given set of data. This annex also gives
estimates of the variability in time and with location and shows how to
estimate prediction errors.

Annex 2 shows how various path parameters have been derived
from studies of terrain profiles.

annex 3 gives detailed formulas and procedures required to calcu-
late the median reference attenuation Acr . A computer program listing,
flow diagram, and sample computations are included.

Annexes 1 and 3 each contain a list of symbols used in that annex,

with their definitions.

2. ATMOSPHERIC AND TERRAIN PARAMETERS
2.1 Atmospheric Effects

Radio transmission 1nss in tropospheric propagation depends on
charac.eristics of the atmosphevre anc of terrain. For predicting a long-
term median reference value of transmission loss, the refractive index
gradient near the earth's surface is the most important atmospheric
parameter. This surface gradient largely determines the bending of a
radio ray as it passes through the atmospkrere. Rays may be repre-
sented as straight lines, w~ithin the first kilometer allove the earth's sur-
face, if an "effective earth's radius!, a, is defined as a function of the

refractivity gradient or of the mean surface refractivity, Ns . In




calculating the long-term reference value, the minimum monthly mean
value of Ns is chosen to characterize average atmospheric conditions.
The effective earth's radius, which allows for regional differences

in average atmospheric conditions, is defined as
a =6370 [1 - 0.04665 exp(0,005577 NB)]’l km, (1)

where the actual radius of the earth is taken to be 6370 km.

The minimum monthly mean value of surface refractivity may be ob-
tained from measurements or from maps showing a related parameter,
No . The refractivity, No' represents surface refractivity reduced to
sea level. Figure 1, reproduced from Bean, Horn, and Ozanich (1960)
shows minirﬁum monthly mean values cf No throughout the world. The

corresponding surface refractivity Ns is then

N, = N_exp(- 0.1057 h ), (2)

where ha is the elevation of the earth's surface in kilometers above
mean sea level. The elevation h» is determined at the base of the lower
antenna for line-of-sight paths. For a transhorizon path, Ns is taken
as the average of two values computed by substituting the heights of the
horizon obstacles, hLl and hLZ , in (2). If an antenna is more than
150 m below its horizon, hs and N0 should be determined at the antenna
location. A commonly used value of Ns is 301 with an effective earth's
radius a = 8497 km, which corresponds to 4/ 3 of the actual radius.
Other atmospheric effects, such as changes in the refractive index,
changes in the amount of turbulence or stratification, as well as absorp-
tion by oxygen, water vapor, clouds, and precipitation, are allowed for
by empirical adjustments. Adjustments to the median, allowing for

differences in climate, and estimates of variability relative to the median

are described in annex 1.
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2.2 Description of Terrain

Transmission loss may be calculated for specific paths where de-
tailed profiles are available, but the prediction method is particularly
useful when little is known of the details of terrain for actual paths. To
characterize terrain, profiles may be read at regular intervals in both
N-S and E-W directions, forming a uniform grid over an area. Or an
actual or proposed deployment of propagation paths, representing a wide
variety of terrain conditions, may be combined to provide a single set
of profiles for which an estimate of median propagation conditions is de-
sired. The interdecile range, Ah(d), of terrain heights above and be. " .
a straight line {itted to elevations above sea level, is calculated at fixed
distances. Usually median values of Ah(d) increase with path length to
an asymptotic value, Ah, which is used to choracteriza the terrain.

When terrain profiles are not available, estimates of Ah may be

obtained from table 1.

Table 1. Estimates of Ah.

Type of Terrain Ah in Meters
Water or very smooth plains 0-5
Smooth plains 5 -20
Slightly rolling plains 20 - 40
Rolling plains 40 - 80
Hills 80 - 150
Mountains 150 - 300
Rugged mountains 300 - 700
Extremely rugged mountains >700




Median estimates of Ah(d) at desired distances may be obtained from
the following relationship, which is based on a study of a large number

of proriles:
Ah(d) = sh [J - 0.8 exp(- 0.02 d)] m, (3)

where Ah(d) and Ah are in meters and the distance d is in kilometers.

Studies of terrain are described in annex 2.

2.3 Parameters Required to Compute Transmission Loss

For any specific application, a minimum of four essential param-
etcrs must be supplied in order to calculate reference values of trans-
mission loss. These are the carrier frequency f in megahertz, the
path distance d in kilometers, and the transmitting and receiving an-
tenna heights above ground hgl and hgl in meters. Other path param-
eters used in the computations, such as horizon distances and elevation
angles, may be derived from these values and available terrain infor-
mation as described in the next subsection. When detailed profiles for
‘ndividual paths are available one may compute these additioral path
parameters using the methods outlined in annex 3.

In addition to estimates of surface refractivity Ns and the terrain
parameter Ah, previously discussed, the ground constants applicable to
the intervening terrain should be considered. The conductivity, o, of
the earth's surface and its permittivity or relative dielectric constant, ¢,
enter into the calculations for line-of-sight and diffraction attenuation.
When these constants are not known for a given path or area the following

values may be assumed:




Table 2. Typical Ground Constants

Type of surface “mho/ m ¢
Poor ground 0.001 4
Average ground 0.005 15
Goced ground 0.02 25
Sea water 5 81
Fresh water 0.01 81

At sufficiently low frequencies, the effect of the conductivity ¢ is dom-
inant, while at sufficiently high frequencies, the dielectric constant ¢
has the dominant effect. For oversea transmission, this transition oc-
curs between 300 and 3000 MHz, while over "average" ground, the
transition is between 5 and 50 MHz. For propagation over irregular
terrain, at frequencies above 100 MHz, and with antennas more than
5 m above ground, the effects of the ground constants are slight, and the
results for horizontal and vertical polarization are nearly the same.
Under these conditions the method may be simplified considerably by as-
suming the magnitude of the theoretical reflection coefficient Rh, v 0.95
and the phase shift ¢ =0, For many applications this results in an esti-
mate of the effective reflection coefficient Re = 0.9, and the attenuation
A in(3.¢) may be calculated directly, bypassing the calculations shown
in equations (3. 5) through (3. 15) in annex 3. These approximations are
not applicable for transmission over the sea. For oversea transmission
Rh,v and ¢ may be computed using the equations given in annex 3 or
estimated from figure III. | or figure III.5 of annex III, volume II of the
report by Rice et al. (1967).

The parameters required for computing reference values of trans-
mission loss LCr , or the corresponding attenuation below free space

A . are then: frequency f in megahertz, distance d in kilometers,
c

antenna heights above ground h . and hgz in meters, as well as
) B




estimates of surface refractivity Ns » the terrain irregularity Ah in
meters, the conductivity o mho/ m, and the relative dielectric constant
¢ of the ground.

The next subsection shows how additional path parameters are ob-

tained from these basic parameters.

2.4 Effective Antenna Heights, Horizon Distances, and
Elevation Angles
Additional path parametsrs that must be known or estimated to cal-
culate long-term reference values of transmission loss are the effective

antenna heights h and h , the horizon distances d_ ., and d__, and
el ez L2

1
the horizon elevation angles eel and eez . b rizon di]:ta.nccs and ele-
vation angles are shown in figure 2. When a detailed terrain profil. is
ava‘'able for a given path, these parameters may be computed by the
methods described by Rice et al. (1967) and outlined in annex 3 of this
report. Otherwise, estimates of effective antenna heights and of horizon
distances and angles must be calculated. Such estimates are based on
the terrain factor Ah, on the antenna heights above ground hgx and hgz R
and on the method used for selecting antenna sites.

When antennas are high and the terrain is relatively smooth, the

actual horizon distances d and dL are approximately equal to the

Ll 2
smooth-earth horizon distances dle and d . Whern antennas are low

Lsa
and randomly located witn respect to hills or other obstructions, as with
many tactical communication nets, the actual horizon distances will vary
greatly and their median values may be less than the corresponding
smooth-earth values. When sites are chosen to take advantage of hill-
tops, with propagation across valleys, as for radio relays, the horizon

distances and effective antenna heights may be greatly increased. Con-

sequently the following estimates are used:




GEOMETRY OF A TRANSHORIZON RADIO PATH

Figure 2
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a) For net-type communications, with random antenna siting, the
effective antenna heights hex and hez are assumed to be equal to the

structural heights above ground:

h =

h m. (4a)
el1,2 g1,2

b) For radio relay links, with antennas located on or near hilltops,
the effective heights are larger than the structural heights by an amourt
whose median value depends on the struc’.ral heights and the terrain ir-

regularity Ah:

= Y -2 »
hex.z hgx,z + k exp( hgx,z/Ah) m (4b)

Studies of terrain have shown that the maximum difference to be ex-
pecicd between median values of struc ral and effective height is 50 m,
in which case k would be equal to 50. But in most sitvations such a
difference would be unrealistic, especially with low antennas and limited
freedom in site selection. Over moderately hilly to mountainous terrain,
with structural antenna heights less than or equal to 10 m, the following
estimates of k may be used:

When antenna sites are rather carefully selected in an area of

limited extent,

_ : : < <
k“{1+4sm(vhgl’1/10) if 0 hgl.l 5, (4c)

5 otherwise.

When antenna cites are still more carefully selected,

_— if < <
k {l+9sin(whghz/10) if 0 hgl.l 5, (4d)

10 otherwise .

-11-




For each application the question of a suitable allowance for eficc-
tive antenna height should be carefully considered. The improved prop-
agation conditions that can be obtained by careful site selection may be
highly significant. Further study of definitions of effective antenna
height appears to be the most urgent requirement for improving these
predictions for low antenna heights over irregular terrain. Different
definitions of h L2 may be found appropriate for line-of-sight and dif-
fraction formulas,

When individual path profiles are not available, median values of
the horizon distances dLl and dLZ are estimated as functions of the
median effective antenna heights hex and hez determined above, the
terrain irregularity factor Ah, and the smooth-earth horizon distances
d and d . The distance from each antenna to its horizon over a

Ls1 Ls2
smooth earth is defined as

———

= J0.00Za ho o, km, (5a)

dLsx,r.

where the effective antenna heights hel , are in meters and the effec-
’

tive earth's radius a is in kilometers, as defined by {(1). The sum of
the smooth-earth horizon distances is

d. =d, +d km . (5b)

Median values of horizon distances over irregular terrain are estimated

as

dLl,Z’. = dle,z exp(- 0.07 ‘}Ah/ hc) km, (5¢)

where

-12-




h =,/h for h = 5 m,
e {elpl €l,2

5 otherwise,

The :otal distance, dL' between the antennas and their horizons is

dL=dLl+dL2 km . (5d)

For paths whose antennas are within radio line of sight of each
other, estimates of transmission loss depend on the particular effective
antenna heights that define the dominant reflecting plane between the an-
tennas. Even for known line-of-sight paths an estimate of the sum of

the horizon distances, d. =z d, is required to compute a reference value

L
of attenuation relative to free space Acr' or of transmission loss Lc ,
r
as described in annex 3, subject to the restriction
d =d. =d,. (5e)

If this condition is not met,a non-line-of-sight path is implied, the esti-

mates of he are too low, and both should be multiplied by the
1,2

smallest factor that will satisfy (5e).

2
the angles by which the horizon rays are elevated, or depressed, rela-

The horizon elevation angles ()el and 9e » show. . figure 2, are

tive to the horizontal at each antenna. When detailed profiles for indi-

vidual paths are not available, median values of Oe may be esti-
1,2
mated as
). 000 Lz, .
0 =C\)0 2 1.3 —d-——l——-z—-l Ah - 4h radians . {6a)
el,2 Ls1,2 L1, 2 e1,2

-13-




0

The sum of the elevation angles is

0 =6 +89 or -d,/a radians, (6b)
e el ez L

whichever is larger algebraically, In (6) all distances are in kilometers
and heights are in meters.

For transhorizon paths the path length d is equal to or greater
than the sum of the horizon distances d_ . The angular distance for a

L
transhorizon path is always positive and is defined as

8= Ge + d/a radians, (7

where d is the path length and a is the effective earth's radius, both in
kilometers.

These additional path parameters, hu, .’ dLl, 2 eel 2 ,and 6,are
used in computing reference values of attenuation relative to free space
Acr, or transmission loss LCr . When only the basic parameters are
supplied, estimates of these additional parameters are calculated using
equations (4) through (7). When detailed profiles are available for de-
sired paths,these additional parameters are obtained as described by

Rice et al. {1967) and outlined in annex 3.

3. TRANSMISSICN LOSS CALCULATIONS

This section describes how the various parameters discussed in
section 2 are used to compute transmission loss. Median reference
values Acr of attenuation below free space are computed {irst. The
reference values Lcr of transmission loss are then the sum of the free
space basic transmission loss, Lbf,and the reference attenuation relative
to fre. space, Acr

L =L +A dB.
cr bf cr (8)

-14-




The free-space basic transmission loss is

L = 32.45+20log,, f+20log  d dB, (9)

where the radio frequency f is in megahertz, and the distance d is in
kilometers.

The reference attenuation Acr is computed using methods based on
different propagation mechanisms for three distance ranges. Well
within radio line of sight, tne formulas of two-ray optics are used to
compu‘e attenuation relative to free space. Just beyond line of sight,
diffraction is the dominant mechanism. The prediction method computes
a weighted average, Ad. of estimates of diffraction attenuation over a
double knife edge, and over irregular terrain. At greater distances,
well beyond the radio horizon, the dominant propagation mechanism is
usually forward scatter. The prediction method for this distance range
is a modification of the scatter computations described by Rice et al.
(1967). The reference attenuation Acr for transhorizon paths is either
the difiraction attenuation Ad or the scatter attenuation As , wWhichever
is smaller. The distance at which diffraction and scatter losses are
equal is defined as dx'

To provide a continuous curve of the computed reference attenuation

A as a function of distance the following methods are used.
cr

3.1 To Compute A r Within Radio Line of Sight
C

When transmitting and receiving antennas are within radio line of
sight, the two-ray optics formulas described in annex 3 are used to ccin-

pute attenuations Ao and A, at speciried distances do and d, that are

1 1
well within the horizon. The distance do is chosen to approximate the

greatest distance at wh* ', the attenuation below free space is zero. The
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distance d1 is greater than do but well within th~ range for which two-

ray optics formulas are valid. The methods described in the next sub-

section are used to compute the diffraction atten.ation A at the

Ls
smooth earth horizon distance dLs . These three values of attenuation,
Ao' A1 , and ALs , computed at the distances do' d1 , and dLs , res-

pectively, are used to determine the slopes k, and kz of a smooth

1

curve of ACr versus distance for the range 1 £d = dLs

A =A +k
Q

o (d-d.)+k, log, (d/d ) dB. (10)

1

Note that the smooth-earth horizon distance dLs may be greater than
the actual horizon distance d_ .

Equation (10) may be simplified by defining a term Ae:

A =A_ -k d -k, log d dB. (11)

Then for all distances greater than one and less than dLs , reference at

tenuation is defined as

A = A +k
e

. 2
or d+kzlog10d dB (12)

1
Detailed methods for computing k1 and k, are given in annex 3.

Whenever the value of Acr computed from (12) is less than zero, it is

assumed that Acr = 0. This prediction method does not attempt to des-

cribe the lobery within line of sight over irregular terrain.

3.2 To Compute Diffraction Attenuation Ad

The diffraction attenuation is computed by combining estimates of
knife -edge diffraction, based on Fresnel-Kirchhoff theory, with a modi-

fication of the method for computing diffraction over smooth terrain

16-




developed by Vogler (1964). Vogisr's method estimates the diffraction
attenuation, Ar , over the bulge of the earth in the far diffraction region,
and 1s applicable for smooth terrain. Knife-edge diffraction theory is
used to estimate attenuation over an isolated hill or ridge. In this ap-
plication the knife-edge attenuation, Ak, is computed as though the radio
path crossed two sharp, isolated ridges. In general, for irregular ter-
rain, the diffraction attenuation, A ,, is computed as a weighted average

d

of the two estimates Ar and Ak:

Ay=(l-w)A +wA_ dB, (13)

where the weighting factor, w, is determined empirically as a function

of radio frequency and terrain parameters and is defined in annex 3,
The diffraction attenuation Ad is calculated at distances d3 and

d4 in the far diffraction region using the formulas given in annex 3. A

straight line through these poiats (A3, d,%) and (A4, d4) is then defined

by the intercept, Aed’ and slope, md, as follows:
md:(A‘i-A3)/(d4 -d3) dB/ km, (14)
and
A =A +A - m,d dB, (15)

where A. 1s a clutter factor defined in annex 3.

-17-




The reierence attenuation Acr at any distance d greater than
the smooth earth horizon distance dLs and less than the distance d
X

where diffraction and scatter attenuation are equal is

Acr=Ad=Aed+mdd dB, for d Sdﬁdx. (16)
3.3 To Compute Forward Scatter Attenuation As

When the path length d or the angular distance 6 is large, the
forward scatter attenuation As may be less than the diffraction atten-
uation Ad. Therefore, when the product of the distance in kilometers
and the angular distance in radians exceeds 0.5 (6d >0.5), forward
scatter attenuation As is computed for comparison with Ad.

For large values of 8d, the scatter attenuation As is assumed to
have a linear deperdence on distance; therefore, A_ is computed at two
large distances d_. and d, . A straight line through the points (AS' d5)

5 6

and (A6, d ) is then defiued by the intercept Aes and the slope m_ as

6

follows:

A =A -m d dB, (17a)

and

m = (A

. 6-A5)/(d6-d5) dB. (17b)

The reference attenuation A at any distance d greater than the
cr i
distance d where diffraction and scatter attenuations are equal is
b

given by

A =Z=A =A +m d dB, for d=z=d . (18)
cr 3 es 8 x

-18-




The detailed equations 'nd techniques required to compute the ref-
erence attenuation Acr as a function of distance are given ir. annex 3.

Figures 3 through 8 show computed and measured values ~f attenua-
tion below free space plotted as a function of distance. The data were
obtained in a measurement program described by John.on et al. (1967).
Measurements were made a1 reque cies of 20, 50, and 1U0 MHz in
three areas. Figures 3 and 4 show data from northeastern Ohio, with
corresponding predicted values. Figuie 3 shows medians of data re-
corded at distances of 10, 20, 30, s~d 50 km from the transmitter,
using both vertical and horizontal polarization at 100 MHz, and with re-
ceiver heights of ~ 6, and 9 m. The nurnber of measurements at
c¢ach distance is tabulated, and corresponding medians of point-to-point
predictions based on individual profiles for each of the measurement
paths ¢ e shown. The iines represent computed reference values Acr s
based on frequency, antenna heights, and the asymptotic value of terrain
:rregularity Ah. Figure 4 shows data and predicted values at frequen-
cies ¢f 20 and 50 MHz .

Figures 5 and 6 show measured and predicted vaiues of attenuation
below free space for an area in the plains near Boulder, Colorado.
Measurements were made at distances of 5 to 80 km from the trans-
mitter, Mediane of data and the number of measurements made at each
distance are shown, with corresnonding point-to-point predicticns. The
lines repres< at computed reference values Acr , based on the asymptotic
value of te  rain irregularity Ah.

