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page 3 

page 11 

For 

For 

ESSA Tech. Rept. ERL 79-ITS 67 

Comments �nd Errata, April 1970 

Insert at the end of the second line: 

"Modifications of the method that may be used in these 

special cases are described in Annex 3, page 3. 2. 11 

After ( 4d) insert: 

"Comparison of calculated values of transmission loss 

with data from a large series of measurements, made 

with low antennas over irregular terrain, indicates 

that when one terminal is selected with a clear fore-

ground and the other is randomly chosen the following 

estimates of effective height may be used: 

h
gl, 2 

� 2m 

hgl, 2) 2m 

h = h el,2 g l ,2 (4e) 

h
e 1 

and h
e2 

are defined by (4b) 

with k =jl + sin(7rh
gl, 2

/10) for 2 �h
gl, 2 � 5 

ls otherwise. 11 

(4f) 

page 1-9 At the bottom of the page add: 

"The variability curves shown in figures 1. 1, 1. 2, 

1. 4 and in the referenced report were drawn through 

available data at VHF and lower UHF. They are, 

therefore, not strictly applicable to line -of-sight 

propagation at UHF and micro"Yave. For such paths 

care should be taken to limit the calculated basic 

transmission loss values for small percentages of time, 

figure 1. 6, to·avoid obtaining estimates that would 

be substantially(by more than 4-5 dB) less than the 

corresponding free space values. 11 



 

pages 2-16, 21, and 35 In equations (5. c) and (2. 1) replace 

he with h . 

pages 2-24 

page 2-38 

page 3-2 

page 3-2 

page 3-11 

page 3-12 

page 3-33 

e 
Equation (6a) insert comma: dL.5l, 2 • 
Equation (6a) should read the same as on page 2-24. 

Line 2 add the following: 

"In this case calculations may be made using the 

actual earth's radius of 6370 km instead of an 

"effective 11 radius. 11 

At the end of the 3rd paragraph add: 

"If the distance d
Ll , 2 for a specific path is less than 

one tenth of the corresponding s mooth earth distance 

dL.5l, 2 measured values consistently exceed the 

calculated values. This condition, which may occur 

with very low antennas over irregular terrain, may 

be corrected by adding a term AL to the calculated 
c 

loss, where �L is defined as: 
c 

for dL ( dLS 

AL = 0 dB. II 

c 

Following statement 2 replaces x with x1, 2 
"and x

1, 2 2 -450/ • . • .  If 

At the end of the second line add the following: 

"For values of K(a}2 1 the above equations for 

F(x1, 2
} are not applicable. Values of K(a) 2 1 

occur ouly with vertical polarization, at low frequencies, 

with the radius a1 or a
2 

very small. In such a case if 

w e  assume K(a) to be slightly less than unity, F(x1, 2
) 

will be overestimated by an amount less than 2 dB. 

Delete the 3rd DATA statement. 



 

p. 3-34 

p. 3-36 

p, 3-37 

p. 3-38 

p. 3-40 

Top of page replace the first two lines with: 

"DLl = DLSl * EXPF (-. 07 * SQRTF (DH/MAX(5, 

HIE))) 

DL2 = DLS2 * EXPF (.,.07 * SQRTF (DH/MAX(5, 

H2E)))" 

Statement 22 change Kl to K2. 

Second statement after 30, change to r ead 

"IF (DXN.GT.DX) AES= AED +(MD-MS)* DXN," 

and add "IF (DXN. GT. DX) AS =AES+ MS * D" 

Statements follo wing 20 change to read 

"DLl = DLSI * EXPF .(-. 07 * SQRTF (DH/MAX(5, 

HIE))) 

DL2 = DLS2 * EXPF (-.07 * SQRTF (DH/MAX(5, 

H2E))) 

TEI = (. 00065/DLSl) * ((DLSl/DLI-1) * DH -

3. 077 * HIE) 

TE2 = (. 00065/DLS2) * ((DLS2/DL2-l) *DH -

3. 077 * H2E)" 

Delete the first line. 

11W = MINIF (HIE, HZE) II 

IOIXlllM • w. 
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PREDICTION OF TROPOSPHERIC RADIO TRANSMISSION LOSS 
OVER IRRE GULAR TERRAIN 

A COMPUTER METHOD - 1968 

by 

A. G. Longley and P. L. Rice 

This report des cribes a computer method for predicting long­
term median trans mis sion los s over irregular terrain. The 
method is applicable for radio frequencies above 2 0  MHz and 
may be used either with detailed terrain pr ofiles for actual 
paths or with profiles that are representative of median terrain 
characteristic s for a given area. Estimates of variability in 
time and with location, and a method for computing service 
pr obability, are included. 