Figur-s 7 and 8 show measurcd and predicted values of attenuation
below free space in the Colorado mountains west of Boulder. The com-
puted value ' of Acr represented by lines assume Ah = 650 m. Actually
the shorter paths extend only into the foothills. For the 5km paths the
median value uf Ah{d) is 100 m. The triangles on tigures 7 and 8 show

values computed using these estimates of Ah.

-19.
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ANNEX 1

VARIABILITY IN TIME AND WITH LOCATION, FPREDICTION
ERROR, AND SERVICE PROBABILITY

This annex deals with definitions of satisfactory service for any
radio communication system, the variability of service with time and
location,and ways of allowing for random errors of prediction. A speci-
fied grade of service, g, from a wanted signal in the presence of un-
wanted signals, and rapid or fine-grained variations of these signal
levels with time or receiving location, is assumed to depend only upon
whether a required wanted-to-unwanted signal ratio Rr(gr) is exceeded,
If increasing values of available grades rep:: sent better grades of ser-
vice, Rr(g) must increase with g. For any reasonable selection of a
receiving system, the probability of power-independent distortion is as-
sumed negligible, or at least minimized,

Let R(q_r) represent the available wanted-to-unwanted sie¢nal ex-
ceeded for a frac*ion 4y of a specified period of time. With Rr and 9p
fixed, satisfactory service exists if R(qT) > Rr . Data normalized to

correspond with the given conditions can be used to predict R{q,_). The

T
service probability, Q, is defined as the expected fraction of normalized
data for which R(qT) > Rr

To avoid accepting an unsatisfactory system, a high service prot 1-
bility is required, while there should be a low service probability for
any system that is rejected, other things being equal. Service proba-
bility can also be used as a weighting factor in cost-benefit studies or
in studying complex netting and multiple access problems. For some
applications, such as broadcasting or relay networks with many receivers
and/ or transmitters, it may be worthwhile to describe variations from
locaticn to location statistically instead of examining every possible

propagation link. Then the quantity R(q,r 1) is defined as the

’ qL'
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wanted-to-unwanted signal ratio exceeded for at least a fraction 91 of a
specified period of time, for a fraction q, of all receiving antenna loca-
tions or propagation paths in a statistically homogeneous area or group,
and with a probability Q.

Interference probability is the complement, P %1 - Q, of the ser-
vice probability. Harmful interference may be said to exist at the an-
tenna terminals of a particular receiving system if the service proba-
bility is less than 0.95, i.e., the interference probability is greater
than 0.05.

The first section of this annex discusses the time variability of propa-

gation attenuation, the next section describes variability with location,

and the last section deals with the statistics of R,

1-1. Variability in Time
1-1.1 Adjustment Function V(0.5, dc)

Adjustments to the calculated long-term reference value Acr of at-
tenuation relative to free space may be required to provide long-term
median estimates of A(0.5) for given sets of data, Adjustments des-
cribed here provide estimates of A(0.5) for specific periods of tirie and
for various climatic regions. Climatic regions are distinguished on the
basis of meteorological data as described by the CCIR (1966) and by
Rice et al. (1967).

The calculated long-term reference value Acr represents the me-
dian attenuation to be expected, asyuming minimum monthly mean values
of surface refractivity N‘ (see sec. 2.1). Therefore, differences
are to be expected between the reference value Acr and the long-term
median A(0.5) that represents all hours of the year. In the northern
temperate zone, for example, minimum monthly mean values of Ns

occur during the winter months,

1-2




The all-year median attenuation A(0.5) difters from the computed

value Acr by an amount V(0.5) dB:
A(0.5) = A__ - V(0.5) dB. (1. 1)

This difference V(0.5) between the all-year median attenuation and Acr
ie shown in figure 1.1 for several climatic regions as a function of an
effective distance, de » expressed in kilometers.

The effective distance de depends on the distance at which diffrac-
tion and forward scatter losses are approximately equal over a smooth
earth, and on dLo , which is the sum of the smooth-earth horizon dis-
tances for an effective earth's radius a = 9000 km. Define 6“ as the

angular distance where diffraction and scatter losses are approximately

equal over a smooth earth of effective radius a = 9000 km. Then,

d81 =a 981 = 65(100/f)q§ km, and (1. 2a)
= 2 2 ) .
d (Y2 h, + v h ) km (1.2b)
where f{ is the frequency in megahertz and h are the effective an-

’

tenna heights in meters, defined in section 2.4 (4). The effective dis-

tance de is then defined as follows;

<
Ford-(dLo+d“) km, d

1]

130 d/(d 44 ) km (1. 3a)

n

> 3 - Al
For d (dLo+c1“) km, d 130 +d (dLo+dn) km .(1. 3b)

e
In each climatic region the calculated reference value should be ad-
justed by the amount V(0.5, de) to obtain the predicted all-year median
value of attenuation.
The curves shown in figure 1.1 represent V(0.5, de) for all hours
of the day throughout the entire year. For some applications it is im-

portant to know something about the diurnal and seasonal changes that
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may be expected. Such changes have been studied in the continental
United States where a large amount of data, recorded for periods of at
least a year, ig available, The variation of long-term median levels
with season usually shows maximum attenuation in midwinter, especially
on winter afternoons, and minimum attenuation during the summer
months, particularly during the morning hours.

The data were divided into summer and winter periods, May through
October, and November through April, and the hours of the day were di-

vided int. four groups providing the following eight time blocks:

1 Nov - Apr 0600 - 1300
2 Nov - Apr 1300 - 1800
3 Nov - Apr 1800 - 2400
4 May - Oct 0600 - 1300
5 May - Oct 1300 - 1800
b May - Oct 1800 - 2400
7 May - Oct 0000 - 0600
8 Nov - Apr 0000 - 0520

The data for time blocks 1, 2, 3, and 8 were combined to form a
winter all-hours group and the data for time blocke 4, 5, 6, and 7 were
combined to form a summer all-hours group. The adjustment factor
V((.5) for each of these periods cof time is shown in figure 1.2 for the
United States, which is typical of a continental temperate climate.

For other climatic regions an indication of the seasonal variation to
be expected may be obtained {from the annual range of monthly mean N.
shown in figure 1.3. Much of the data in the United States was recorded
where the annual range of monthly mean N' ia 40 to 50 N-units. In re-

gions where the annual range is less than 20 N-unite, seasonal variations

1-5
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are expected to be negligible. One would also expect less diurnal change,
for example, in a maritime temperate climate where changes in temper-
ature during the day are less extreme. In climates where the surface
refractivity Ns changes considerably throughout the year, the consecu-
tive 4-to 6-month period when the monthly mean value of Ns is lowest

is assumed to correspond to ''winter", whatever months are involved.

1-1.2 Long-Term Variability About the Median

Long-term variability, identified with the variability of hourly me-
dian values of attenuation, usually results from slow changes in average
atmospheric refraction, in the dey-ee of atmospheric stratification. or
in the intensity of atmospheric turbulence. Estimates of long-ter:. var-
iability to be expected are important to insure adequate service and to
avoid possible interference between services operating on the same or
adjacent frequencies.

Estimates of variability in time about the long-term median attenua-
tion are based on measurements. Hourly median values of transmission
loss recorded for a long period of time over a single path may show wide
variations, especially in areas where marked seasonal changes occur in
the surface refractivity Ns and in the refractive index gradient.

Figure 1.4 shows the variability expected at 100 MHz in a contin-
ental temperate climate for all hours of the year, for the summer hours,
and for the winter hours. The curves show the interdecile range of at-
tenuation as a function of the effective distance de . They were drawn
through medians of a large amount of data recorded in the {frequency
range 88 to 108 MHz. The curve YO(O. 1) is the difference between the
median attenuation A(0.5) and the attenuation A(0.1) not exceeied 10
percent of the time. Similarly, the curve Y0(0.9) represents the dif-
ference between the median attenuation and the attenuation A(0.9) not

exceeded 90 percent of the time:




Y _(0.1) = A(0.5) - A©0.1) = L, (0.5) - L, (0.1) dB (i.4a
Y (0.9) = A(0.5) - A(0.9) = L,(0.5) - L, (0.9) dB (1. 4b)

The variability in time of attenuation over a given path also depends
on frequency-related effects. The frequency factors g(0.1, f) and

g(C.9, f) shown in figure 1.5 adjust the predicted variability for 100 MHz,

shown in figure 1.4 for use at other frequencies:
Y(0.1) = Yo(O.l) g(0.1, £) dB (1.5a)
Y(0.9) = Y°(0.9)g(0.9, f) dB. (1.5b)

The empirical curves g(q, f) should not be regarded as an estirnate of
the dependence of long-term variability on frequency; they represent
only an average of many effects, some of which are frequency-sensitive.
The apparent frequency dependence is a function of the relative domin-
ance of various propagation mechanisms, which in turn depends on cli-
mate, time of day, season and the particular types of terrain profiles
for which data are available. An allowance for year-to-year variability
is included in g(q, f).

The estimates of Acr ., V(0.5), Y(0.1) and Y(0.9) may be used to

predict an entire cumulative distribution of attenuation relative to free

space using the following ratios:

Y(0.0001) = 3.33 Y(0.1) Y(C.9999) = 2.90 Y(0.9)
Y(0.001) = 2.73 Y(0.1]) Y{0.999) =2.41 Y(0.9)
Y(0.01) =2.00 Y(0.1) ¥(0.99) =1.82 Y(0.9)

1-9
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Figure 1.6 shows such a predicted distribution compared with values
measured over a path for more than 2 years. The tigure shows the bi-
variate distribution that is typical of a continental temperate climate.

The precedirg discussion and figures 1.2, 1.4,and 1.5 are for a con-
tinental temperate climate and are based largely on data from measure-
ments made in the United States and in West Germany. Data from olher

geographical regions were used to develop curves for other climates,
notably data from the British Isles and the west coastal areas of Europe
that characterize the maritime temperate overland and maritime tem-
perate oversea curves. The curves presented by Rice et al.(1967) for

other climatic regions are based on relatively few measurements.

1-1.3 Computer Method for Estimating Long-Term Variability

Long-term variability about the median attenuation may be estimated
in terms of a standard deviation, UTa , -nd a standard normal deviate,
zo(q). The symbol q, represen‘ing any fraction between 0 and 1, and
the standard normal deviate zo(q) may be expressed in terms of the er-

ror function, erf x, and its inverse, erf = x.
=0.5+0.5erf 2 1.6
q er (zo/\/ ) (1.6a)
-1 v
zo(q) = V?. erf = (2q-1). (1.6b)

Then the long-term variability about the median exceeded at least a frac-

tion dr of the time may be expressed as

Y(qp) = -0, z(qa, ) dB, (1.7)

where qT is any desired traction of time and Y(qT) is the difference
between the median attenuation A({0.5) and the attenuation not exceeded

a fraction q_ of ti.e time,
I
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For a continental temperate climate,Y (0. 1) is not equal to Y (0. 9).
The cumulative distribution may be considered as consisting of two parts,

represented by standard deviations o,. (0.1) and cha(O. 9), where

Ta

Y(0.1) = I.ZSZUTa(O.l), and (1.8a)
Y(0.9)=-1.2820'Ta(0.9). (1.8hb)
Define x = de/IOO.
Ford = 200:
e
2 2
vTa(0.1)=8x g(0.1,f) exp(-0.36x"). (1.9a)
Ford > 200:
e
7,01 =gl0. 1,0 [4.2+16.5 exp(-0.77x)]. (1.9b)
Ford = 250:
e
2 2
aTa(O.‘)) =4.6x g(0.9,f) exp(-0.26x ). (1.10a)
For d > 250:
e
vTa(0.9)=g(0.9.f)[Z.3+lSexp(-O.éx)]. (1.10b)
For 60=< £ s 1600 MHz:
g(0.1,1) =0.21 sin [5.22 logm(f/lOO)] +1, 28, (1.11a)
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g(0.9, £f) = 0,18 sin [5.22 loglo (f/ZOO)] + 1,23, (1.11b)

For f > 1600:
g(0.1, f) = g(0.9, f) = 1,05, (1.11c)

Equations (1.1la-c) represent approximations to the empirical estimates

of g(0.1) and g(0.9) plotted in figure 1.5 for all year,

1-2, Variability with Location

There is a path-to-path variation in the available wanted signal
power that may be referred to as location variability, Such random
variations from location to location for any given 9, may be assumed
to be normally distributed with a standard deviation 1 a dB. Then
A(qL) is the attenuation below free space not exceeded for at least a
fraction Q of all randomly chosen paths for which other parameters,
such as frequency, antenna heights, and path length, are fixed, A value
q; * 0.5 would represznt median conditions, while q; < 0.1 would
mean that the antennas are assumed to be located at sites selected to be
among the best 10 percent of all possible locations within a given area,
For low antennas, over irregular terrain, the best estimate from pre-

sently available data indicates & value of ¢, =10 dB, as shown in

La
annex 2. The location variability Y(qL) for any fraction q; may be ex-
pressed in terms of the standard deviation Ol a and a standard normel

deviate zo(qL),
EY = .
YL ‘I(QL) s zo(qL) dB, (1.12a)
where

zo(qL) = JZ-erf-l (qu_ -1). {1.12b)




1-3, Prediction Error and Service Probability

A comnmunication link is assumed to provide satisfactory service of
a given grade 8. if the available signal-to-r'xoise ratio R exceeds the
required protection ratio Rr(gr) for at least a fraction 9 of the time
and a fraction q of all similar links. The noise-limited service re-

quiremaent may be written as

R(ap, q;, Q) =R_+Y_+Y +Y_ dB, (1.13a)

where Ro is the merdian available signal-to-noise ratio and the symbols
YT, YL' and YC represent blases or safety factors required to achieve
protection for at least the desired fraction qr o1 the time, the desired
fraction qp of locations, and with a probability Q. These biases are
considered in the order given, allowing first for time availability qp»
then for location variability qp with qy fixed, and finally for service
pArobability Q, with both ar and qp fixed. That is, we may write

(1.13a) as

R(qT. qp» Q) = Ro + YT(q.I.) + YL(qT. qL) + &c(qT' Qs Q) dB. (1.13b)

In this discussion we consider interference due to noise at the term-
inals of the receiving antenna, including both internal system noise and
externally generated unwanted signals whose effect can be represented
by an egquivalent nolse power whenever the probability of power-
independent distortion is negligible. Further discussion of interference
from unwanted signals may be found in annex V of the report by Rice
et al, (1967).

The blases YT’ YL'
be normally distributed in time and with location, with errors of pre-

and YC expressed in declbels are assumed to

diction also normally distributed. The biases may then be expressed in




terms of a standard normal deviate z (q), and the variance of the avail-

o
able signal-to-noise ratio in time, v%, with location, ¢ 2 » and with pre-

L
diction error, Ui . The variance U% is defined in terms of variances in
. 2 ] .
time " Ta and U?fn associated with the available wanted signal power Wa

and the noise power Wn, respectively, and of pT, the coefficient of cor-

relation between them:

2 2 2 2
= o + -
O'T OT O'T ZpT U’T ch dB , (1.14a)

where O is defined by (1.9) and (1.10).
Similarly the path-to-path variance O'i of the available signal-to-

noise ratio may be expressed as:

2 2 2 2
oL—JLa+ULn-2pL ULa ULn dB, {1.14b)

where A and O1p 3Te the location-to-location standard deviations of
the available wanted signal power Wa and the noise power Wu, respec-
tively, and pL is the normalized coefficient of correlation between
them., For service limited by a background of man-made noise, a study
of available data indicates that UTnx 4 dB and T 4 dB, while 0T
10 dB» as previously stated. The correlation coefficients P and PL
are usually assumed to be positive because when the received signal is
hich as a result of gocd propagation conditions the noise level is likely
to be high also.

The estimated standard error of prediction ", may be defined in
terms of the variance Uia associated with the received power exceeded
at least a fraction qr of the time at a fraction 9L of the locations, the
variance e associated with the corresponding noise power, and the

correlation p between them, with additional allowances for time and
C

location variability:
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2 _ 2 2 2 2 2 2 2
o0 + ®n " ZpC °a crcn+ 0.12 o zo(qT) + 4 zo(qL) + T dBb -,
(1.15)
where ¢ _ =5 {1 +0.6 expl(- de/IOO)] dB. (1.16)

The estimated prediction error ¢_ includes an allowance q. for errors
in predicting the required signal-to-noise ratio Ry (g_). The coefficients
0.12 and 4 in (1.15) and 5 and 0.6 in (1.16) represent the best empirical

estimates presently available.

Estimates cf Ucn > 4 dB, Ux > 5 dB are probably adequate, and the
standard deviation Gca is computed using (1.16) as a function of the ef-
fective distance de , defined by (1.3). Little information is available
regarding the correlaticn P between prediction errors for wanted
signals and noise. The cuvrelation is expected to be positive and less
than unity,

The safety factors or biases shown in (1.13) may be allowed for
separately in the order given. The bias YT' assuming qr = 0.99, is
the difference between an available signal-to-noise ratio R(0. 99, qL) dB
exceeded at least 99 percent of the time at any location and the median-

time value R(O0.5, qL) . Then the bias Y , assuming qr = 0.99 and

L
= 0.1, is the difference between the ratio R(0.99, 0.1) exceeded at

q

L
least 99 percent of the time at 10 percent of the locations and the median-
time, mediandocation value R(0.5, 0. 5):

Yop=- UT(PT) z (q.) dB, (1.17a)

Y =-0(p)z (a) dB, (1.17b)

where Pr is the time correlation and PL is the path-..-path correla-
tion between wanted signals and noise.

The bias or safety margin,
ch -Uc(pc) ZO(Q) dB, (1.17¢)
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required to achieve a given signal-to-noise ratio with a service
probability Q depends in turn on the correlation Pe assumed between
prediction errors for wanted signals and noise in (1. 15).

The available wanted signal power is

W =W + - .
a ¢ Gp Lb dBW, (1.18)

wher Wt is the total radiated power in dBW, Gp is the path antenna

gain in dB, and L  is the basic transmission loss in dB. The path an-

b
tenna gain may be expressed as

G =G _+ - .
b bl G2 Lgp dB, (1.19)

where Cv1 and G2 are the free space antenna gains in decibels relative
to an isotropic radiator. Tne loss in path antenna gain, I_g , may be
p

approximated as follows:

For G, +G_ =< 50 dB L < 1 dB, (1.20a)
1 2 EP

For SOSGI+GZS 100 dB

L >~ 0,07 exp(0.055(G + G dB. 1.20b
- exp[ (G, 2)] ( )

In most situations we assume that free-space gains are realized. Where
the loss in gain may be appreciable,other methods for estimating Gp are
described in the report by Rice et al. {1967). The approximation in
{1.20b) tends to give substantially larger values of Lgp for large G1 +

G, than the methods reported by Rice et al. Experience with actual

-

communication links at 4500 MHz using 10 m parabolic reflectors sug-
gests that (1.20b) may provide more realistic estimates of link perform-
ance, However, more theoretical and experimental studies are needed

to resolve this problem.
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The available signal to noise ratio R is

R=W -W dB, (1.21)
a n

where Wu is the total equivalent r-f noise power {in dBW, It is often con-
venient to express Wal and Wn as power spectral densities, in dB(W/kHZ),
rather than expressing the total power in the r-tf passband of the receiver
in dBW.