KEY WORDS: transmi s s ion los s ,  tropospheric propagation, irregular 
terrain, time availability, service probability 

1. INTRODUCTION 

This report des cribes a computer method for predicting long-term 

median radio transmiss ion los s over irregular terrain. The method is 

based on well-establis hed propagation theory and has been tested against 

a large number of pr opagation measurements .  It is applicable for radio 

frequencies above 20 MHz and may be used either with detailed terrain 

pr ofiles for actual paths or with profiles that are representative of 
median ter rain characteristics for a given area. E stimates of median 

terrain characteristi cs are based on a large number of terrain profiles 

for several types of terrain, including plains ,  desert, rolling hills, foot­

hills ,  and rugged mountains .  

Given radio frequency, antenna heights, and an e stimate of terrain 

irregularity, median reference values of attenuation relative to the trans­

mis sion loss in free space are cal culated as a function of distance. For 



 

radio line -of-sight paths, the calculated refe rence is bas e d  on two-ray 

theory and an extrapolated value of diffraction attenuation. For trans ­

horizon paths ,  the r e fe r ence value i s  either diffraction attenuation or 

forward s catter attenuation, whichever is s malle r .  

This prediction method was developed for u s e  with a digital c om ­

puter and has been rnade suffic iently general to provide e s timate s of 

transmis s ion los s expected ove r a wide range of frequencie s ,  path 

length s ,  and antenna height combinations, over smooth to highly rugged 

te r rain, and for both vertical and horizontal polarization. The method 

is d e s c r ib e d  in complete detail in annex 3. Shortcuts appropriate for 

limited applications are indicated throughout the body of the report. 

Familiarity with other propagation models, s uc h  as those d e s crib e d  by 

Rice e t  al. (1967) i s  not e s s ential for u s ing the pr e diction method de s ­

cr ibe d  he r e .  

Pre dictions have been t e s te d  against data for wide ranges of fre­

quency, antenna height and distance, and for all types of te r r ain from 

very s mooth plains to extremely rugge d mountains . The data bas e  in­

clude s more than 500 long-term re cordings throughout the world in the 

frequency range 40 to 10, 000 MHz , and s e ve ral thousand mobile r e ­

cor dings in the Unite d State s at frequencies from 20 to 1000 MHz . The 

method is intended for use within the following rang e s :  

Parameter 

frequency 

antenna heights 

distance 

surface refractivity 

Range 

20 to 40, 000 MHz 

0 . 5 to 3, 0 0 0 m 

1 to 2, 000 km 

250 to 400 N - units 

In applying this pre diction method to s pe cific paths for which de ­

taile d profile s are available ,  ce rtain limitations on antenna s iting a r e  

de s irable. For example , the angle of elevation of each horizon ray 

above the horizontal s hould not exc e e d  12°, and the distance from each 
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antenna to its horizon should not be less than 1/ 10, or more than three 

time s,  the corresponding smooth-earth distance. 

Section 2 discusses atmosphe ric and terrain parameters, and sec-

tion 3 explains how transmission loss is calculated. The topics treated 

in the annexes are as follows: 

Annex l shows how the compute d refe rence values, A , are ad-
cr 

justed to provide long -term me dian estimates, A(O. 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 paramete r s  have been derived 

from studies of terrain profile s .  

Annex 3 gives detailed formulas and procedures required to calcu-

late the median refer ence attenuation A A computer program listing, 
er 

flow diagram, and sample computations are included. 

Annexe s l and 3 each contain a list of symbols used in that annex, 

with their definitions .  

2. ATMOSPHERIC AND TERRAIN PARAMETERS 

2. l Atmospheric Effects 

Radio transmission loss in tropospheric propagation depends on 

character istics of the atmosphere and of terrain. For predicting a long-

term median refe rence value of trans mis s ion loss, the re fractive index 

gradient near the earth's surface is the most important atmospheric 

paramete r .  This surface gradient largely determine s the bending o f  a 

radio ray as it pas s e s  through the atmos phere. Rays may be repre ­

sented as straight line s,  within the fir st kilometer above the earth's sur ­

face, if an 11effective earth's radius11, a ,  is defined as a function of the 

refractivity gradient or of the mean surface refractivity, 

-3-
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calculating the long-term reference value, the minimum monthly mean 

value of N is chosen to characterize average atmospheric conditions. s 
The e ffective earth's radius, which allows for regional differences 

in average atmospheric conditions, is defined as 

a =  6370 [l - 0. 04665 exp(O. 005577 N >J-l km, s 

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

(1) 