The powers, or power spectral densities, Wa and Wn and the basic
transmission loss Lb are assumed to be normally distributed in time
and from path to path. The median values of Wa, Wn, and Lb may
be denoted as Wo' W , and L. . Then the median available signal-

no bo
to-noise ratio Ro is

R =W - W =W +G -1 - W dB, (1.22)
o o no t p bo no

and the signal-to-noise ratio R may be expressed in terms of its median

value R and the biases Y_, Y.  and Y :
0 T L C

=R +Y_+Y, + B 23
R RO T \L YC dB, (1.23)

where

The grade of service at any receiving location is satisfactory if the
available wanted signal-to-noise ratio R exceeds the ratio Rr required
for satisfactory service in the prescnce of fine-grained time and space
variations of signals and noise, thatis, if R - Rr >0, where

- = + Y+
R - R Ro \T

-R -9 2z (Q) dB. 1.24)
r r c o

Y
L
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Substituting (1.22) in (1.24) and defining

S =W +G -R - W +Y +Y dB, (1,25)
r no T

= t p L

we can write

R ‘erso-Lbo“Uc zo(Q). (1.26)

The service probability Q is calculated bv setting R - Rr equal to

zero and solving for Q in terms of the error function:

oL 2z, Q) = So - Lbo dB, (l.27a)

Q=0.5+0.5erf[(s_- L, )/(o_f2]]. (1.27b)

Or, for a given value of Q, such as Qo = 0,95, (1.27a) may be

solved for the value of So required to achieve this service probability,
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1-4 List of Symbols and Abbreviations

In the following list the English alphabet precedes the Greek alpha-

bet and lower case letters precede upper case letters. In general,

upper case letters are used for quantities expressed in decibels.

cr

~—

A(qI

an effective earth's radius that allows for average refraction
of radio rays near the surface of the earth, (1.2a).

a predicted reference value of attenuation below free space,
expressed in decibels, (1.1).

attenuation below free space not exceeded for at least a frac-
tion 9 of all randomly chosen paths for which other param-
eters,such as frequency, antenna heights, and path length,

are fixed.

A(0.5) long-term median value of attenuation below free space for

a specified period of time, climatic region, etc. (1.1).

A(0.1), A(0.9) attenuation below free space not exceeded for 10

dB

dI_o

S1

erf x

erf

percent and 90 percent of the time, respectively, (1.4).

great circle distance in kilometers

abbreviation for decibel.

an effective distance in kilometers, defined by (1. 3).

the sum of the smooth~earth horizon distances for an effec-

tive earth's radius a = 9000 km, {1.2).

the distance between horizons for which diffraction and for -
ward scatter losses are approximately equal over a smooth
earth, {1.2a).

i x _02
the error function of x, {}.6), deflned as H(x) -ﬁ fe de,
0

x the inverse error function oi x, (1.6),
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f radio wave frequency, expressed in megahertz, (1.2).

g(q, f) frequency factors used to adjust the predicted variability in
time at 100 MHz for use at other frequencies, (1.5) and
figure 1.4.

g(0.1,f), g(0.9,f) frequency factors used to adjust YO(O. 1) and
YO(O. 9), respectively, (1.5) and figure 1.4,

G path antenna gain in decibels above the unit gain of an iso-

F tropic radiator, {1.19).

Gl' GZ free-space antenna gains, in decibels relative to an iso-
tropic radiator, of the transmitting and receiving antennas,
respectively, (1.19).

hex’ hez effective heights in meters of the transmitting and re-
ceiving antennas,respectively, (1.2b).

Lb basic transmission loss in decibels, (1.18).

Lbo' I_b(O. 5) long-term median value of basic transmission loss
in decibels, (1.4) and (1.22).

Lb(O. 1), Lb(O. 9) basic transmission loss not exceeded for frac-
tions 0.1 and 0.9 of hourly medians, (l.4).
loss in path antenna gain, (1.19) and (1. 20).

atmospheric refractivity at the surface of the earth,

q ’ a symbol that represents any fraction between 0 and 1, (1, 6),

q, any desired fraction of all randomly chosen paths for which
such parameters as frequency, antenna heights, and path
length are fixed, (1,12).

qr any desired fraction of ime, (1.7).

Q a symbol that represents service probability, (1.17) and

(1.27).




R the available signal-to-noise ratio expressed in decibels,
(1.21).

Rr the signal-to-noise ratio required to provide satisfactory ser-
vice in the presence of fine-grained time and space variations
of signals and noise, (1,24).

R0 median value of the available signal-to-noise ratio expressed
in decibels, (1.22).

R(qT, q; . Q) the sign2l-to-noise ratio available for at least a de-
sired fraction 9 of the time at a desired fraction 9 of
locations, with a piobability Q, (1.13).

R(0.5, qL) the median time value of the available signal-to-noise
ratio at any location.

R(v.99, qL) the available signal-to-noise ratio exceeded at least
99 percent of the time at any location.

R(0.99,0.1) the available signal-to-noise ratio exceeded at least
99 percent of the time at 10 percent of the locations.

So a term defined by (1.25),

V(C.5) the difference in dccibels between a computed reference
value Acr and the median attenuation A(0.5) expected for a
speciiied climate, season, time of day, or desired group of
paths, (1.1).

V(Q.5, de) the adjustment {actor V({.5) as a function of the effec-
tive distance de' figure 1.1,

Wa radio frequency signal power or power spectral density that
would be available from an equivalent loss-free receiving
antenna, (1.18).

W the total equivalent r-{ nolse power or power spectral density

at the terminals of a loss-free receiving antenna, including
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3

no

x ® =

-

Y1

both internal system noise referred to these terminals and
externally generated unwanted signals whose effect can be
represented by an equivalent noise power, (1.21),

the total power radiated from a transmitting antenna in a
given band of radio frequencies, (1.18).

the median value of Wn, {1.22).

the median value of Wa. (1.22).

a parameter defined as x = de/IOO used in (1.9) and (1. 10).
an allowance in decibels for prediction error, (1.13) and
(1.17).

an allowance in decibels for random variations in transmis-
sion loss from location to location, (1.13) and (1.17).

an allowance in decibels for long-term variability in time,

{1.13) and (1.17).

Y(qL) the location variability for any fraction 9 of all randomly

chosen paths for which other parameters,such as frequency,

path length and antenna heights,are Tixed, (1. 1l2a).

Y(q,r) the variability in time about the long-term median exceeded

at least a fraction ar of the time, (1.7).

Y(0.1), ¥{(0.01) the difference between the long-term median at-

Y(0.9), Y{0.99) tenuation and that not exceeded for fractions 0.1,

0.01, 0.9, and 0.99 of the time, respectively, (1.5) and fol-

lowing discussion.

YO(O. 1), \'0(0.9) values of Y(0.1) and Y(0.9), respectively, ex-

pected at 100 MHz in a continental temperate climate,

plotted versus an effective distance d , figure 1.4 and (1.4).
e
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2 a stand:-d normal deviate, (1.6).

zo(q) a standard normal deviate where the symbol q represents
any fraction between zero and unity, (1. 6).

zo(qL) a standard normal deviate where the symbol 9 represents
any desired fraction of all randomly chosen paths for which
such parameters as frequency, distance,and antenna heights
are fixed, (1.12) and (1.17).

Zo(q'l‘) a standard normal deviate where the symbol qr represents
any desired fraction of time, (1.7) and (1.17).

zO(Q) a standard normal deviate where the symbol Q represents

the desired service probability, (1.17).

651 the angular distance at which scatter and diffraction trans-
mission losses are approximately equal over a smooth earth
¢ effective radius a = 9000 km, (1.2).

p the cross-correlation coefficient between the variations of
the received signal power exceeded at least a fraction Ut
of the time at a fraction 9. of locations and variations of

the corresponding noise power, (1.15).

the coefficient of correlation between the location-to-location

PL
variations of the available wanted signal power and the noise
power, (l.14b).

P the coefficient of correlation in time between the available
wanted signal power and the noise power, (1.14a).

7 estimated prediction error, defined by (1. 15).

N 2’ T the standard deviations of the received wanted signal
c c

power and noise power, respectively, exceeded at least a
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fraction 97 of the time at a fraction g, of the locations,
(1.15); o _ is defined by (i.16), ¢ = 4 dB,
ca cn
ac(pc)a value of 7 computed using a specified value of P (1.17¢).

o,,0. the standard deviation and variance, respectively, from

L' L

location to location of the available signal-to-noise ratio,
(1.14b).

ULa’ can the location-to-locatior standard deviations of the avail-

able wanted signal power and noise power respectively,

{1.14b); available data indicate ¢, =~ 10 dB and o >
La Ln
4 dB.

o ) the location-to-location standard deviation of the available

LPL
signal-to-noise ratio assuming a specified value of P
(1.17b),

Ui_ the standard deviation and variance, respectively, of the
available wanted signal-to-noise ratio in time, (1. 14a).

O % Tn the standard deviation in time of the available wanted

signal power and noise power, respectively, (1. 14a); ra
is computed using (1.9) and (1.10); available data indicate

UTn ~ 4 dB .

UTa(O. 1), c',ra(O. 9) standa-d deviations representing the bi-normal

time distribution of attenuaticn relative to free space, illus-

trated in figure 1.6, (1.5),and (1.10).

o-_r(p,r) the stancarc deviation in time of the available signal-to-
noise ratio assuming a specified vaiue of P> (1.17a).

o a term used in estimating prediction error that allows for

X

errors in predicting the required signal-to-noise ratio o =
N

5dB, (1.195).




ANNEX 2

STUDIES OF TERRAIN PROFILES

2-1 Introduction

Radio transmission loss over irregular terrain, for the frequencies
and distances considered in this report, depends mainly on the profile
characteristics of a great circle path between transmitting and receiving
antennas. Some allowance is made for vegetation and man-made clutter,
while large buildings and dense vegetation are treated in the same way
as features of the terrain itself.

For point-to-point transmission loss calculations for a given ter-
rain profile and antenna locations, the parameters of interest, in order
of their usual importance, are the sum of horizon ray elevation angles
Be ,» the effective antenna heights he) e the path distance d, the in-
terdecile range of terrain elevations Ah(d), the horizon distances
dLl. X and the effective dielectric constant ¢, and conductivity o,
for a terrain or sea surface. The definition, use, and importance of
these parameters are explained in the body of the report.

To obtain calculated reference values of propagation attenuation for
specified sets of terrain profiles and antenna locations, or to obtain es-
timates of variability from location to location with several or all of the
above parameters fixed, within limits, and to estimate prediction er-
rors, statistical descriptions of these parameters are needed, especially
estimates of median values for commonly occurring situations. Ter-
rain statistics were developed for selected areas by reading a large

number of terrain profiles. Each profile is rep-esented by dis-

crete elevations at uniform distances of half a kilometer, The areas




selected for terrain study include one in the tree-covered rolling hills
of northeastern Ohio, and one in the plains and foothills of Colorado,
where an exhaustive transmission loss measurement program was car-
ried out (Miles and Barsis, 1966). About 100 paths, each 60 km in
length, were selected at random throughout the continental United States
to provide an estimate of '"average' terrain statistics, Two limited re-
glons, one entirely in the mountains crossiny the Continental Divide and
the other entirely in the plains, were chosen for an intensive study of
correlation along and between profiles,

Within each region selected for intensive study, 36 profiles, 60 km
in length, were read in each of six directions separated in azimuth by
309, providing a total of 216 profiles that form a rather closely spaced
"grid'" over a 100 km square area, The 101 "random' paths throughout
the continental United States were so chosen that they would not ap-
proach or cross each other, The separation between adjacent paths
ranges from 60 to 320 km with a median separation of about 200 km.
These '"'random' paths lie chiefly in four directions, N-S, E-W, NE-SW,
and NW.SE, None are located in Colorado which is well represented by
the '"plains' and ""mountains' grids and the area over which radio propa-
gaticrn measurements were made,

In the measurement program antenna sites were located randomly
on or near roads without regard to the proximlity of natural or man-made
obstacles. To correspond with these measurements the path profiles
were also selected arbitrarily, without regard to the location of hills or
other obstacles. Each of the 60 km profiles in the mountains, plains,
and random U, S, samples was considered in lengths of 5, 10, 20, 33, 40,

50, and 69 km, starting from one end of each profile, to study the effect




of path length on various terrain parameters. A further statistical ter-
rain study, assuming antenna sites placed advantageously on hilltops,
should be carried out to show the improvement in radio transmission to

be expected by increasing the effective height of one or both antennas,

2-2 The Terrain Parameter Ah

The path profiles described above were used to obtain estimates of
several terrain parameters for paths of a given length. Of these the
interdecile range Ah(d) of terrain heights, above and below a straight
line {itted by least squares to elevations above sea level, was calculated
at fixed distances. Ueually the median values of Ah(d), for a specified
group of profiles, increase with path length to an asymptotic value, Ah.
As explained in detail in the body of the report, this parameter Ah is
used to characterize nondeterministic aspects of terrain irregularity.

Figures 2.1 and 2.2 show cumulative distributions of Ah(d) for the
random U.S. mountain,and plains paths, Each distribution represents
101 profiles for random terrain and 216 profiles each for mountain and
plains terrain, These distributions show a consistent increase in the
median value of A h(d) with increasing path length. As one would expect,

the variance of A& h(d) for the randomly chosen paths is much greater

than that for the more homogeneous terrain included in the plains and

mountain areas.

Distributions of 4h{d) for the area in Colorado where radio meas-
urements were made are shown in figure 2.3. These paths are locat:d
in an area that includes plains, footl.ills, and mountains, but were con-
sidered in only two groups. For these much smaller groups of profiles,
the same trends are observed, the median value of Ah(d) increasing con-

sistently with increasing path length. This trend was not observed in the
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distrioution of Ah(d) for northeastern Ohio, 2s shown in figure 2. 4a,
where for path lengths from 20 to 50 km no consistent ase in Ah(d)
is shown. These data include a group of profiles that form radials from
the location of the ""central transmitter", and a smaller group of pro-
files that radiate from each of 5 peripheral transmitter locations. When
the profiles from each of the peripheral transmitter locations are
grouped together, the usual trend is observed,with the median Ah(d) in-
creasing ccnaistently with path length, as shown in figure 2.4b. For the
groups of paths from the location of the central iransmitter the median
Ah(d) is higher at all distances but particularly for the 10-and 29-km pro-
files. This indic.tes that the terrain is more rugged in the vicinity of
the central transmitter than in the remainder of the area.

Median values of Ah(d) are plotted versus distance in figures 2.5,
2.6, and 2.7 for random, plains, and mountain paths. For each median
Ah(d), an estimate of the asymptotic value &h was calculated using (3)

of the main body of this report:

ah(d) = Ah{l - 0.8 exp(- 0.02 d)] m, (3

where Ah(d) and Ah are in meters and the distance d is in kilometers.
Choosing appropriate values of Ah from these calculations, the smooth
curves on the figures were plotted. Fiyure 2.5 shows for the 10l ran-
domly chosen paths how the medians of data at each distance compare
with a curve computed assuming the asymptotic value, Ah = 90 m. In
the plains and mountain areas 36 profiles, 60 km in length, were read in
each of 6 directions. To determine whether the terrain changes in a
predictable way from one direction to another the paths in each divec-

tion were considered separately. In figures 2,6 and 2.7 each symbol
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represents the median value of Ah(d) for 36 paths in a specified direc-
tion. Figure 2,6 shows that paths in an east-west directicn consistently
show a larger interdecile range of terrain heights than those in a north-
south direction. Data from the E-W paths suggest an asymptotic value
Ah = 80 m, while those from the N-S paths suggest Ah = 50 m. The
median value for paths in all six directions is Ah = 62 m. In the figure
smooth curves calculated from (3) for Ah = 50, 62 and 80 m are com-
pared with medians from profiles in each direction. The daia for the
mountair ; ofiles do not show as consistent a directional trend, but in
this case the east-west paths show the smallest values and the east-
northeast paths tend to yield the largest values of Ah(d) as shown on
figure 2, 7. The data for the most part fall between the limits Ah = 800 m
and &h = 1000 m, "nd the terrain is represented by the asymptotic value
Ah = 900 m.

Figure 2.8 shows median values of Ah(d) tor the few Colorado
mountain paths over which measurements were made, and a curve of
Ah{d) for Ah = 650 m. The value Ah = 650 m was assumed in calculat-
ing transmission loss to be expected over these paths. For the shorter
paths this value is too large,as indicated in the figure. For the paths in
Ohio and those in the Colorado plains, the value Ah = 90 m was as-
sumed in calculating expected transmission losses. Figure 2.9 shows
the corresponding smooth curve of &h(d) versus d compared with
median values of Ah(d) from pat* profiles. The symbol x, represen.ing
median values of Ah(d) for Colorado plains paths,shows good agreement
with the curve especially at the greater distances where most of the radio
data were recorded. The square sym»ol represents median values of

Ah({d) for all Ohio paths at each distance, the circle represents values
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for the central transmitter, and the triangle those for the peripheral
transmitters at each distance. Although the terrain in this Ohio area is
obviously not homogeneous, the value Ah = 9C m was chosen as being
“resentative of the terrain,
"he following values of Ah were chosen as representative of the

terr«in in each of the areas for which terrain statistics were obtained;

Area Ah in m
U.S. random 90
Plains grid 62
Mountain grid 900
Colorado plains (meas. paths) 90
Colorado mountains (meas. paths) 650
NE Ohio (meas. paths) 90

These figures provided most of the basis for the values of Ah listed

in table 1 of the main body of the report.

2-3 The Horizon Distance, d

1
When a detailed terrain profile is available for a given path, the
ris i c d d their sumn : i i-
horizon distances dLl and d, , and their sum dL may be obtained di

rectly ifrom the profile information and an estimate of the effective
carth's radius. When individual path profiles are not available, median
values of dLl and dLZ are estimated as functions of the median effec-
tive antenna heights, the terrain irregularity factor Ah, and the corres-

poading distances to the horizon over a smooth earth.




The estimates dLl and dL

main body of the report,

5 computed using equation (5¢c) of the

dLl, 5 = dLsx, , exp(- 0.07 VAh/he) km, {5¢c)
approach the smooth-earth values dle and dLsz as the terrain factor

Ah approaches zero or as the antenna heights become very large. To
determine the constant in (5¢), horizon distances were obtained for the
sets of U, S, random, plains, and mountains profiles with pairs of an-

tenna heights above ground, hgl and hgz , chosen as follows:

h h h h h h
g1 g2 gl g2 g! g2
1 1 3 3 10 10
1 10 3 10 30 30

3 30

For paths of lengths 30, 40, 50, and 60 km, the hori.on distances d
d

L’

L2’ and the sum of the horizon distances d, were obtained from each

profile. Figures 2.10, 2.11, and 2,12 show cumulative distributions of

d and dL . As shown in table 2,1, thesc horizon distances are

LY dL?.
independent of path length, provided that the path length chosen is greater
than dL' r'igure 2,10 shows cumulative distributions of dLl' dL.’_' and

dL for 101 random paths with hg = hg = 1m., Flgures .11 and 2,12
1 :

show similar distributions for 216 paths in the plains and in the rugged

mountains with h . = hg = ]0 m. Note that the median value of dL is
]

always greater than the sum of the medians of dl 1 an! dL

.
2
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Table 2.1

Median Values of Horizon Distances

10, 10 m

3, 10

dLZ

dLl

dL2

clLl

dLZ

dLl

dLl dLZ

km

Random

18.5

9.0

15.5

5.8

13.5

6.0

10.5

30
40
50
60

20.0

5

6.0

6.5

12.0

21.0
19.

10. 5

18.0

6.0

6.5

10.5
12.

5.5

10.5

17.0

15.0

5

1.

5.0

Plains

2-20

21.

9.0

591

5.0

11.0

30
40
50
60

21.0

9.0

22.0

0
9.0

19.0

0

0
0

16.0

21.2

19.0

16.8

6.0

12.

Mountains

(T3]

3.0

0

3.0

30
40

11.0

3.0

11.0

3.0

10.

[ag]

10.

3.0
3.

10.0

3.0
3.

9.0
9.

11.5

3.0

3.0

60




The constant in (5¢) was estimated by computing the smooth earth

distances d and d that correspond to these median values of
Ls: Ls2
dLl and dLZ and rewriting (5¢) as
dLl,Z = dle,z exp(- kl,zdamhe) (2. 1a)
k =log (d /d )(Ahlhe)‘”2 (2. 1b)
1,2 ge Lsi,z" L1,2 ) :

-

The median of all computed values was k = 0,07

Table 2.2 shows calculated values of d and d for four an-
Lsy Ll

tenna heights for the random, plains, and mountains paths, Table 2,3

shows a) median values of d, f{rom profiles and b) corresponding cal-

L
culated values for seven antenna helght combinations,

The values show rather good agreement in all areas for low to
medium antenna heights, with a decided tendency to overestimate dL
when both antennas are as much as 30 m above ground, especially in
the nm ~untains, These comparisons are all made assuming effective ai.-

tenna heights equal to structural heights,

Z-4. The Elevation Angle Oc

For each of the large number of terrain profiles available, the ele-
vation angles Bel and Bez were computed using (3. 1) of annex 3,and for
each proiile the sum of these angles Be was also computed. Figures
2.13, 2. 14, and 2. 15 show cumulative distributions of ee1 , eez , and
Ge given in milliradians. These are plotted on logarithmic probability
paper, but it should be kept in mind that a small percentage orf these
angles are negative, espec:ally in the group of plains paths. As pre-

viously observed for the horizon distances d d ., and dL,thcsc

L1’ L2

[
)
(&™)

—




Ly e e
iable 0.4

Calculated values of 4. and 4, |
Ls; i
P e e T T R e - S e 4
h i 3 10 30 m.
el
Random Paths, Ah = 90 m, Ns = 310, a = 8640 km.
d 4,16 7.20 13.15 22.717
Lsy
5
dLl 3.1 . b 10.7 20.2
Plains Paths, Ah = 62 1, Ns =290, a=8330 km.
d 4.08 7.07 12.91 22.36
Lsi
. . 0.
dLl 3.2 5.5 10.8 20.2
Mountain Paths, Ah =900 m, Ns =250, a= 7350 km.
d 3.96 6.86 12,53 21.70
Lsi
dLl 1.6 2.7 6.4 14.8

* - -
dLl = dle exp(- 0.073Ah/he)
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Table 2,3

The Sum of the Horizon Distances dL

=

==
hel 2 1,1 3,3 1,10 3,10 10,10 3, 30 30,30 m

Random Paths

a) 11.2 13.5 15.2 17.5 1.7 24.2 35.2

b) 6.2 11.2 13.8 16. 3 21.4 25.8 40. 4
Plains Paths

a) 12.5 15.2 17.2 18.7 21. 4 25.5 35. 4

b) 6.4 11.0 14.0 16.3 21.6 25.17 40. 4
Mountain Paths

a) 9.. 9.2 10.2 10.2 10.7 11.2 13.5

b) 3.2 5.4 8.0 9.1 12.8 17.5 29.6

a) Median value from profiles

b) Calculated using (5e)
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elevation angles are independent of path length, provided that the path
length chosen is greater than the sum of the horizon distances.

Figure 2.13 shows cumulative distributions Gel ’ eez , and G)e for
101 random paths with h = 1 m, and figures 2,14 and 2,15 show

14

similar distributions for 216 paths in the plains and in the mountains,
with hgl, , = 10 m., As with the horizon distances, the median value of
Oe is always greater thaa the sum of the median values of Gel and eez .
Table 2,4 shows median values of eel . eez and ee for several antenna
height comuinations.

Estimates of the elevation angles were made usin, he expression

(ba) given in the main body of this report,

d

,00 L

8 2 20000 g stz ) g radlans . (6a)

e1,:2 d d, el, 2
Lsi,: 1],2

Table 2.5 shows median values of eel , eez , and Oe calculated using
this expression and actual values of dLl and dLl as read from the pro-
files. Since no consirstent distance dependence is observed, median
values of ee for each antenn= height combination are compared with the
calculated values, For the random and plains paths, the median esti-
mates of ee are approximately equal to the median values given in
Table 2.4, For the mountain paths the estimated values of 0e are al-
most twice as larjec as those obtained directly from profiles.
Considering the situation where predictions are based solely on es-

timates of terraln characteristics, without actual profiles for individuzal

paths, values of eel ’ Oez , and ee were calculated using equation (6a)
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Elevation Angle In Millradons
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Median Values of the Elevation Angles

Table 2. 4

2-28

0 , 08 , and 68 in Milliradians
el e e
h 1,1 3,3 m
gl,2
d 8 2] B ) 0 5]
km el ez e el €2 e
Random
30 2.95 10.72 19.73 2.59 9,33 17.63
40 3.84 12. 64 25.10 2.85 11.00 21. 38
50 3.98 13.11 2.952 3.2 12.78 19. 34
60 3.96 15.36 30. 38 3.30 13.7 29.73
Plains
30 3.91 7. 30 13.51 2.62 6.2 11. 7¢
40 3.67 8.58 15.24 2.68 8.06 13.04
5) 3.51 10. 46 15. 50 2.59 9.18 13. 68
60 3.69 11.07 15.94 2. 71 10.17 14.19
Mountains
30 108. 4 124.8 268.1 106.1 122. 6 263.1
40 105.0 81.8 212.2 04,4 81.3 207.3
50 99.5 75.7 206.5 99.1 73.9 203. 4
00 100.0 85.0 227.9 97.1 84. 4 225.9




Ta%le 2,4 (continued)

e W R =

h 3,10

gl,2

d

kr GEl eez ee

Rand.m
30 2.68 6.92 15,04
4u 3.42 7.54 20.04
50 3.2 10. 53 16. 44
60 3.40 11.26 25,22

Plains
30 2.70 4.40 9.86
40 2.70 6.25 10. 90
50 2.59 7.78 1:..8
00 2.1 8.%52 12. 2.

{ountains
30 106.1 117.1 255.95
40 104. 4 77.° 201.7
50 99,1 68.3 199.3
60 97.35 79.0 229.1

10

10, m
2] e 3]

el ez e
1.59 7.26 13.22
1.67 7.70 1G.72
1.83 10.86 14.79
1,33 11.26 23.16
1,37 4 44 3.47
1.47 6.26 9,75
1.58 7.78 g 80
1.28 8.62 10. 62

100.9 117.? 249.0

10..2 77.1 197. 9

94.9 68.3 16421

93,2 79.0 215. 4




Median Values of the Elevation Angles Calculated

Table 2.5

Using (6a), With dLl' dLZ

8 » 906, 8
€

from Profiles

in milliradians

el ez
= -- - - -- --.- . -~ . e e R
h 1,1 3,3 m
gl,2
d 3] e 0 S 5] 3]
km el ez e el ez e
Random
30 0.11 8.88 24.17 0.81 7.78 25.46
40 0 14.73 33.71 0.06 10. 56 25.63
50 0 4,98 33,36 0.06 5.69 23.179
60 -2.17 8.88 30.01 0.06 7.78 26. 54
Plains
30 1.15 0 11.51 1.51 1.51 10. 10
40 1.15 -0.14 20.09 0.78 i.51 8.18
50 1.15 0 17. 65 0.17 0.78 9.93
60 1.15 -1.11 14.28 0.17 0 9.65
Mountains
30 46.8 241.8 678.6 108.9 303.9 754.0
40 46.8 85.8 359.6 106.9 147.9 479. 6
50 46.8 85.8 418. ¢ 108.9 147.9 510.2
60 46.8 144.3 581.1 108.9 206. 4 705.2

30




Table 2,5 (continued)

_ - - A
h 3, 10 10, 10 m
Bl,2
d 5] e 0 5] 0 0
km el €2 e el e2 e
Random
30 1.26 1.36 15,20 0.54 1.36 17.99
40 C. 44 3.04 23.36 0.20 3.04 20. 68
50 0.06 3.79 15.85 0 3.79 14. 55
60 0.06 4.68 15. 59 0 4,66 14. 74
Plains
30 1.96 0 5.96 0.37 0 4.47
40 0.78 0 4,99 0.07 0 2.68
50 0.17 -0.19 4.77 -0.19 -0.19 3.12
60 0.17 0.07 5.72 -0.19 0.07 2.03
Mountains
30 108.9 244.2 651.1 118.8 244.2 618. 4
40 106. 9 146. 7 504.7 118.8 146. 7 526.8
50 108.9 146. 7 495, 6 118.8 146.7 520.9
60 108.9 146.7 580. 6 118.8 146.7 544. 1




with values of dLl and dLZ calculated as functions of Ah (5c¢). As one
would expect, these estimates of Ge do not correspond closely to me-
dian values from individual profiles.

Table 2.6 shows the comparison between (a) median values of Be
obtained directly from terrain profiles, (b) those e.timated using actual
horizon distances in {6a), and (c) values calculated using (6a) and esti-

mates of d and dL computed using (5¢). For the random and plains

Ll

>

Table 2.6

Elevation Angles Ge in Milliradians
e e e e e e e —— e — ]

h 1,1 3,3 3,10 10, 10
Random

a) 23.8 20.5 2 17.2

b) 31.7 25.6 5.7 16. 4

c) 8.7 3.9 1.5 -1.0
Plains

a) 5.4 13. 4 10.9 9.8

b) 16.0 9.8 5.4 2.9

<) 4.5 1.5 -0.2 -1.9
Mountains

a) 220.0 218.6 210.9 200. 6

b) 497, 8 607.7 542.6 535. 4

c) 459.2 264.0 174. 4 84. 8

a) median values of 8 from profiles
e

b) median values of 0, calculated using (ba) and values of

dLl' dLl from profiles

¢) values of 6, calculated using (6a) with values of d

calculated using (5.) L1,

s

.30




paths, method (c) uuderestimates ee for all antenna height combinations
tested, but for the mountain paths it provides a better estimate than
method (b), which overestimates the elevation ar - by a wide margin,
ylelding values more than twice as large as the median values from ter-
rain profiles. Since the elevation angle ee is probably the single most
important terrain parameter for predicting transmission loss, this wide

range in estimates int:oduces considerable prediction error.

2-5 Terrain Parameters for Colorado Plains,

Mountains,and Northeastern Ohio

Profiles of the paths in the foothills and plains of Colorado and in
northeastern Ohio were used to obtain horizon distances and elevation
angles, These are compared with values calculated as previously des-
cribed in sections 2-3 and 2-4 for the U, S, random, plains, and moun-
tain paths.

These paths represent much smaller samples than those previously
discussed, so one would expect the terrain statistics to be less consist-
ent, Table 2.7 shows median values of the horizon distances dLl' sz,
and dL for the antenna height combirations used in the measuvrement
program, at distances of 20, 30, 50 and 80 km. The total number of
paths, N, in each group is also tabulated. The horizon distances do not
apvear to be independent of path length as they were for the U. S. random,
plains, and mountain paths., This may be attributed in part to the small
san.ple size, and in Colorado to the fact that all paths radiate from a
singie transmitter located in the plains, resulting ir. median values of

dLl much greater than those of dL’ » even with comparable antenna
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Table 2.7
The Horizon Distances, Colorado Plains, Mountains,and Ohio

Mecdian Values frocm Profiles

h 4 h 0.6 1.7 3 6 9 m
gl g2
k

Ydm N 9L 42 dp, dp dp, dp 4y, 4 4y, d km
Colorado Plains, Ah =90 m, Ns =290, a=8327 km
20 14 11,2 2.0 2.7 .1 4.7 19.2 7.2 19.4 7.2 19.4
30 33 2.6 2.0 b 2.0 21.6 2.0 21.6 2.0 20.4 4.4 23.4
50 43 14.4 5.0 6.0 2G6.0 5.0 29.6 9.2 32.3 18.0 33.7
80 52 21.0 4.5 28.5 10.83 33.3 16.5 35.8
Colorado Mountains, Ah = 650 m, NS =290, 3 =8327 km
20 10 7.6 1.2 .5 1.2 10.9 1.2 10.9 2.0 10.6 2.0 10.9
30 14 9.8 1.5 .5 1.5 11.5 1.5 11.5 1.5 11.5 1.5 11.5
50 16 10.2 2.8 0 2.8 15.0 2.8 15.0 4.3 15.3 4.3 15.3
NE QOhio, dh =90 m, 3:2, a =8676 km
20 42 5.0 2.2 14.1 2.8 12.3 3.0 12.6 5.0 15.0
3¢ ol 7.0 2.5 18.0 2.8 18.0 5.5 23,2 6.0 23.:
50 92 8.6 3.8 22.3 4.4 23.1 5.3 25.3 7.9 26.3
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heights, The median value of dL is not always much greater than the

sum of the medians of dLl and dLZ especially with the higher receiver

heights., The paths in Ohio radiate from six different antenne locations

and show median values of dL much greater than the sum of the medians

d
of 44 and dLZ'

The smooth-earth distances d and d were calculated for
Ls: Ls2
d

each antenna height and used in (5¢c) to calculate values of d, 1" 912

and dL:

dpy p=dg,,,, expl(-0.07 \/Ah/he) . (5¢)

Table 2,8 shows these calculated values compared with median values

from the profiles, The calculated values of dL are consistently less

than the median values from terrain profiles, especially in the Colorado

plains. The calculated values of d however, correspond quite weil

Lz’

with those from the profiles. This better agreement with dLZ is to be

expected as the receivers are much more randomly located than the
transmitters. The calculated values of dLl and dLZ’ using {5c¢),never
exceed the corresponding smooth-earth values, but for the Colorado

plains paths the median d. 1s always much greater than the corres-

L
ponding value of d. . This results from the fact that the transmitter

L
is located in a bowl :r depressioa with rising ground in all directions so
the horizon {8 much farther away than it would be due to the normal fall-
off of the earth,
For eacn of the terrain profiles in the Colorado plains and foothills
and in northeastern Ohio, the elevation angles eex , eez , and their sum

e, were computed using (3.1) from annex 3 of this .eport, Table 2.9

shows median values at each distance for the antenna heights used in the




Table 2.8
The Horizon Distances, Colorado Plains, Mountains, and Ohio

Median and Calculated Values

=4m, . .
hgl m thO 6 1.7 3 6 9

dI. 1 dLZ dL dLZ dL dLZ dL dLZ dL dLZ d

Colorado Plains, Ah =90 m, Ns =290, a =8327 km

a) 13.8 3.5 257 4.0 3 4.0 28.5 5.6 32.3 11.2 33.
b) 6.1 2.4 8.5 4.0 5.2 11.3 7.6 13.7 9.8 15.
c) 8.2 3.2 11.4 5.3 1 7.1 15.2 10.0 18.2 12.2 20.

Colorado Mountains, Ah = 650 m, Ns =290, a=8327T km

a) 9.8 1.5 11.5%5 1.5 11.% 1.5 11.5 2.0 11.5 2.0 1l.
b) 3.7 1.4 5.1 2.4 6.1 3.2 6.9 50 8.7 6.8 10.
c) 8.2 3.2 11.4 5.3 13.5 7.1 15.2 10.0 18.2 12.2 20.
NE Ohio, Ah = 90 m, N3 = 312, a =8676 km
a) 7.0 2.5 18.0 2.8 18, 5.3 23.2 .C 23,
b) 6.2 3.2 9.4 5.4 11.6 7.8 14.0 10.0 16
c) 8.3 4.2 12.5 71 15.5 10.2 18.5 12.5 2

a) Median values from profiles

b) Calculated values using (5c¢)

~ . d d

¢) Smooth earth values, dle,z an Ls

O~

W\
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Table 2.9
The Elevation Angles, Colorado Plains, Mountains and Ohio

Median Values in Milliradians

k- T R A T
h 4 h 0.6 1.7 3 6 9 m

gl g2
dkrn eel 6ez ee eez ee eezz ee eez ee eez ee

Colorado Plains, Ah= 90 m, NS =290, a=8327T km

20 1.3 5.5 10.4 6.5 10.3 6.1 10.1 5.1 9.3 4.3 8.2
30 0.5 16.8 16.9 14.5 14.6 11.9 12.1 8.8 7.4 7.1 6.9
50 0.9 2.5 5.7 2.0 56 1.8 50 1.0 4.6 0.4 3.4
8o -2.1 1.9 0.8 1.3 -0.9 0.4 -1.4

Colorado Mountains, Ah = 650 m, Ns =290, a=8327 ki

20 25.4 77.4 99.8 76.6 98.6 75.7 97.3 73.7 94.2 71.5 91.2
30 33.7112.9135.2111.2134.3109.2133.3104.7129.4100.1124.9
50 47.2105.4 15~ + 104.2 158.6 102.8 158.5 99.8 158.3 98.6158.0
NE Ohio, Ah = 90 m, Ny = 312, a= 8676 km

20 3.5 6.0 11.2 56 11.4 4.8 11.0 4.0 9.9
30 1.0 6.1 10.6 4.8 .6 3.6 9. 3.0 6.6
50 0.3 5.3 7.6 4.3 7.3 3.1 6.6 2.8 6.0
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me.surements. These values show no consistent dependence on distance,
and ee decreases only slightly with increasing height of the receiving
antenna. Table 2,10 shows values of eel , eez , and ee calculated using

(6a), compared with median values of ee for each antenna height.

- d
_0.0005 '1'3( Ls1 ) Ah - 4 hﬂ] radians, (va)

6
els2 dLsx L 9
2-6 Location Variability
The path-to-path variation in available wanted signal power is dis-
cussed in annex 1. Such random variations from location to location
are assumed to be normally distributed with a standard deviation o_ dB.

La
An estimate of ¢ is required to calculate the service p hability Q.

La

Analysis of path-to-path variability of radio transmission loss for a
given frequency and terrain variance assumes statistical homogeneity of
the terrain. It has been noted that the plains and mountain areas show a
predictable change in the variance of terrain from one direction to
another, and that in the area studied in NE Ohio the greatest terrain ir-
regularity occurs in the vicinity of the central transmitter.