The minimum monthly mean value of surface refractivity may be ob­

tained from measurements or from maps showing a related parameter ,  

N . The refractivity, N , represents surface refractivity reduced to 0 0 
sea level. Figure 1 ,  reproduced from Bean, Horn, and Ozanich ( 1 960) 

shows minimum monthly mean values of N throughout the world. The 0 
corresponding surface refractivity N is then s 

N = N exp( - 0.1057 h ) , s 0 s (2) 

where h is the elevation of the earth1 s surface in kilometers above s 
mean sea level. T he elevation h is dete rmined at the base of the lower s 
antenna for line -of-sight paths. For a trans horizon path, N is taken s 
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 horizoni h and N should be dete rmined at the antenna s 0 
location. A commonly used value of N is 301 with an effe ctive earth's 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 l .  

-4-
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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 below 

a straight line fitted 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 characterize the terrain. 

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

obtained from table 1. 

Table l. Estimates of Ah. 

Type of Terrain Ah in Meters 

Water or very smooth plains 

Smooth plains 

Slightly rolling plains 

Rolling plains 

Hills 

Mountains 

Rugged mountains 

Extremely rugged mountains 

- 6 -

0 - 5 

5 - 20 

20 - 40 

40 - 80 

80 - 150 

150 - 300 

300 - 700 

>700 



 

Median estimates of .6.h(d) at desired distances may be obtained from 

the following relationship, which is based on a study of a large number 

of profiles: 

.6.h(d) = .6.h [l - 0. 8 exp(- 0. 02 d)] m, ( 3) 

where .6.h(d) and .6.h 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-

eters 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 h and h in- meters. Other path param-
g1 g2 

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 

individual paths are available one may compute these additional path 

parameters using the methods outlined in annex 3. 

In addition to estimates of surface refractivity N and the terrain 
s 

parameter .6.h , 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, E, 

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: 

-7-



 

Table 2 .  Typical Ground Constants 

Type of surface er mho/m E 
-

Poor gr ound 0 .  00 1 4 
Average ground 0 . 0 05 15 
Good ground 0.02 25 
Sea water 5 8 1  
Fresh water 0. 0 1  8 1  

At sufficiently low frequencies, the effe ct of the conductivity er is dom­

inant, while at sufficiently high frequencies, the dielectric constant E 

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 

te rrain, at frequencies above 1 0 0  MHz, and with antennas more than 

5 m above g r ound, 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 = 0 .  95 , v  
and the phase shift c = 0 .  For many applications this results in an esti-

mate of the effective reflection c oefficient R = 0. 9 ,  and the attenuation e 
A in (3. 2 )  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 and c may be computed using the e quations given in annex 3 or 
,v 

estimated from figure III. 1 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 L , or the corresponding attenuation below free space er 
A , are then: frequency f in megahertz, distance d in kilometers, er 
antenna heig hts above gr ound h g1 and h in mete rs, as well as gz 
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estiina.tes of surface refractivity N , the terrain irregularity Ah in 
s 

meters, the conductivity er mho/ m, and the relative dielectric constant 

e 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 parameters that must be known or estimated to cal­

culate long-term reference values of transmission loss are the effective 

antenna heights h
e1 

and h
ez 

, the horizon distances d
L l  

and d
L2

, and 

the horizon elevation angles 8 and 8 Horizon distances and ele-
e1 ez 

vation angles are shown in figure 2. When a detailed terrain profile is 

available for a given path, these parameters ina.y 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 h 
g1 

and on the method used for selecting antenna sites. 

and h 
gz 

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

actual horizon distances d
L l  

and d
L2 

are approximately equal to the 

smooth-earth horizon distances d and d When antennas are low 
Ls1 Lsz 

and randomly located with 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 acres s valleys, as for radio relays, the horizon 

distances and effective antenna heights may be greatly increased. Con­

sequently the following estimates are used: 

-9-



 

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 h and h are assumed to be equal to the 
e1 ez 

structural heights above ground: 

h = h m. 
el, z g1, z 

(4a) 

b) For radio relay links, with antennas located on or near hilltops, 

the effective heights are larger than the structural heights by an amount 

whose median value depends on the structural heights and the terrain ir­

regularity .6.h: 

h = h + k exp( - Z h / .6. h) m . 
e1,z g1,z g1,z 

(4b) 

Studies of terrain have shown that the maximum difference to be ex-

pected between median values of structural and effective height is 50 m ,  

in which case k would be equal to 50. But in most situations 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 + 4 sin ( lT h I lo) if o 5 h 5 5 , 
g1,z g1,z 

5 otherwise. 

When antenna sites are still more carefully selected, 

k = {1 + 9 sin ( lT h I 1 o) 
g1 'z 

10 otherwise . 

-11-
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For each application the question of a suitable allowance for effec­

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 may be found appropriate for line-of-sight and dif-
e1, z 

fraction formulas. 

When individual path profiles are not available, median values of 

the horizon distances d
L l  

and d
LZ 

are estimated as functions of the 

median effective antenna heights h and h determined above, the 
e1 ez 

terrain irregularity factor Ah, and the smooth-earth horizon distances 

d
L 

and d . The distance from each antenna to its horizon over a 
s1 Lsz 

smooth earth is defined as 

d = ... lo. 002a h km , 
Ls1, z l el, z 

(Sa) 

where the effective antenna heights h are in meters and the effec-
e 1 , Z 

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. 
Ls Ls1 Lsz 

(Sb) 

Median values of horizon distances over irregular terrain are estimated 

as 

where 

d = d exp(- 0. 07 ./Ah / h
e

) km, 
L l, 2 Ls1, z l 

-12-
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h 
e 

- h for h -{ e1,z. e1,z. 

S otherwise. 

:::: S m, 

The total distance, d
L

, between the antennas and their horizons is 

( Sd) 

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
L 

:::: d ,  is required to compute a reference value 

of attenuation relative to free space A , or of transmission loss L 
er er 

as described in annex 3, subject to the restriction 

(Se) 

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

mates of h are too low, and both should be multiplied by the 
e1, z. 

smallest factor that will satisfy (Se). 

The horizon elevation angles 8 and 9 , shown in figure 2, are 
e1 ez. 

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

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

vidual paths are not available, median values of 8 may be esti-
e1, z. 

mated as 

8 = 

e1, z. 

0. 000 s 

d 
Ls1, z. 

.6.h - 4h ] 
e1, z. 

radians . 

-13-
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The sum of the elevation angles is 

8 = 8 + 8 
e e1 ez 

or - d
L 

I a radians , (6b) 

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
L

. The angular distance for a 

transhorizon path is always positive and is defined as 

8 = 8 + d/a radians, 
e 

( 7) 

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

kilometers. 

These additional path parameters, h , d , 8 > and 8, are 
e1,z Ll,2 e1,2 

used in computing reference values of attenuation relative to free space 

A , or transmission loss L 
er er 

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 .  TRAKSMISSION LOSS CALCULA TIONS 

This section describes how the various parameters discussed in 

section 2 are used to compute transmission loss. Median reference 

values A of attenuation below free space are computed first. The 
er 

reference values L of transmission loss are then the sum of the free 
er 

space basic transmission loss, 1b
f

' and the reference attenuation relative 

to free space , A 
er 

L 
er = 

L
bf +A er 

dB. (8) 
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The free-space basic transmission loss is 

1;,f = 32 . 45 + 2 0  log1 0 f + 2 0  log1 0 d dB , (9) 

where the radio frequency f is in megahe rtz, and the distance d is in 

kilometers. 

The reference attenuation A is computed using methods based on er 
different propagation mechanisms for three distance ranges. Well 

within radio line of sight, the formulas of two-ray optics are use d to 

c ompute attenuation relative to free space. Just beyond line of sight, 

diffraction is the dominant mechanism. The prediction method computes 

a weighte d average , Ad , of estimates of diffraction attenuation over a 

double knife edge,  and over irre gular terrain. At greate r  distances,  

well beyond the radio horizon, the dominant propagation me chanism is 

usually forward scatte r .  The pre diction method for this distance range 

is a modification of the. scatter computations described by Rice et al. 