Transmission loss data from the measurement program reported by
Miles and Barsis (1966) were used to obtain an estimate of oy The
interdecile range, AL, of values of transmission loss recorded for each
frequency, polarization, antenna height combination,and distance was
tabulated for the Colorado plains and mountain areas, and the area
studied in NE Chio. These interdecile ranges, given in table 2,11,
show no consistent dependence on antenna height combinations or on path
length, but do increase quite consisteatly with frequency and terrain ir-
regularity. The interdecile ranges of transmission loss AL were

plotted versus the parameter Ah(d)/A and a smooth curve was drawn

through overlapping median values, The analytic expression,




D

Table 2. 10

The Elevation Angles, Colorado Plains, Mountains,and Ohio

Median and Calculated Values in Milliradians

N ..o ]
h 4 h 0.6 1.7 3 6 9 m
g! g2
8 e 0 ¢] 0 3] 0 9 0 0 e
el ez e ez e ez € ez e e2 e
Colorado Plains
a) 0.9 5.5 10.4 6.5 10.3 6.1 10.1 5,1 7. 4.3 6.9
b) 1.5 5.7 7.2 3.0 4.5 2.2 3.7 0.6 2.1 -0.3 1.2
Colorado Mountains
a) 33.7105.4 135,2 104.2 134.3 102.8 133.399.8129.4 98.6 124.9
b)Y 61.7169.4 231.1 95.7 157.4 71.7 133.441.0102.7 26.0 87.7
NE Ohio
a) 1.0 6.0 10.6 4.8 9.6 3.6 9.0 3.0 6.6
b) 1.4 3.5 4.9 1.9 3.3 0.6 2.0 -0.3 1.1

z) Median values from proii'~s

b) Calculated using (6a), with d calculated using (5e)

11,2
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Table 2.11

Interdecile Ranges of Transmission Loss AL in dB

ez pepe—_
Frequency 100 MHz 50 MHz 20 MHz
Polarization Vertical Horizontal Vertical Vertical
hg1 = 4, hg2 = 3 6 9 3 6 9 0.6 1.7 1.3 m
Colorado Plains
d =10 km. 24.5 21.9 20.9 23.2 25.5 24.7 23.4 22.1 9.4

20 21,2 21.8 26 6 21.8 25.9 26.1 2.6 16.0 9.0

30 32.3 31.3 29.8 31.0 33.3 34.5 17.5 15.8 19.6

50 17.4 22.0 22.0 20.0 20.6 22.5 16.3 17.5 8.6

30 17.0 21.8 21.0 19.7 18.4 17.8
Colorado Mountains
d =10 km, 25.4 31.6 27.0 39.1 67.3 20.0 36.0 38.3

20 26.3 28.3 9.2 40.6 46.9 43.4 27.2 27.3 29.6

30 30.5 26.1 27.3 A35.1 36.1 22.3 24.2 21.6

50 19.6 26.6 28.3 18.8 12.7 16.7
NE Ohio
d =10 km. 34.6 26.7 27.3 22.5 27.3 27.5 21.2 20.1 13.9

20 25.6 23.4 23.5 24.8 24.6 4.2 16.3 19.4 15.3

30 33.5 27.5 22.0 26.6 21.1 20.3 16.6 23.1 6.7




_ -1
0L " [0.1+0.22r/an(8)]"" dB, (2.2)

was then fitted to these values, where o =0.59 AL, This function in-

creases rapidly to about 9 dB for Ah(d)?:= 20 and then slowly in-
creases further to a maximum value of 10 dB.

The presently available data indicate larger values of Tla with hori-
zontal than with vertical polarization at 100 MHz in the mountains, but
no significant polarization effect is observed in the Colorado plains or in
Ohio, Further studies of location variability should be made, especially

at higher frequency ranges and with higher antennas. The estimate of

I

a a glven by (2.2) depends entirely on the examination of data at 20, 50,
and 120 MHz in Colorado and Ohio.
2-7 The Terrain Roughness Factor crh
The terrain roughness factor, ian (3.5) annex 3, for line-of-sight
calculations represents the rms deviation of terrain and terrain clutter
within the limits of the first Fresnel zo .e in the dominant reflecting

plane. For this report the factor o is defined by (3, 6) as

h

1/4
]/

oh(d) = 0,78 ah(d) exp{-- 0.5 [Ah(d) } m, for Ah(d) >4 m,{3., 6a)

oh(d) =0.39 Ah{(d) m, for A&h(d) =4 m, (3.6b)

These analytic expressions were developed from a study of about 70
line-of-sight radio paths where detailed terrain profiles were avallable,
For each of these paths the interdecile range of terra!n heights Ah(d)
was calculated,and 7, was computed using the formulas given in section

5, volume 1, and annex III, volume 2, of the report by Rice et al, (1967).
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These formulas define the points at which the first Fr snel ellipse cuts
the great circle plane, The factor 7, was then calculated as the rms
deviation of modified terrain elevations relative to a amooth curve within

these limits

The computed valiue of ¢, was plotted versus the corresponding
value of Ah(d) for each path, Equation (3, 6) deflnes a smooth curve

fitted to these computed values,
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ANNEX 3
EQUATIONS AND METHODS FOR COMPUTING THE

REFERENCE ATTENUATION Acr

The minimum input parameters required to compute the reference
attenuation relative to free space are the rudio frequency f in megahertz,
the path distance d in kilometers, and antenna heights above ground hgl
and hgz in meters. Estimmates of rurface refractivity Ns , terrain ir-
regularity Ah, and the ground censtants ¢ and ¢ may be selected as
described in section 2, when measured values are not availab.e,

When detailed proiiles of individual paths are not avaiiablz, equa-
tions (3) through (6), section 2, are used to estimate median values of
the additional parameters hex 2 dLl, 2 and Ge1 e

When detailed profile information is available for a specific path,
the actual horizon distances dLl anc dLZ , horizon elevation angles
8“ and Gez , ard effective antenna heights hex and hez abtove the dom-
inant reflecting piar . are used in computing Acr . The location of a

novizon obstacle may be determined by testing all possible horizon ele-

vations and selecting the one for which the horizon elevatio» angi. 6

¢}
or 8 is a maximum:
e2
0.001 (h -h ) d
1 1 .
8 = dL L S 71; radians (3. la)
e L1 -
0.001 - d
00 (hLZ hsz) L2 .
0 = 3 >y radians , (3. 1b)
e2 L2
where hs are the antenna heights above sea level in meters, a is the
effective earth's radius in kilometers, hLl , are the heights in meters
above sea level of the horizon obstacles, and dLl , are the great circle
distances in kilometers from each antenna to its horizon. The prcdic-
tion method is limited to values of Oel . £ 0.2 radians. For larger
’
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elevation angles the assumption of an effective earth's radius a, based
on the surface refractivity Ns , is not applicable.

An alternative procedure is first to compute a least-squares fit of
a straight line to terrain eleve‘ions above sea level. The heights hsx,z
and hLl, 2 are then defined relative to this curve fit, rather than rela-
tive to sea level. This amounts to replacing sea level by an arc of
radius "a" that is a least-squares fit to the great circle path terrain
profile.

For line->f-sight paths, the eff=ctive antenna heights hel 2 are de-
fined as the height of each antenna above the dominant reflecting plane
between the antenncs, or the structural height, whichever is greater.
The effective heights may be calculated as heights above a smooth curve
titted to great circle profile terrain elevations that are intervisible to
both antennas. A straight line is first fitted by least squares to equi-
distant heights hi , and an amount df/ 2a is then subtracted at each dis-
tance di to allow for the path curvature l/a. When terrain is so ir-
regular *»2* it .nnot be reasonably well approximated by one or more
such reflecting planes, the effective heights are estimated using (4a) or
(4b) in the main body of this report.

The total input required to compute Acr is then; f, d, hg1 . hgz’
polarization, and actual or estimated values of Ns » Ah, o, and €.
When available for specific paths, the parameters Ah(d), dLl ) dL?. ,

8 , 0 , h , and h'  are also included as input.
el ez el 32

3-]. Two-Ray Optics Formulas for Computing A and Al
0o

At distances do and d which are + Il within radio line of sight,

1 »
but are so chosen that the difference between the direct and ground-
reflected rays never exceeds one fourth of the wavelength, the following

formula is used to compute the attenuation relative to free spac:e:

3.2




2TAYT

2
A=-101log [1 tR_-2R_ cos( - c)] + G, -~ 101og;, (g, 8,,) dB.

(3. 2)

Here 8oy and 8., represent the directive gain for each antenna in the
direction of the other, while 2rAr/ax is the path length difference be-
tween direct and ground-reflected rays, expressed in electrical radians

and in degrees as

2 -
STAY L 4.1917x 107 £ h _/d radians, (3. 3a)
A er e2
-3 ;
=2.4017x10 " fh h /[/d degrees, (. 3b)
er ez
with { in MHz, hex ) in meters, and d in kilometers. Re is the mag-

nitude of an effective reflection coefficient and c is its phase relative to
7 radians. Assuming matched polarizations, the median path antenna
gain may be approximated as

Gp = 10 loglo (go1 goz) dB, (3.4)

and these terms in (3.2) then cancel each other.

No divergence factor is included in the definition of R'3 since its use
will not add significantlv to the accuracy of the method described for ir-
regular terrain. (See the smooth-earth formulas for D, hte » h__in

Tre

Rice et ='. {1967).

Le: and g represent the directive antenna gains in the direc-
1 r2
tion of . oint of ground reflection. Then,
1 270 8j
ﬁ "R grx grz ’Zer h m Y (3.5)
e h,v\g g ’ A ) '
oy o2




Usually, 2., =8, a~d g = N unless beams are very narrow or are
T2

directed away from the earth's surface to minimize reflection from the

surface. Rh v is the magnitude of the theoretical plane earth reflection
?

coefficient, the subscripts h and v referring to horizontal and vertical

polarization respectively, and the factor ¢, in the exponent is the rms

h
deviation of terrain and terrain clutter within the limits of the first
Fresnel zone in the dominant reflecting plane. For this report the

factor o and the grazing angle ¢ are defined as follows:

/
o, (d) = 0,78 ah(d) exp{- 0.5 (an(d)] 1/‘} m, for Ah(d) >4m, (3.6a)

crh(d) = 0. 39 Ah(d), for Ah(d) =4 m, (3. 6b)
-1
$ = tan [(hel + hez)/(lOOO d)]. (3.7)
It Rh,v exp[- (2 T sin ¥)/A] 0.5 and > \/siny, (3. 8a)
A
R =R
e e
81 Bry e
Otherwise, R =fj~————siny . (3. 8b)
€ o1 foz

The theoretical plane earth reflection coefficients Rh ) Rv and the
phase angle c are functions of the radio frequency f, grazing angle v,
and the ground constants ¢ and €. Their magnitudes may be read from
figures III. I through III. 8, volume < of the report by Rice et al. (1967),

or computed as follows:

x = 18000 o/f, q =x/(2p) (3.9a)
1/
2 22 244 2
2p = (e -cos V) +x ] 4+ -cos‘“y) (3.9b)
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€ +x 1 .
bV = ) ’ bh = —2_2- radians (3. 10)
P +4q P tg
_2pe +ax) __2%p
mv— s mh——z——-—z. (3.11)
p +q P tgq
Then
= o= i <1 N in |
Ro=(1+4b sin"v -m sin¢]/{14+b sin” ¢ +m sin ¢] (3. 12a)
RZ: L+b st "y -m sin v]/ [l+b sin2u+m sin w]. (3.12b)
h h h h h ‘

The phase angle ¢ in (3.2) is defi~ed below for both horizontal and

ve..lr .l polarization, °y and <" The angle Y defined as
-1 q -1 9 .
c, = tan —————— ) - tan ———— ) radians (3.13)
h pt+siny P -~ Sin v

is always negative and ranges in value

from 0 2 ch < - 0.1 radians. The

angle ¢ changes suddenly from near zero to v/ 2 at the pseudo-Brewster
v

1
angle, sin : Vl/b . To define c, let
v

¥y ® {x sin v + q)/ (¢« sin « + p), Y, = (x sin & - q)/ (¢ sin v - p).
(3.14)
It «sin ¢ 2p:
- -1 _
c.Stan oy, -tan oy, + = radians. (3. 15a)
v &
If «sin< < p and psin. ~0.5:
-1 - .
c.Ttan oy, +tan ~ y, radians. (3. 15b)
v 2
It ¢« sinv:>p and psin < *0.5:
¢ = tan_ Yy - tan Y, radians , (3. 15¢)




-1 :
In the above formulas, tan y is in the first quadrant if y is positive
and in the fourth quadrant if y is negative.
The two-ray optics formulas (3.2) to (3. 15) are used to compute

values of attenuation Aot and Axt at distances d and d , respectively.
o) 1

For A |, 2 0, define
ed

d =4x10°h h fkm, or 0.5d_, whichever is smaller, (3. 16a)
o} el ez L

For A < 0, define
ed
dOl z - Acd/ m km, or (dL - 2) km, whichever is smaller, (>.16b)

1 for d 20.5d
¢ o L

o ot
do = (3 ICC)
0.5 dL otherwise
= 2 - . . lod
d =d +0.25(d -d) km (3. 164d)

In {3.16) the radio frequency f is in MHz, the effective antenna heights
h - Are in meters, dL is the sum of the horizon distances in kilo-
el,

meters and the attenuation A and slope m, are defined in the next
e

d
subsection (3. 38).
In addition to the two-ray-theory estimates A . and A X of attenua -
) 1

tion at the distances d and d , estimates of diffraction attenuation A .
O 1 oa

& . < S » ’ d » M
Axd , and -’\Ls are also computed at do . and d .
Aod = Aed + m 4 (3. 17a)
Ald=Aed-fmdd1 (3. 17b)
= 2 + R ’ 17
AI_.s \cd ™S (3.17¢)
where A and m, are defined in the next subsection by (3. 38).

ed d
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The estimates of attenuation A and Al at the distances do and d
o

are then computed as weighted averages of the two-ray theory and the

1

diffraction estimates

- 01 . .
Ao w0 Aot (1 wo) Aod or Aod' whichever is smaller, (3.18a)
A = A - i 1€V i ’ .
15 VoA, + (1 wo) Ald or Ald’ whichever is smaller, (3.18b)
g -1
wo=(l+fAh 10 ) . (3.18c¢)
For distances less than the smooth-earth horizon distance d, . the

L8

calculated reference value ACr is defined by a smooth curve fitted to
the tnree values of attenuation below free space, Ao, A1 , and ALS,at

the distances ¢ , d . ,and d.
o 1 Ls

3 < = .

For 0 <d dLs

A =A +k (d-d)+k, log (d/d ) dB. (3.19)
o 1 o 2 10 0

cr

The constants kl and k) in {3.19) are evaluated as follows, First esti-

5

mates kl , k) of the slopes kl, k, in (3.19) are computed as

-~ s

l; i (ALS - Ao) (d1 - do) - (Al - Ao) (dI_s - do) .
2 - d) - - '
(dl do) 103&0 (dLs/ o) (dLs do) 1OSlO (dl/do)
or 0, whichever is larger algebraically, (3.20)
= (A, - -k d - 2
k) [HLS AO) K, 1og10 ( Ls/do)]/(dl_s do) dB/km. (3.21)




A
Ifk1<0 set k1=0and

k, = (A - A )/log  (d /d). (3.22)

If the reference attenuation Acr computed from (3. 19) is less than

zero at any distance 0 =d =d_ , let A*r = 0 for that distance.
-

Ls

3-2. Formulas for Computing Diffraction Attenuation A

d
In the far diffraction region, the attenuation Ad is computed as a
weighted average of two estimates, Ar for smooth terrain and Ak for

highly irregular terrain. In general, Ad is defined by (13) as

Ad-_.-(l_w)A +WAr dB,

k

where the empirically determined weighting factor w is defined as

1 -1
h  + + 2
w=dl+0.1 Ah(d) hel el c + 2 88 dL (3 '3
) ‘ A h h +G d ! -3
gL g2 )
Ah(d)
with £1000. In the accompanying computer program and output

A
C=0. For low antennas with known path parameters C = 10,
In (3.23) the radio wavelength X, terrain irregularity Ah(d), and
effective and structural antenna heights h , h are in meters;

el,2 g1, 2

the effective earth's radius a, the horizon distance dL, and the dis-

tance d, at which Ak and A are computed are in kilometers; and the
r

sum of the elevation angles 8 is in radians. For very smooth terrain,
¢

the weight w =1 and A = Ar » and for highly irregular terrain, the

d




weight w =0 and Ad = Ak. The prediction approaches Ak when either

the frequency or the terrain irregularity are very large; therefore, a

limit 18 placed on this ratio.

The diffraction attenuation is computed at distances d3 and d4,
chosen well beyond the horizon:
2, 4% 2,043
d3_dL+0.5(a [ £) km,d4-d3+(a /£)’ km. (3.24)
if d3 < dLs set d3 = dLs .

At these distances, d3 and d4, the attenuations A3 and A4 are
computed using the following foirmulas, substituting d3 and d4 for d in
(3. 23) to obtain W4 and Wy

= - 3.2
A3 (1 w3) Ak; +w, A“ ( 5a)
A4 = (1 -w4) Ak4+ Wy A“ (3.25b)
8 = = . c
3 ee+d3/a, 84 9e+d4/a. (3.25c¢)

The estimates Ak) and Akt for highly irregular terrain are com-

puted as though the horizon obstacles were sharp ridges or hills, and the

attenuation is computed for a double knife-edge path,

vi 5= 1.2915 6, '/f dpy (4 -d )/ (dy - d ) (3. 26a)
v, 4= L2915 e, fo dp,tdy - d )/ dy - d ) (3. 26b)
v 7 12015 0 Jf d tdg - )/{d, - d; ) (3. 26¢)
v, g= Lol o, yed (4, - d /(e -d ) (3. 26d)
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0

{A(v)=6.02+9.11v-1.27v2 for 0=v=24 13, 27a)
A(v) = 12,953 + 20 log (v for v >2.4 (3.27b)

= A Y+ A A = , . -
Ay T AV vy 5 IR A S U PU (3.27¢)

The rounded earth attenuations Ar and A are defined as
3 rs

- ol ) ) .2 E .
A G(x}p 4) F(xl) F(.\Z) 0 dB, {3.28)

ri, s

where the functions F{x., ) and G(x, ) depend on the radio frequency,

1,2 3,4

polarization, and ground constants o and €, the distances dLl 5 d3 \

and the effective earth's radii a for the terrain between the antennas

1,2

and their horizons and aj 4 for the terrain between horizons. “he
r

latter are defined as

2 2
= d 0.002 h km, a_,=4d .002 29
a Ll/( el) m a, L?_/(O 00 hcz) km {3.29a)
= - d ] = - - ' .—,9
a, (d5 L)/93 km a4 (d4 dL)/8~§ km {3 b)
Then the distances x1 Sy are detined as
2 i
x, = B, a } d | km, x,=B,a, ’du km (3.30)
= B Td -d ) tx tx, K :
x3 315 ( 3 cL) \1 x, km (3.31a)
2
x = B - + x +x N :
\4 84 34 (d4 dL) \1 x: ko ) (3.31b)
where the parameter Bl 2 3 4 is defined for both vertical and horizontal

polarization as




1
B = 416.4 £% [1.607 - K (3. 32)

1,2,3,4 h,v(a1,2,3,4)]'

The parameters Kh(a) for horizontal and Kv(a) for vertical polarization

are defined as
-1 2 2+ -
K, (2) = 0.36278 (a £)(c - 1)° +x"] & (3. 33a)
2 2.1
Kv(a) =K, (a) ["+x]2, (3. 33b)

where x is defined by (3.9a) as x = 18000 ¢/ f, and the ground constants
0 and ¢ are included in the input.

The functions F(xl) and F(XZ) may be read from figures 8.5 or 8.6
of the report by Rice et al. (1967) or inay be computed using the following

formuias,

Tor < < < .

1. Fer O <x1,2 200 and O Kh,v(al,Z) 10 ~:
F(x i, z)--}O log10 - 117, or (3. 34a)
F‘(:-:1 2) = - 117 dB, (3. 34b)

whichever yields the smaller absolute value.

2
, &

-5
or <X <2 1 <
for O X\ 00 and 10 Kh, \'(al,z) <1,
and x 2 - 450/ {log, [x A 2)]}

I“(\ ,} is caleulated using (3. 34a). Otherwise,

, [

)+z.5x10“5x

—

Flx, )= 20log, (K (2, YA SN IS R LR

1,2
(3. 34¢)




Note that when Kh v(a.1 2.) > 0.1 no test on x is required and (3. 34, is
’ 1

always used.

3. For 200 <x £ 2000, define

1,2
wl,Z =0.0134 xl’2 exp(- 0.005 xl,Z)' (3.35a)
Then
= -117 - . 5 -1 .
F(xl,z) wl, 2(40 logloxl’ > 117)+(1 Wl, Z) (0.05751 xl,?. OlogloxL 2) dB
{3. 35b)
4, For xl,Z >2000,
F(x1,2)= 0.05751)(1’2 - 10 1og10 xl‘2 dB . (3. 36)
The parameter G(x3 4) is defined as
G(x3’4):0.03751x3,4- 10 10810x3,4 dB. (3.37)
Values of Ak; , 38 given by (3.27) and of An as given by (3.238)
are substituted in (3. 24a,b) to obtain A3 and A4 . These computed
values cf A3 at d3, and A_* at d4 are used to compute the slope md

and intercept A d that defi~e a straight line. The reference attenuation
e

A at any distance d *d=*d is then
cr Ls X

A_=A =A_ +tm d dB, (3. 38a)

A=A tA -myd,, and my=(A -A,)/(d -d

. g9y (3. 35b)

3)'

where A!. is a ""clutter factor', defined as
o




A, =5log, 1 +hgl hgz fo, (

-5
d; )10 ] dB,
or 15 dB, whichever is smaller, (3.38¢c)

and the terrain roughness term o (dl_s) is obtained by substituting d

for d in (3.6) and (3).

Ls

3-3, Formulas for Computing Scatter Attenuation As

At distances d5 and d, , defined below, the following formulas are

6’
used to obtain initial estimates AS and Aé of forward scatter at-
tenuation relative to free space:
d =d, + 200 km, = + 40 .
5 L 0 dé dL 0 km (3.39)
= +d ) = + i .
85 ee 5/a 86 ee d6/a radians (3.40)

1 1
H = <he1 + E—)/(es. 6 £/0.007 - 0.058 95'61) dB
¢ (3.41)

or 15 dB, whichever is smaller,

wn
1
oo
tn
+
L ad
o

4
log ) (£82) - 0.1 (N_ - 301) exp(- 8, d./40) dB (3.42a)

.4
5. =H, + { - 0. N - - ) B. .42
e Hb 10 10310( 86) 0.1 ¢ . 301) exp( LL 6/40) d (3.42b)
Substim}\trl dS\, 8, 55. and\de). "\96. S6 in the following expressions to
obtain A5 = As at dS' and A6 = As at d(,'
For 9d =10
As:5+ 103.4+(¢.332 6d - 10 log'O(Bd) dB. (3.43a)
For 10 = 8d = 70:
A
A5=S+97.1+0.213 Bd-Z.Sloglo(Bd) dB. (3.43b)




For 6d 270:

A
AS=S+86.8+0.157 9d+510g10 (ed) dB. (3.43c)

3-3.1. For HS =10 dB

When the frequency gain function, H_, computed at d_ is less than

5 5
or equal to 10 dB, formulas (3. 39) through (3. 43) give the actual pre-

dicted scatter loss at the distances d5 and d6 , and

A A
AS—A5 dB, and Ab_A() dB.

The scatter attenuation As , at anv distance d, is then given by (17)

and (18) as
A = A +m d dB,
where

A =A_ -m d and ms=(A6—A5)/(d6-d

es 5 s 5’ 5)'

The distance dx , where diffraction and scatter attenuations are

equal, is

d =(A -A

« s ed)/ (m - ms) km, (3. 442)

d
2 1
or d; +0.25(a /£)3 log,, [, whichever is greater, (3. 44b)

where Aed and m, are defined by (15), and (3.38b). When (3. 44b) is

used to define d , redefine A as
X es

A =A +(m

es ed - m‘) dx {3. 44¢)

d

The reference attenuation A . for transhorizon paths is then
c

for dLs-d-dx, Acr=Ad:Aed+mdd dB

(3. 45)

for d =d 21500km, A =A = A +m d dB
X cr ) es s




3-3.2. For H5> 10 dB and =15 dB

When the frequency gain function H_ computed at d5 is greater

5
A A
than 10 dB, the estimates A_ and A, are modified by comparison with

5 6

the scatter loss expected over a smooth earth, Ah =0, To determine
the distance dxo' where diffraction and scatter losses would be equal
over a smooth earth, the diffraction loss, with Ah =0, is also computed,

A
For the special case, Ah=0, let A = Ae m, = m and A5

do d’ do d’
be the preliminary estimate of scatter attenuation at d5 . Assume that

(e}

the slope m_ is not changed., Then one estimate of dxo is obtained by
substituting in (3.44):

A A
d =d =(A

-m d -A, MYim, -m) km. {3.46a)
X1 X0 50 s 5 do do 8

When H_ is large, a good estimate of d o is
5 X

A Z 1
= =d 40,25 ’ . 4¢
d d dL 0.25 (a /f) loglof kin (3.46b)

X2 X0

For smaller values of Hg, d is the better estin:ate of d o’ and
5 X X
for larger values d is the better estimate. Therefore, a weighted
X2
function is used to compute d as follows:
X0

d =d (3-0.2H)+d (0.2H_-2) km. (3.46¢)

X0 X1 5

For Ah = 0, scatter and difiraction losses are equalat d . The
X0

diffraction attenuation A at d is
X0 X0
A = A + m d dB. (3.47)
X0 do do xo
It is assumed that, in general, the forward scatter attenuation Asx at
d=d for any value of Ah is
X0
A I
A =A +(A -A ) dB. (3.48)
SX X0 5 5O




The intercept at d = 0 would then be

A =A -m d dB. (3. 49)
es SX 5 XO

Substituting this value of Aes in (3. 44a or b) determines the dis-

tance dx' and for any distance 4 2 dx'

A =A =A +m d dB.
cr ) es s
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3-4. List of Symbols and Abbreviations

In the following list the English alphabet precedes the Greek alphabet

and lower case letters precede upper case letters. In general, upper

case letters are used for quantities expressed in decibels,

ed

¢S

an effective earth's radius that allows for average refraction
of radio rays near the surface of the earth, (1) and (3.1).
effective earth's radii for the terrain between the transmit-
ting or receiving actennas, respectively, and the corres-
ponding horizon, (3. 29a).

effective earth's radii for the terrain betweer horizons at
distances d3 and d4 respectively, (3.29b).

attenuation relative to free space, expressed in decibels, At-

tenuation below free space is written as positive values of A.

a predicted reference value of attenuation below free space,
expressed in decibels.
the diffraction attenuation in dB, (13), (16}, and section 3-2,

gt but com-

the diffraction attenuation in dB equivalent to Ae
puted assuming a smooth spherical earth, (3.47).

attenuation below free space in dB defined by (11), to sim-
plify (10).

estimated diffracticn attenuation below free space in dB,
extrapolated to zero distance, (15) and (3. 38).

estimated scatter attenuation below free space in dB, ex-
trapolated to zero distance, (17) & d (3.49).

an estimate of attenuation due to surface clutter, (3. 38c¢).

an estimate of knife-edge diffractior attenuation, (13).

an estimate of knife-edge attenuation computed at distances

k4

d3 and dq, respectively, (3.27).




A A
r3

B> >

r4

diffraction attenuation in dB, computed at the distance dL .
diffraction attenuation in dB, computed at the distance dLs ,
(3.17c).
an estimate of the diffraction attenuation over the bulge of
the earth, (13), and subsection 3-2,
the diffraction attenuation Ar computed at distances d3
and d4, respectively, (3,28).
forward scatter attenuation in dB, (18).
forward scatter attenuation computed at d = dxo' (3.48).
an estimate of the forward scatter attenuation, (3.43),
an estimate of the diffraction attenuaticn over a smooth earth,
computed at dxo' (3.47).
an estimate of knife-edge diffraction as a function of the
parameter v, (3.26).
attenuation below free space computed at the distances do
and dl , respectively, (10) and (3. 18).

estimates of attenuation below free space computed at the
distances do and dl' respectively, using two-ray optics,
(3.18).
predicted diffraction attenuation computed at distances d3
and d4’ respectively, (3.25).
predicted scatter attenuation computed at distances d5 and
d,, respectively.

6

estimates of scatter attenuation computed at distances d

5

and db' respectively, (3.43).

a preliminary estimate of scatter attenuation computed over

a smoonth earth at the distance dS' (3.406).
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A(0.5) a long-term me.’an estimate of attenuation relative to free
space for any particutar set of data,

b ,b parameters used in computirg the theoretical plane earth .e-
flection coefficients for horizontal and vertical polarization,

respectively, (3,10).

B1 23 4 parameters us 1 in ¢ mputing the modified d.stances
xl, 2,34 (3.32).
C phase angle relative to v ré¢dians of an effective reflection

coefficient, (3.2).

<y Sy the phase angle ¢ feor horizontal and vertical polarization,
respec .ely, (3.13) to (3.15),

d great circle path distance in kilometers,

aB decibels, 10 10g10 (power r‘atio).

di one of a seri1es of equal distances at which terrain heights hi
are read, p. 3-2.

dL sum of the distances dLl and dLZ from each antenna to the
corresponding horizon, (5d).

d.Ll' dLZ the distances from the transmitting and receiving antenna,
respectively, to their corresponding horizons, {5c).

dLS the sum of the smooth-earth horizon distances dI o1 and
di,s;l )

d‘ 1’ dl.sZ distances from the transmitting and receiving antennas,
r-spectively, to their corresponding horizons over a smooth
earth, {(5a).

,-;‘ the distance at which diffraction and scatter attenuations are
equal, (3.44).

d\o the distance at which diffraction and scatter attenuation would

be equal over a smooth earth, (3.46¢).




d ,u

x1

A
d
xo

x2

estimates of the distance dxo' defined by (3.46a) and
(3.40b).

a preliminary estimate of the distance dxo' (3.46a) and
(3.46b).

a distance chosen to approximate the greatest distance at
which the attenuation below free space is zero dB, (3. 16).
one estimate of the distance do. (3.16).

a cistance greater than do but less than dL. defined by
(3.164d).

distances defined by (3. 24) at which diffraction attenuation is
calculated,

distances defined by (3. 39) at which scatter attenuation is
calculated.

the base for natural or Naperian logarithms, e ~2.7183,
{3,21)

radio wave frequency, expressed in m>gahertz (MHz) in this

report,

F(xl)' F(x,) a function used in computing diffraction aitenuation,

(3.34).

8.1 8o directive gain of each antenna in the direction of ti.e other,
{3.2) and (3. 5).

8.1"8,> directive gain of each antenna in the direction of a point of
ground reflection, (3.5).

Gp path antenna gain expressed in decibels above the unit gain of

an isotropic radiator, (3.3).

G(x3, x.}) a function used in computing the difiraction attenuation at

the distances d3 and d4, (3.37).

3-20




h subscript referring to horizontal polarization.

hi any one of a series of equidistant heights of terrain above
sea level,

he a height in meters used in computing the horizon distances,
{5¢c).

hel' heZ effective antenna heights of the transmitting and receiving

antennas, respectively, (4) and (3. 3).
hgl' th structural antenna heights above ground, (4).
P Bre
mitter and receiver, respectively, (3.1).

height above sea level of the horizon obstacle for the trans-

h height of the surface of the ground above sea level, (2).

hsl' hsz height above sea level of the transmitting and receiving an-

tennas, respectively, (3.1).

HS' HG frequency gain function computed at the distances d5 and d6 '
respectively, (3.41).

k a coefficient used in defining effective antenna heights, (4).

kl' kz coefficients that define the slope of a smooth curve of Acr
versus distance for distances 0 =d < dLs' (10) and (3.19).

Ql'ﬁz estimates of the coefficients lz(1 and kz, (3.20).

K (a), Kv(a) parameters for horizontal and vertical polarization,

respectively, used in computing diffraction attenuation, (3.33).

loglo logarithm to the base 10,

Lbf basic transmission 'css in free svace, (9).
L median reference value of transmission loss (8).
cr
m, . ope of the curve of diffraction attenuatior Ad versus dis-

tance, (1™ .ad (3. 38).
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mdo slope of diffraction attenuation in dB/km for Ah = 0, (3.46a).

m slope of the curve of scatter attenuation A versus distance,
3 - S
(17b) and (3.45).
m parameters used in computing the magnitudes of the theoret-

ical plane earth reflection coefficients Rh and RV y (3.11).

N the surface refractivity, (2).
s
N0 surface refractivity reduced to sea level, fig. 1.
p parameter used in computing the theoretical plane earth re-

flection coefficient, (3.9b).

q parameter used in computing the theoretical plane earth re-
flection coefficient, {3.9a).

R the maygnitude of an "effective' reflection coefficient, (3. 5)
and {3.8).

R., R the magnitude of the ""theorctical" plane earth refiection coef-
ficient for horizontal and vertical polarization, respectively,
(3.12a) and (3. 12Db).

ﬁ estimate of an effective reflection coefticient, (3. 5).

S.,S, terms defined by (3.42) that are used in estimating the for-

ward scatter attenuaticn A , (3.43).
s

v subscript referring to vertical polarization.

iy Ve y parameters used to compute the double knife-edge at-

vl. & VZ, p tenuation, (3.25) through (3.27).

w weighting factor, determined empirically as a function of
radio frequency and terrain parameters, (3.23).

wl. > parameters used in computing rounded earth attenuations,

defined by (3. 35a).




Wa W, estimates of w corresponding to d=d_, d= d4. (3.25).

x a parameter used in computing the thec?retical plane earth
reflection coefficient, (3.9a).

xl. 2.3, 4 distances defined by (3. 30) through (3. 31b).

STR parameters used in computing the theoretical plane earth

reflection coefficient, (3.14).

Ah an asymptotic value of Ah(d) which is used to characterize
the terrain, table 1, and (3).

Ah(d) interdecile range of terrain heights above and below a straight
line fitted to elevations above sea level, (3).

Ar the difference in path length of the direct and reflected ray,
(3.2) and (3. 3).

€ the permittivity or relative dielectric constant of the ground,
(3.9) through (3.15).

) angular distance for a transhorizon path, (7).

0 the sum of t% > elevation angles 6 = and 8 _, (6b).
e e el

1

1’ 0  the angles by which the horizon rays are elevated or de-
[+ (o'

0

pressed relative to the horizontal at each antenna, (6a) and

fig. 2.

93. 0.1 angular distances corresponding to d3, d4, d5' db in (3. 26),

85. Ob (3.29), (3.40), (3.41) and (3. 42).

A radic wave length, used for example in (3.23).

« the conductivity of the earth's surface, (3.9) and following.

o the rms doviation of terrain and terrain clutter within the
limits of the first Fresnel zone in the dominant reflecting
plane, (3.6).

Y the grazing angle of a ray reflected from a point on the sur-

face of a smooth earth, (3.7).
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3-5, Computer Program Listing and Sample Output

A computer program listing and a sample of the output are given in
this section. The program is written in Fortran IV for a digital com-
puter.* A list that relates program symbols to corresponding terms
and equations in the report is provided as well as a brief flow chart of
the program. Attenuatioa is computed at fixed distances in addition to
the parameters required to obtain curves of Acr versus d,

The sample output shows computations for paths in northeastern
Ohio and in the Colorado plains and mountains that corres ond to those
where measurements were made, The curves of Acr versus d shown
in figures 3 through 8 were plotted fram this output. Calculations were
made at frequencies of 100, 50 and <u MHz, for apprcpriate antenna
heights above ground. The terrain of the area in Ohio and the Colorado
plains is charccterized by Ah = 90 m,while for the mountain paths
Ah = 650 m. Values of surface refractivity used are Ns = 312 in Ohio
and 1‘\123 = 290 in Colosc do. For the longer mountain paths a somewhat

L1’
Gel and eez were calculated using equations (5) and (¢}, ard for

lower value of Ns would be appropriate. The terrain parameters d

“ra2’
these low, randomly located antennas we assumed h = hgx . In
e1,2 ) 2

each area the first three sets at 100 MHz are for vertical polarieation
and the second three sets are for horizontal polarization. At frequen-
cies of 50 and 20 MHz only vertical polarization is shown. The smooth-
earth horizon distances dLs' and corresponding attenuation ALa are
listed, Similarly, the distance dx,at which diffraction and scatter at-

teouation are equal, and the corresponding attenuation A are given.

dx

*The program was written for a Control Data Corporation CDC-3600
computer and may require slight modification for use with other com-
puters.
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From this output the calculated reference attenuation Acr may be

obtained at any desired distance d:

F 0<ds=sd A =ZA + d+ k_1 ;
or Ls or S BTy 2 108)pd dB
F < d = d = + .
or dLs x Acr Aed mdd dB
For d=d A = A +m d dB.
X cr es 8
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Reference List of Program Symbols

Program Report Equation Program Report Equation

A a (1) AQOG AO

ACR A (8) Al A (3.18Db)
cr 1

AD Ad (13) Al, 2 al.2 (3.29a)

A A 3.