{1967). The reference attenuation A for transhorizon paths is e ither er 
the diffraction attenuation Ad or the scatter attenuation As , whichever 

is smalle r .  The distance at which diffraction and scatter losses are 

equal is defined as d . x 
To provide a continuous curve of the computed reference attenuation 

A as a function of distance the following methods are use d. er 

3. 1 To Compute A Within Radio Line of Sight er 

When transmitting and receiving antennas are within radio line of 

sight, the two-ray optics formulas described in annex 3 are used to c om-

pute attenuations A0 and A1 at specified distances d0 and d1 that are 

well within the horizon. The distance d is chosen to approximate the 0 
greatest distance at which the attenuation below free space is ze ro .  The 
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distance d1 is greater than d but well within the range for which two-. 0 
ray optics formulas are valid. The methods described in the next sub-

section are used to compute the diffraction attenuation ALs at the 

smooth earth horizon distance dLs. These three values of attenuation, 

A0, A1, and ALs, computed at the distances d
0, d1, and dLs , res­

pectively, are used to determine the slopes k1 and k2 of a smooth 

curve of A versus distance for the range 1 ::: d ::: d : er Ls 

(10) 

Note that the smooth-earth horizon distance d may be greater than Ls 
the actual horizon distance dL. 

Equation ( 10) may be simplified by defining a term A e 

( 11) 

Then for all distances greater than one and less than d , reference at­Ls 
tenuation is defined as 

(12) 

Detailed methods for computing k1 and k2 are given in annex 3. 

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

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

cribe the lobery within line of sight over irregular terrain. 

3. 2 To Compute Diffr�ction 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 
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developed by Vogler (1964) .  V ogler1s method e stimate s the diffraction 

attenuation, A , over the bulge of the earth in the far diffraction region, 
r 

and is applicable for smooth terrain. Knife -edge diffraction theory is 

used to e stimate atte nuation over an is olate d hill or ridge. In this ap­

plication the knife -edge attenuation, A
k

, is computed as though the radio 

path cro s s e d  two s harp, is olated ridge s .  In general, for irregular te r ­

rain, the diffraction attenuation, A
d

, is computed as a we ighted average 

of the two e s timate s A
r 

and A
k

: 

( 13) 

where the we ighting factor, w ,  is determined e mpirically a s  a function 

of radio frequency and terrain parameters and is defined in annex 3 .  

The diffraction attenuation A
d 

i s  calculated a t  distance s  d
3 

and 

d
4 

in the far diffraction region us ing the formulas given in annex 3. A 

straight line through the se points (A
3

' d
3

} and (A
4

, d
4

) is then defined 

by the interce pt, A
ed

, and slope , m
d

, as follows: 

and 

whe re A
fo 

is a clutter factor defined in annex 3. 

- 1 7-
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The reference attenuation A at any distance d greater than 
er 

the smooth earth horizon distance d
Ls 

and less than the distance d
x 

where diffraction and scatter attenuation are equal is 

A dB, for ( 16) 
er 

3.3 To Compute Forward Scatter Attenuation A 
s 

When the path length d or the angular distance e is large, the 

forward scatter attenuation A may be less than the diffraction atten-
s 

uation Therefore, when the product of the distance in kilometers 

and the angular distance in radians exceeds 0. 5 ( 8d > 0. 5) , forward 

is computed for comparison with A
d

. scatter attenuation A 
s 

For large values of Sd , the scatter attenuation A is assumed to 
s 

have a linear dependence on distance; therefore, A is 
s 

computed at two 

large distances d
5 

and d
6

. A straight line through the 

and (A
6

, d
6

) is then defined by the intercept A
es 

and the slope 

follows: 

and 

A 
es 

- m 
s 

dB, 

m = (A - A ) /(d - d ) dB· 
s 6 5 6 5 

m 
s 

as 

( 1 7a) 

( l 7b) 

The reference attenuation A at any distance d greater than the 
er 

distance d where diffraction and scatter attenuations are equal is 
x 

given by 

A = A = A + m d dB , 
er s es s 

-18-
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The detailed equations and techniques required to compute the ref-

e rence attenuation A as a function of distance are given in annex 3. 
er 

Figures 3 through 8 s how compute d and measured value s of attenua-

tion below free space plotted as a function of distance . The data were 

obtained in a measurement program des cribed by Johnson et al. ( 196 7). 

Measurements were made at frequencies of 20, 50, and 100 MHz in 

three areas . Figure s 3 and 4 s how data from northeastern Ohio, with 

corre s ponding predicted value s .  Figure 3 shows medians of data re ­

corded at distance s of 10, 20, 30, and 50 km from the trans mitter, 

us ing both vertical and horizontal polarization at 1 00 MHz , and with re ­

ceiver heights of 3, 6 ,  and 9 m. The numb er of measurements at 

each distance is tabulated, and corre sponding medians of point-to -point 

pre dictions based on individual profile s for each of the measurement 

paths are shown. The lines represent compute d reference value s A 
er 

based on frequency, antenna heights ,  and the asymptotic value of terrain 

irregularity �h . Figure 4 shows data and pre dicted value s at frequen­

cie s of 20 and 50 MHz . 