DO do A3, 4 33’4 (3.29b)
ADX Adx A3, 4 A3,4 (3,29)
AED Aed (3.38b) B b (3.10)
AES A (18) 1,2 B {3.32)

es 1, 2
N { g
AFO Afo (2. 38c) B3, 4 B3'4 (3.32)
AG A (3.2) C C (3.13) to(3.15)
A
A
AHS, 6 AS, 6 (3.48) D d
AH50 A (3.48) DEDO A (3. 17a)
50 od
AK3, 4 A (3.27¢) DEDI A (3.17b)
ks, 4 1d
ALS ALs (3.17¢) DH Ah (3)
AR3,4 Ars . (3,28) DHD Ah(d) (3)
AS A (17) DHD3, 4 Sh(d, ) (3)
s 3, 4
ASX A (3.48) DL d (5d)
SX L
y LS
AV13, 23 A(V1.3,2.3) (3.27) D dLs (5b)
- D N
AV14, 24 A(vl.4'2_4)(3.2:) L1, 2 dLl,Z (5¢)
AXO A (3.47) DLS1, 2 d (5a)
X0 Lsi1,:
AQ Ao (3. 18a) DX - (3.44)
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Program
DXO
DX1, 2
DO

DOl, 2
Dl

D3, 4
D5, 6
E

F
FX1,2

GX3, 4
HIE, 2E
H1G, 2G
H5, 6
K1,

8V

K1,
K3, 4
M

t~

MD
MDO

Report

d
X0

X1, 2

Q. A

Equation
(3.46)
(3.46)
(3.16¢)
(3.16b)
(3.164d)

(3.24)
(3.39)

Program
MS

NS

P

POL

PSI

Q
RE

(3.9)to(3.15) S

(3.34)

(3.37)
(4b)
figure 2

(3.41)

(3.10) to(3.22)

(3.33)
(3.33)
(3.11)
(3.38b)
(3.47)

SH
SHDLS

SP
S5, 6
D
TE

T3, 4
T5, 6
V13,23
Vid4, 24
W

TEL, 2

Reference List of Program Symbols (continued)

Report Equation

ms (18)

NB (2)

p (3.9b)

polarization

7 (3.7)

q (3.9a)

{3.5) & (3.8)

e

o (3.9)

4% (3.6)

oh(dLs) (3.38)

sin Y (3.8a)

SS, 6 (3.42)

ad (3.43)

fe (6b)

(6a)

er,2

83' 4 (3.25¢)

95' 6 (3.40)

Vi3, 2.3 (320

Vig, 2.4 3:20

w (3.18)
(o}




Reference List of Program Symbols (continued)

Program Report  Equation

wl,2 w (3.35)
1,2

W3, 4 W3,4 (3.23)

X X (3.9a)

Xl1,2 xl,Z (3.30)

X3, 4 x3'4 | (3.31)

Y1, 2 Y12 (3.14)
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Flow Charts

Main Program

Input

F, DH, H1G, H2G
NS, D, S, E, POL

|

Compute

HI1E, H2E,DL1
DL2, TE}, TEZ

N\

Compute

A,DL,DLS, TE
is D < DLS

Optional Input

HI1E, H2E, DL1
DL2, TE1l, TE2

Call DIFF
Compute

Call DIFF
Compute

AED, MD

®
LY
o)

Call LOS
Compute

AG

3-29

AED, MD

ﬂ

Call SCATT
Compute

AES, MS




Line-of-Sight Subroutine, LOS

|
- KM =2 ‘ Compute ‘
| F
| Call DY | po,p1,DEDO |
‘, Compute | DEDI, DHD B
| AED, MD o
| (entry 2)
Compute
' X,Q.P,B,M for
- RH or RV ;
SH SP B
] 1]
! . Compute l
: Dol |
| RE=RE «lg&i_ RE iNo,i RE = SQR(SP)
| | is RE>0.5& l |
L | | >SQR(SP) ! )
; "’ ' Compute ]
| SetK1=0 | y. | CAOT.AIT, W
' Compute | t AQ, Al, K2, K1
! ; Cis -K2LOGE
\ %
' Compute j
; AG

'ACR = MAX(AG, 0) '

h
'
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from LOS
entry 2

Diffraction Subroutine, DIFF

from main program

Compute

KV(AL, 2, 3, 4)

Yes

to LOS

ACR = AD

Neo

ACR = AS

entry T
KK =KK+ 1
Compute from SCATT
D3,D4, T3, T4 — Ah =10
AV13, AV23 entry 3
AV14, AV24
1
Compute
AK3, AK4 X
Al, A2, A3 A4
K H(A1, 2, 3,4)
is POL = 1 |
Tompute |
Bl, B2, B3, B4 ACR = AD
X1,X2,X3,X4 |
FX1,FX2,GX3
GX4, AR3, AR+ |
o
Z
Compute | Cornpute
W3, W4, A3, A4 ' MS, AES, AS, DX
AFO, AED, MD J is D > DX
AD L o
1
KMl= 0
‘[f Compute
1
i is KK = 2 |-1%a{ ADO, MDO, DXO
| AXO, ASX
)
Z
Yes
is TD > 0.5 call
SCATT
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from SCATT
entry 4




from DIFF
KS =90

Scatter Subroutine, SCATT

TD = 10
Compute

AHS, AHb

AHS50 = AHS

Yes

Compute

D5,D6, T5, Tl

H5, H6, S5, S6
KS=KS+1
Test TD

!

10 < TD = 70
Compute

AH5, AHb

to DIFYF
entry 3

to DIFF

entry 4 <

TD > 70
Compute

AH5, AH6
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set DH =0
Compute

DLY,DL2, TE
save AH5, MS




laNala}

Computer Program ] 'sting

PROGRAM COMTE
PROGRAM TO DETERMINE PARAMETERS AND WRITE QUTPUT

COMMON /M/F sDyNS+A9sDHsDHS+S+E+POL o KM

COMMON /MP/ HI1E+H2E H1G1H2G»DLS1)DLS2+sDL1+DL2sDLsDLS»TEL»TE24TEWKL
COMMON /MLD5/ AG+ADsASWACRIAED MDDy AHS0O 9AHS5 yD5 yMS o ALS DX »HS

COMMON /ML/ LOsD1eDO0OY1+D02+A0sALWKI +K29AL+ALSHAQG

DIMENSION ANS(3)sDKM{E)sDELHIE) sSDIE)1SALS)

REAL NSsMDyMDO MGy MSSsMDS sK19K24K3 9Ky LBF

DATA (ANS=290492904+312s}

56

57
58
59

DATA (DKM=54410e320s930e950a+80s)

DATA (DELH=105%¢9165+92344131544575,4)
CALCULATION OF INPUT PARAM: ERS

S5=4005 & E=15,.

DO 520 Ix=1,3

NS=ANS(IX)
Aeb5370e/11e-eOLHES4EXPF (4 0055T7T#NS ))

WRITE 245611

“ORMAT (R1)}

IF {1IX 4EQs 1) WRITE ( 2457

IF (IX +EQs 2) WRITE ( 2.58)

IF {IX +EQe 3) WRITE { 2,59

FORMAT {2X+®#COLORADO WLAINS NS=290.%/7/)
FORMAT (2X+s®#ZOLORADO MOUNTAINS NS=290.%//)
FORMAT (2x,*0HI0 NS=312e%/7/)

DO 400 I=1+9

KK=0

DO 300 123146

IF (1X oEQe 2 oAND. 12 +EQ. &Y GO TO 300
IF {IX «EQe 3 «AND. (12 «EQe 1 «ORe {2 JEQ. 6)) GO TO 200
DaDxXM{17)

DR=DHS2G D,

IF (1IX oEQe 2} DHaDHS=650.

FalC0,.

IF (] «G7e &) F=5Ce

IF (1 .EQ' 9) Fe20.

pOL"ln

IF (1 «GTs 3 ANDs | 4LTe 7! POLs-1e
1GsHIEn4,

IF (IX «NEe 3 oAND. 1 oEQ. 9 HIGeMH]E=x1,1
IF 11X oFQe 3 oANDs | oCTe &) H1G=M1E®m4, 24
I (IX EQe 3 oANDe 1 oEU. 9 HI0mMHIE=sI,68
HZU3IH2Ee),

IF (] «FEQe 2 ¢ORs I «EQe 5) HIG=H2E=6,

I[F (] «FQe 3 +OR. I JECe &) H2GmH2E=Q,

IF (IX JFQ. 3 JAND, ] o83 7} HZG-HEE'l.
IF 1IX oNFo 3 SANDe 1 EQe 7)) H20wwm2Em= 485
IF (IX oNEe 3 oANDoe | oEQe 8) H2GwM2E=],7
1F (X oNFs 3 JAND S 1 Qe 9) hEG‘HZEll.B

DLS1=SQRTF { 4OO2®A®HIE)
ODLS2=SQRTF (LDL2*ARJE)
DLSsDLS1+DLS2

3-33




Computer Program Listing (continued)

DL1=DULSL®EXPF (- C7#SQRTF(DH/H1E})
OLZ2=DLS2%EXPF (- 07#SQRTF (DH/H2E))
DL=*DL1+DL2
TEl=(+00065/DLS1)I®((DLS1/DL1-1e1%“~3.07T#H1E)
TEZ=(+00065,DLS2)*({DLS2/0L_ 2 1e)#0H~3.077%H2E)
TE=MAX1IF{(TEL+TE2) 4 (=DL/A)}
KK=KK+1
IF (D «GTe OLS) GO TO 40
CALL LOS
SOKKY=D
S5A(KK ) =ACR
GO 10 1300
40 CALL DIFF
SDIKK) =D
SAIKK}=ACR
IF (IX oEQe 1 «ANDe KK NEs &) GO TO 300
I7 tIX «EQe 2 #ANDe KK oNEe &) GO TO 309
IF (IX oEGe 3 oANDe KK o%Ee 4) GO TO 300
AE=AQG-K1#DO-K2#aL0G10(00)

C
< wRITE QuTPyT

WRITE ( 2+80) FoDHH1IGIH2G+TELDX

60 FORMAY (4X)®F=#F6,19® DHz®FH,29%  HIG=#Fbe2+%  H2Gz%Fbels
C®  TE=2%#F10,6+% DX=#FB,2)
WRITE ( 24611 AEWK1,K2,DLSsALS

51 FORMAT (4X #AEz®#F8 244 K1z%F10+50# K2=#F10.5,* DLS=#F 8,2
e ALS=#FB.2)
ADX=AED+MD DX
WRITE ( 2+62) AEDsMDyAES,MS»ADX
62 FORMAT (WX, #AED=#F8,2,% MDz®F10,5.# AES=®FB,2,0 MSa®#F 10,5,

Ce ADX=#F8,2)
WRITE ( 2+83) (SDiJZ)rs JZ=1,XK)
WRITE [ 2+606) (SA(JIYy JZI=1.KK)
63 FORMAT (WX #D®4F10,2)
X FORMAT (4% ,9A86F:0,2)
WRITE ( 2456
100 CONT INUE
k] CONT INUE
5230 CONT INVE
CALL EXIT
END

SUBROUTINE GIFF
C SURRQUTINE TO COMPUTE DIFFRACTION ATTENUATION

[a)

CCMMON /NR/ JZsWoaSW3aSWiySAY,SAL,SAFQ
COMMON /MARI&L 7D D4LsTS
TOMMON /M/F oD aNSeAsDHeDHS 9SS0 POL o XM
COMMON /MP /7 H1E oM2E s MIG 20 DL ST OULS DL LI sDL2+sDLDLSeTEL S TE2WTE 4L
COMMON /MUDS/ AG»AD ASSACRVAED oMD e AHB D JAHS 3 5 MSLAESW DX e HS
REAL NSyMD o MPQO MS4MSS,MOS K1 eK2 W K3 pK4
FNA(C) o4 ,02+9,1108(~]1 27800

3-34




10

laNal

[aNa¥a)

15

Computer Program Listing (continued)

FNB(C)®1249%534204%ALOG10O(C)
FNCIC)=41644%F*##4313333333334(1,607-C)
FND(C)I={436278/(CHF)#8,3333333333) 814/ ((F-]1,)#824X%X)%%,25
FNE(C)=C*SQRTF({ERE+Xx#X)

ROL=DL

KK=0

KK=KK+]

D3=DL+ 5% (A®A/F ) ##,3333333333

IF (D3 LT« DLS) D3=DLS
D4=D3+(A®A/F)1##,33333333133

T3=TE+D3/A

T4=sTE+D4/A

CALCULATION OF KNIFE EDGE DIFFRACTION

V13x]1,2915#T3#SQRTF(F#DL1*(D3-DL)/(D2-DL2))
V23=142915%T38G0QRTF{F*DL2*(D3-DL)/(D3-DL1))
V1e=2]1,2915%T4®#SQRTF(F#DL1*(Da4-DL)/(DG-DL2))
V243] 42915%#T4RSQRTF(F#*DL2#(Da~-DL)/ (D6~DL1))
AV13=FNA(V13)

TFIVI3 +GTe 244) AV13I=FNB(V13)
AV23=fNA(V23)

1F(V23eGTe2e4) AV232FNB(V21)

AV1Ga=FNA(V]4)

IF (V14 +GTe 244) AVIL=FNR(V]a)
AV2L<FNAIV24)

IFIV24eGTe2e6) AV24=FNBI(V24)

AK3=AV]13+AV23

AKL3AV]IW+AY24

CALCULATION OF ROUNDED EARTH DIFFRACTION

Al=DL1®DL1/(.C02*HI1E)
AZ=DL2#DL2/(.,002®H2E)
A3=(D3-DL}) /T3
Ab=(D4-DLY /T4

Xal80C0,#5/F

K1sFNDI{AY)

K2=TNDIAZ)

KAsFND(AY)

K&4=FND{AL)

[F (POL JEQ. =1la) GO 10 15
K1=FNEI(K])

K2=FNE(K2)

K3=FNE(K3)

K&4=FNE (X&)

Bl=sFNC{K])

B2=FNCIK2)

Ba=sFNC(KD)

Ba4sFN(C(K4)
X1=BleDL17A10®,606660660660
X2=B2eD{ 2/ A2088,666056606606
X3=B38(DI-DL) /AR 66666686 ~+X1+X?
Xa2Ba®(Da&-DL)Y/AGH® 666666666+ X1+X2
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Computer Prograrmn Listing (continued)

XL1=2450,/ABSF(ALOGIO(K]1)®#3)

XL2=4504/ABSFLALOGLO(KZ2)##3)

IF({X1e0Te00sANDeX1ebEe 200¢ o¢ANDeKl o¢GEe DeeANDe KlelLEse o( DJ01)
Clé+17

Te40,#ALOGIO(X1) =117,

Ti=-117,

T2=MINLIF((ABSF(T)) o (ABSF{T1))}

FX1=T

IF (T2 +EQe ABSFI(T1)) FX1=T1

[FIX2e¢0GTe0esANDe X2eLE+200¢ ¢ANDse K2 +GEsCe+ANDs K2.LE. 00001}
Cl18+19

T=40.#ALOG101X2)=117,

Tl=-117.

T2=MINIF((ABSF{T)) s LABSF(T1)})

Fx2=T

[F (T2 «EQe ABSF(T1)) FX2=T1

[FIX] eGTe0s oANDeX] o4LEe2006 sANDSK]1 oGTs o00001 «ANDe K1 oLTe le
C) 21422

FX1=40e#ALOGIO(X1) =117

IF (X1 oLEs XL1) FX1320.%ALOGIO(K]1)I+2,5%]), E~Sax1#X1/Y1=15,
TF{X2 oeGTe0¢ ¢ANDeX2 +LE+200¢ oaAND K2 oGTe +00001 +ANDs Kl +LTe 1le
C) 23424

FX2=40,#ALOG10(X2)-117,

FOUX2 eLEe XL2) FX2%20e%* 7T !K2)+2.5%1¢ E-5#X2#X2/K2~15,
Wiz Q134X ]1REXPF(-4005%X1) § W22,01364%X2#EXPF (-,005%X2)
IFIX1eGTe200e «ANDe X1elLE 220004}
C FX1=W1l® (4D RALOGICIXT ! =11Tel+(1e=-W1)I®{,057%1%X1-10,*ALCGl0O(X1))
[FIX2 oGTa 200. +AND, X2 oLEe 20200.)
CFX2=W2R (40, 2AL0G10IX2) =117 )+l 1e=W2)®(,08751%#X2-10.,%ALOGI0(X2))
IFI{X1eGTe 20004} FX1ira05751%#X1-10.#ALOG10(X])

[FIX2 «GTe 2000e) FX23,05751%X2-104®ALOG10(X2)
OX3=,05751#X3-10.%AL0OG10(X3)

OO, 057518X64-10.%AL0C10(X4)

ARI=GX2-FX1~FX2~-20,

ARL=GXw-FX]1-FX2-20.

COMBINATICON OF ROUNDED EARTH ANC KNIFE ECGE DIFFRACTION

CHD3aDHE (1 ,-48 ®LEXPF(-,02%D3))
CHD&aDHR (1 ,-,8 ®EXPF({-,C2#D4))
P13=CSCRTF{(H]IE®H2E) /{HIG*H2GI )+ (ARTEHDL ) /D3
PloaSQRTF{(HIT®H2E )/ H1O*H2G) Y+ (ARTE+DL) /04
DOLI=MINIF(1000e s (DHDIRF/299.792%))
DULG=MINIF (100Ce s (OHDGLE®F/299,7925))
Wizle/t1letael *SQRTF(DOL3I®PL3))
Wazlae/{let+al #SQRTF{LULA®P14Y)
Ads(]1.,-W))®AKI+W3I®AR]

AL [ 1o-Wh) PAKL+WLRARG

MD={A4~-A3)/(D&-D3)

AED=aAG-MD® D4

DROL S=DH®{ 1. - . B82EXPF({-,02%DLS)Y)

SHDLS 2o 78#DHDLS®EXPF (=4 S5® (DHDLS®®,25))
AFQO=S o ®ALOGIO( ] e+HIO®H2GOFSSHDLS#,00001)
AFCaMINIF(AFOs154)
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. >mputer Program Listing (continued)

AED=AED+AF 0O
IF (KM +EQe 2) GO TO 40
IF (KK.EQ. 2) GO TO 20
SAFO=AF O
SW3=W3 $ SWi4xW4 $ SA3=A3 §  SA4=dy
AD=AED+MD*D
TD=(TE+D/A)*D
SOL1=DL1 $& SDL2=DL2 $ SDL=DL $ STEl=TEl
STE=TE

CALCULATION OF SCATTER ATTENUATION

CALL SCATT

IF {H5 olEoe 100’ AES'AH5 —MS’DS

IF (H5 oLEe 10s) AS=ZAES+MS#D
IFIH5LEs104) GO TO 30

MDSaMD

AEDS=AED

DH=0.

GO 10 10

ADC=AED

MDO=MD

MD=MDS

AED=AELDS
OX1={AHS0~-MS®DS5-ADO) / (MDO~MS)
DX2={RDL+425®% (A®A/F 1 ##8,33333333338AL0G10(F))
DXO=DX1#(34—e2#HS)+DX28( 4 2#HE~2,)
AXQO=ADO+MDO*DO X0

ASX=AXO+ { AH5=-AHSC)

AES=ASX~-MS#DX0

ASaAES+MS#D

OX={AES-AED) /(MD-M5)

DXNsDUL+e25% (ARA/F)®%,33333333338AL0C10(F)
IF (DXN «GTe DX) AES=AED+ (MD-MS)RDX
[F {(DXN «GTe DX) DX=DXN

ACR=AD

IF (D +GTe DX) ACR=AS

DL1=SDL1 & DL2=SDL2 & DOL=SDL §& TEl=STE]
TE=STE

DHaDHS

CONT INUE

RE TURN

END

SUBROUTINE SCATY
SUBROUTINE TO COMPUTE SCATTER PARAMETERS

COMMON /M/FsDeNSsAsDHIDHSsS+E2POL XM

$ STE2=TEZ

$ 1E2=STEZ2

COMMON /MP/ HIEWH2E sHIGsHZ2GsDLS1eDLS2:DL Y vDL2+DLsDLSHTEL e TE22TE WKL

CCOMMON /MARIL /03404 TS

COMMON /MLDSY AGoAD-ASv‘CRo‘ED.MDOAHﬁO'AHSODSvM5|AES'DXlH5

REAL NSsMDIMDOWMSyMES MDS e K19K29KI 0 K&
KK =Q




n
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Computer Program Listing (continued)

KK=KK+]

D&s=DL+ 200

0D6=0L+ 400,

T5=TE+D5/A

T6=TE+ D6/A

HS=MINIF({(1e/HIE +14/H2E)/{TS*FRABSF!{ ,007-.058%#T75)))y (1541}
HE=MINLF{{(1a/HIE+)1a/H2E) /(THERFRABSF (40" T =4 058%T8)))y(154))
SH=HE4+10FALOGLO(F#TS#RL ) 1#(NS-301e ) #EXPF(-T5%#D5/404)
S6=HE+1 0 #ALOGIO(FRTE##4 )~ 1# (NS-301+)REXPF(~T62D6/604)
IF(TS5%#DS ol EelQe) AHS2S5+103+44+4332%T5%#D5-10.%ALOGL0(TS5%DS)
IFITERDE oLEs10s)AHESSH+]10344+032328T6#D6~10.*ALOG10(TE*DE)
IFITS%DS oGTe 109 ¢ANDTS5#DS5elLEe 70e) AH5=SB8+974]1+6212%8T52D5-2,5%
CALCGlO(TE*D5)

IF{TE%DE oGTs 10s ¢ANCTHE®DE olLEe TOe) AHE=S6+3T41+e212%T6%D6-2.5%
C*ALOG10(TE*D6)

TFITS5%#D5 ¢GTs T7Os) AHS3S55+8648+415T#TS#D5+5,#ALOG10(T5#D5)
[FITERDE oGToa TQOe! AHOE=SE+BEsB+a157THTERDE+5,2ALOGI0(TO*DS)
MSa { AM6-AHS5)/ ' D6-DS)

[F (XK +EQe 2} GO TQO 25

[F (HS JLEes 10e) GO TO 30

IF (KK +EQe 1) GO TO 20

MS=MES

AHS50=AHY

AHS = AMSS

D&=DSS

GO 10 30

DH=Q,

DLLIsDLSI#*EXDF(-oOT#SQRTF(DH/HLE))
DL2=DLS2*EXPF (=4 OT#SQRTF(DM/H2E Y)Y

DL=DL1+DL2

TEL=(400065/DLS1)I*({DLSL/DLI-14)%DH~-3.077#H1G)
TES={0N065/DLS2)*{(DLS2/0L2-1)12DH-3.07T7#H2G)
TESMAXIF((TEL14TE2) o (=DL/A))

T«T0:D/A

AHSSxAHS

MSS=zug

05Se %

GO 70 10

CONT INUE

RETURN

END

SUBROUTINE LGS
SUBRQUTINE TO COMPUTE LINE OF SIGHT ATTENUATION

COMMON /M/F yDeNSsADHsDHS»SHE,POL KM

COMMON /NR/ JZsWr5W3sSwWhySAIISALSAFQ

COMMON /MP/ HIE+H2E sHLIOoH2G»0OLS1+DLS29DL1 DL 2+OLsDLSeTELTEZWTEWKL
COMMON /MLDS/ AGsADsAS ACRVAED sMDy AHS0 9 AHS 3 DS W MS L AES DX I M5

COMMON /ML / DOs01+D01+D02sA0 A1 WK1 sKZ 1AL ALSHADG

REAL NS sMDsMDCsMSIMSSoMDSsK1 9 K2eK3 sk M

KM=

CALL Tirr




Computer Program Listing (continued)

KM=0

CALCULATION OF TWO RAY THEORY

[a¥a¥al

DO. +00004*H]IE#H2E®F
DO2=MIN1F({~AED/MD) s (DL~24))}
IF {AED «GEs Qa) DO%MINIF{DOls(.5%DL))
IF {AED oL Te O¢) DO=o5%DL
IF {AED «LTs Oe +AND . DOZ «GE . DO) DO=DOZ
D1=D0+.25#(DL-DO)
IF (D1 oLEs DO) D1=D0+.25%(DLS-DO)
J=0 $ 0DS=D
IF (JeEQe 0) D=DO
22 Divesle & PSI=ATANF((HIE+H2E)/(1000.%D))
2 DHD=DH# (le~eB #EXPF{=,02%D))
SHE 7T8¥DHD*EXPF (-¢ 5*DHD#®,25)
L =SINF{PSI])
X=18000.,%5/F
P2= (SQRTF((E-COSF(PST)#COSF(PST))#a2+X#X)+E-COSF(PSI)I#COSF(PSI)1/2
Ce
PeSQRTF (P2)
Q=X/(2.%P)
IF (POL oEQe lolB=(E®E+X#X)/(P2+Q#Q)
IF(POL +EQes =1+)B=1e/(P2+Q®Q)
IF (POL oEQs le)M=2.2(PRE4QEX )/ (P240%Q)
IF (POL +EQe —=1e)Mx2,3P/(P2+Q%Q)
R2Z=(14+BE#SPHSP-MESP) /({1.+B*SP*SP+MESP)
RE=SQRTF (SP)
SQEXF=SQRTF{R2)®EXPF(-402095844T38F#SH¥SP)#D]Y
IF (SQEXF +GTs o5 «ANDa SQEXF +GT. RED RE'SQEXF
CeATANF{Q/(P+SP)I-ATANFIQ/(P-SP))
IF (POL «EQe =14)G0 TO 40
Yls(X®#SP+Q)/(E®SP+P)
Y2R(X%SP-Q)/(E#SP-P)
[F (E#SP 4GEe P) C=ATANF(Y1)-ATANF(Y2)43,141592654
IF (E®SP +LTe P JANDs P#SP ,GTe o5) CsATANF(Y1)+ATANF(Y2)
IF (E#SP ,LTe P «AND, P®#SP oLEe &%) C=ATANF . Y] )~ATANF(Y2)
[N IF (J «EQ. O)
CAQ=-)10¢#ALOG10(]1e+REMRE-2.#RE®COSF (400004191 7*F#HIE®H2E/DO-C)
IF (J «EQs 1) GO TO 23
DsD1 & U=l
GO TO 22
3 CONT INUE
D=DS
[F tJ «EQe 1)
CAl==-10.2ALOG10(1e+REPRE-2,9REBCOSF (000041917 *F@N1E#H2E/D1-C))

COMBINATION OF TWO RAY THEORY AND DIFFRACTION

a¥a¥a)

ALS=AED+MD*DLS
ALSAED+MD®DL
DEDO=AED+MD®*DO
DED1=sAED+MD#*D]
SAO=AD & SAl=A]
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Computer Program Listing {continued)

We(MINIF{H1EyH2E) /MAX]IF(H1EWH2E))/ (le+F2DH®*,0001}
Wrle/({1le+FRDHRL,0001])
AD=MINLIF{(W*AO+({1.-W)*DEDG)+DEDO)
AIsMINIF{(W*ALl+(1s-W)®DED1)+DED])
K2={{ALS-AD)*{D1~-D0O)={A1-AQI*#(DLS~-D0I}/((D1-DOI*ALOGLO(DLS/DO)~
C{DLS~-DO)#ALOG10(D1/D0))

K2=MAXiF(K2+04)

K1={ (ALS-AQ)-K2#%ALOG10{DLS/DO})/(DLS-DOY

IF (K1 «GEs O0s) GO TO 50

K1=0e

K2=(ALS-A0)/(ALOG10O(DLS/DO}))
AG=AQ+K1#(D-DN)+K2®*ALOG1I0(D/DO)Y

IF (AG oLTe 04) AG=20,

AOG=AN

ACR=AG

RETURN

END




COLORADO PLAINS

NS=290,

Fe 100.0 DH= 90.00

Afs 28,09 Kls=
AED=  39.24 MO=
D $.00 10.00
A 35,24 39,72
fs 100.0 DHm= 90-00
Afs 24,93 Kl=
AEDs 36,15 MDms
D 5,00 10.00
A 31,91 36.08
Fa 1000 DH= 90,00
ACs 22,62 Kl=
AED® 33,81 MDms
0 8,00 10.00
A 29,47 33444
F= 100.0 DHe 90400
Ags 30,15 Kls
AED® 40,18 MDm

0 s, 50 10.00
A 37,3 41,36
Fe 10040 Drs 90.00
AE= 26,22 Kle
AED=  36.16  MD=

0 5,00 10.00
3 33,3 37.0%
Fo 100.0 OwW= 90,00
Argw 23,70 Kls
AED=  33.88 MDs  {
D 8,00 10.00
A 30.7¢ 34.51
Fs 50.0 OHs 93.00
Ag= n. N Kle
AED®  47.89 MD=

0 5,00 10.06
] 42.07 49.60
Fs 80.0 DNse 95-00
Afe 29.15% Kle
AED®  42.52  MDw

D 5,00 10.00
A 38.1¢ 43.39
Fs 20.0 OH= 90,00
Ags 3o0.2% Klw
AED® 43,48  MDa

0 5,00 10.00
A 39,49 44,36

0249356
0.28151

0040159
0.27636

6:36[62
927609

§+32610
0.28417

024421
0.2788%

0023397
d.27858

1:01536
0.2967¢

feeTa88
602‘926

0131003
0.2007a

Computer Program Output

H26s 3.00 Tes 0.004861 Ox= 133.68

6069918  DLS®  15.23  ALS® 43,83
69.68 MS®  0.05418_  ADX® 76,93

30,00 50400 80.00

47,69 53.32 61.76

M26= 6.00 TE® 0.002464 OXs 130,11

7+10267 DLS= 18,16 ALSs 41,17
64,85 MSs  0.05575  ADX®  T2.l1l

30.00 50;03 80.60

44,40 49:97 58.26

H2G® 9,00 TE® 0.001856 DXs 126.02

7,20867 DLSs  20.41  ALS® 39,44
81.49 MSs  0,05641_  ADX®m 68,60

30400 50:00 80.00

42.09 476 55.89

{1 3.00 Tee 0000‘361 [0} 1 135-25

7.97226 OLS® 15,23  ALS® 44,51
T1.29 MS® 0.,05418_  ADX= 78,62

30,00 $0:00 80.00

48,71 S4+39 62.92

HE2G=  6.00 TeEs 0.002464 Dxs 129.21

839353 DLS®= 18.16 ALSe 41,22
64,98 MSs 0.055?5__ ADXs T2.19

3o.o00 5000 80.00

44,52 5010 58:46

H2Gs 9,00 TE® 0.0018%6 Oxa 125,44

0.47052 OLSs 20,41  ALS® 39,57
61,75  MSe 0.056¢4) ADX= 68,83

30,00 5000 80.00

42,24 AT 8) $6.17

H20= (.58 Tes 0.029474 Dxs  121.70

8,14206 DLSe 11,19 A S= 51,21
78.36 NS®  0.04063¢ aDX® 84,00

30,00 %0.05 80.00

56,79 62.72 Tle8)

Heos ln7° Ten .000.505 OXxs 136.42

Qs49046 DLS® 13,48  ALSs 46,28
69,78 Mg= e.0%227 ADK= 76.91

30.00 $0+00 80.00

50,40 55:3’ 62106

H2Cw 1,35 Tes 0.011970 Oxa 139,21

10.97428 DLS= 12.07 ALC 45,91

64.35  MS®  0,05084  ADX= 71,43
30.00 $0:00 8000
29.5) 53.57 $9.84
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COLORADO MOUNTAINS  NS®290.

“Fs 100.0 DOH=653.00 H1Gs 4,00 HeGs 3,00 TEs
Af= 82,42 Kls (68866 K2® 0266909 OLSs=
AED® 59,29 MDs  0.28955 AES= 91.2s MS®
0 S.00 10.00 20.00 30.00 50000
A 86,33 59,97 65,08 67,97 T3:76
Fe 100.0 OH=655,00 H1Gm 4,00 H2Gs 6,09 TEw
AE® 47,62 Kls  (QsST113 K2  0.69038 DLSe
AED® 53,99 MDs  0,26795 AESs 94,89  MS=
0 5.00 10400 20.00 30.00 50+00
A 50,99 84,02 59.3% 62.03 67:39
Fa 100.0 ON®m659,00 H10® 4,00 ™2@= 9,00 Y¢w
AE= 45,85 Kls  .53997 K2 063153 OLSs
AED®  52.17 Mps  0,26061 AESe 87,84  MS®
0 5,00 19.00 20400 30400 £0+00
A 48,9 51,78 57.27 59,99 6%5:20
Fs 100.0 DN®850.00 Hi1Gs 4,00 HeG= 3,00 Trs
AEe 53,20 Kl= (67804 K2= 080520 OLS=
AFD® 60001 MOw  0.29374  AESs 91,24  MS®
0 5.00 1000 20400 30.00 50:00
Fu 100.0 DOWHu=853,00 M1Gs 4,00 H20= 6,00 TE=
Afm 48,13 Kls 0:5594]) K2s 083653 DLS=»
AFD®  S4.43 Mpm  0.27074  AESs 95,00 MS®
0 5.00 1000 20.00 30400 50.04
A 51,51 54,56 59.84 62,55 6796
F= 100.0 OH®=6509.00 H1G= 4,00 H20= 9,0 Tes
Age 46,33 Klw  §.51989 x2= 0.78175 OLS=
AED= 52,59 MO  0.26327 AESs 88,08 MS=
0 5.00 10400 20.00 30.00 S0.00
A 49,47 %52.31 57.74 60.49 68,78
Fe 50.0 OM=650.00 M1G= 4,00 H2Gs  (,.S% Tes
Age 68,73 Kls 1.87381 K2e® 1.591%5¢ OLSs
AED= 86,21 MDs  (.46115  AESs 20.32  Mse
0 5,00 10.00 20.00 30.00 50:04
A 79,21 89.06 9%5.4) 100.04 109:27
Fea 50.0 OM=650.00 H10® 4,00 H20s 1,79 Tre
Ags 51,08 Kl 101365 K2s 2:02007  OLSe
AED®  62.71 MDs  D.32004 AESa 95,06  MSs
D 5.60 10.00 20,00 30.00 50.04
A 57.56 63.2) 69.11 72.31 18071
Fa 20.0 DOH®6S0,00 H10s 3,30 HeGs 1,39 Tre
Afs 44,25 Kls  1.52346 K2®  4.18953 OLSs
AEDs  63.1% MDs  §.3331%5 AESe 98,92  MS*

) 5,00 10,00 20,00 30.00 50.04
A 54,80 63.68 69.81 73.14 79.84

Computer Program Output (continued)

3-42

0.,180463 Dxs 131.08
15,22 ALS= 63,70
0.04574 ADXS 97.24

0.,117712 Oxs 164,864

18,168 ALSs 58,89
0.01984 ADXsS 98,16

0.100178 Ox=s 164,32
20.6) ALSs= 57.49
0.04351 ADX= 94,99

0.180463 Dxes 125,95

15.23 ALS= 64,48
0.04574 ADX= 97.00
0.117112 Oxs 161,69
18,16 ALSs $9,3¢
001584 ADXS 98,20
04100178 Ox= 181.52
20.4]) ALSs 57.96
0.04351 ADXs 9s5.11
1.482328 Ox= 163.97
11.19 ALSe 91,37
0.25309 ADX® 161,82
0305643 Oxs 128.3%
13,08 ALS» 67,03
0.06799 ADX® 103,79
0.437338 Dxs 146,37
12.07 ALSa 67,17
0.08873 ADX® 111,91




Computer Program QOutput {(continued)

OoMlo NS=312,

Fu 100.0 DM= 99,00 HI1Gs 4,00 H26s 3,00 TE= 0.,004762 DOxs 140,04
AE= 28,13 Klm  (e47405 K2» 6.72692 DOLSs 15,55 ALS= 42,82
AED®  39.26 MD=  D.274l8 AESs 69,81 MS®  (0.05598  ADX= 77,65

) 10.00 20400 3p.00 50,00

A 39,60 44,74 47 .48 52.97

Fa 100.0 DW= 90,00 H1G= 4,00 MH208s 6,00 TF= 0.002414 Oxe 135,88
AEm 24,98 Kls 0+38606 K2= 7013023 OLS= 18.53 ALS= 41,18
AED=  36.19 Mps  0.26912 AESs 64,94 MS®  0.057%34  ADX®= 72,76

0] 10.00 20400 30.00 £0.00

A 35.97 61.57 44,26 ‘9065

Fe 100.0 OMs 90,00 H10s 4,00 HM2G= 9,00 Te= 0.001524 Ox= 131.49
AEs 22,67 Kls  (0.34787 K2®  7.23686 OLSs 20.83 ALS® 39,46
AFD=  33.86 Mps  0.26883 AESs 61,55 MS®  0.058<1  ADX® 69,21

o 10.00 20400 36.00 50.00

A 33,3 39.04 41.92 47.30

Fa 100.0 DMs 90,00 H1Gs 4,00 H2G= 3,00 TE= 0.004762 DOxs 141,46
AE® 30,18 Kla (030841 K2®  7.99234 OLSs 15,55  ALS® 44,50
AED® 4019 Mpx  0,2767S  AESe 71,43 Ms®  0,05598  ADXs 79,3
o} 10,00 20400 30.00 50400

A 4).26 45,73 48.50 54,03

Fe 100.0 DNm 93,00 H1Gs 4,00 H2Gs 6,00 TEs 0,002414 Oxs 134,94
Afs 26,26 Kle 0:23228 K2= 8.4127 OLS= 18.53 ALSs 41,23
AED= 36,20 Mps  0.27151 AESs 65.07 MSs®  0,057%4  ADX= 72,83

) 10.00 20400 39.00 50.00

A 36.99 41,63 44.34 49,77

F= 100.0 DOHs 9),00 MH10= 4,00 M20= 9,00 Te= 0,001s524 DOxs 130,88
Afe 23,74 Kls  0:22313 K2%  8.49031 OLS= 20.83 ALS= 39,89
AED® 33,94 Mps  V,27121 AESs 61,81 WMS§®  0.0%821  ADX® 69,43

o} 10.00 20+00 30.00 $0.00

A 4,46 39,25 42,07 47,50

Fs %0.0 DW= 90,00 HiGs 4,24 H20e 1,05 Tre 0,014366 Dxes 138,42
AEs 30,00 Kl= (0.61595 K2= 9,93820 DLS= 12,74 ALS=  47,7)
AED=  44.45  Mo=  D,25734  AESs 72,89 MS®  0,05189  ADX® 80,07

D 10.00 20490 30.00 %50.00

A 45,10 49,69 52.17 57,32

Fea S0.0 DHm 99,00 H1Ge 4,24 H20s 3,00 TEs 0.004564 Dxm 144,92
AEs 27,49 Kls  (§:39565 K2® 9.5910% OLS= 15,79 ALS®  45,2)
AED® 41,53 MDs  0,234la  AESs 67,33 MS®  0.05610 ADX® 75,46

) 10,00 20400 30.00 $0.00

A 41,04 46,22 48.%6 83,24

Fe 20,0 DONw 90,00 H1Gs 23,68 MH2G=s 3,00 Te= 0.005064 Oxs 148,23
Ags 27,77  Kle 19176 K2® 11.81777 OLSs  15.21 AL S® 44,63
AgO® 41.83 MD= f.18600 AESa 6l.1e MS® 0.05580 ADX= 69,41

o} 10.00 2000 30400 $0.00
A 41,%0 45,55 47.4) 51,13
SUOMM - ERL
3.43 [ TW0)

@ro say-02
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