Figures 5 and 6 show measured and predicted value s of attenuation 

below fre e space for an area in the plains near Boulder, C olorado. 

Mea surements were made at dis tance s of 5 to 80 km from the trans-

mitter. Medians of data and the number of measurements made at each 

dis tance are shown, with corres ponding point-to-point predictions. The 

lines repre se nt computed reference value s A , bas e d  on the a symptotic 
er 

value of terrain irregularity �h. 

Figures 7 and 8 show measured and predicted values of attenuation 

below free s pace in the Colorado mountains we s t  of Boulder. The com-

puted values of A repres ente d by line s assume �h = 65 0 m. Actually 
er 

the s horter paths extend only into the foothills . For the 5-km paths the 

median value of �h(d) is 100 m. The triangle s on figures 7 and 8 s how 

value s computed using these estimate s of .6.h. 
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ANNEX 1 

VARIABILITY IN TIME AND WITH LOCATION, PREDIC TION 
ERROR, AND SER VICE PROBABILITY 

This annex deals with definitions of satis factory s ervice for any 

radio communication sy stem, the variability of s e rvice with time and 

location,and ways of allowing for random e r r o r s  of prediction. A speci­

fied grade of s e rvice , g ,  from a wanted s ignal in the pres ence of un­

wanted signals , and rapid or fine -grained variations of the s e  signal 

levels with time or r e c e iving location, is a s s umed to depend only upon 

whethe r a required wante d-to -unwanted signal ratio R ( g  ) is exc e e ded. 
r r 

If increas ing value s of available grade s repr e sent better grade s of s e r -

vic e ,  R ( g )  must inc r e a s e  with g .  For any reas onable se le ction of a 
r 

r e c e iving s y s tem, the probability of power -independent distortion is a s -

sumed negligible, o r  a t  lea s t  minimized. 

Let R{q
T

) repre s ent the available wante d-to -unwanted si gnal ex­

ceeded for a fraction q of a spe cified pe riod of time . With R and q
T T r 

fixe d, satisfactory s e rvice exists if R(q ) > R . Data normalized to 
T r 

corre s pond with the given conditions can be used to predict R{q
T

) .  The 

s e rvice probability, Q ,  is defined as the expected fraction of normali zed 

data for which R( q ) > R . 
T r 

T o  avoid acc epting an unsati sfactory system, a high se rvice pr oba -

bility i s  r e quired, while there should be a low s e rvice pr obability for 

any system that is rejected, other things being equal. Service pr oba ­

bility can al s o  be us e d  a s  a we ighting factor in cos t-benefit s tudie s o r  

in s tudying complex ne tting and multiple acce s s  proble ms . For s ome 

applications , such as broadca s ting or r e lay networks with many r e c e ive r s  

and/ or transmitte r s ,  it may be worthwhile t o  de s c ribe variations from 

location to l ocation statistically instead of examining every p o s s ible 

propagation link. Then the quantity R(q
T

, q
L

, Q) i s  defined as the 
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wante d-to -unwanted s ignal ratio exceeded for at least a fraction q
T 

of a 

specified period o f  time, for a fraction q
L 

of all r e c e iving antenna loca­

tions or pr opagation paths in a statistically homogeneous area or group, 

and with a probability Q .  

Interference p robability is the c omplement, P = 1 - Q ,  of the s e r ­

vice pr obability. Harmful interference may be said to exist at the an­

tenna terminals of a particular receiving system if the s e rvice proba­

bility is l e s s  than 0. 9 5 ,  i. e . ,  the inte rference probability is greater 

than 0. 05 . 

The fir s t  se ction of this annex dis cus s e s  the time variability of propa -

gation attenuation, the next s e ction de scribe s variability with location, 

and the las t  s ection deals with the s tatistics of R .  

1 - 1 .  Variability in Time 

1 - l .  1 Adjustment Function V ( O .  5 ,  d ) 
e 

Adjus tments to the calculate d long -te rm reference value A of at-
cr 

tenuation relative to fre e space may be required to provide long -term 

median e s timate s of A( O .  5) for given s ets of data. Adjustments des ­

cribed he re provide e s timate s of A( O .  5 )  for spe cific periods of time and 

for various climatic re gions . Climatic regions are dis tingui shed on the 

bas is of meteorological data as de scribed by the CCIR ( 1 9 66) and by 

Rice et al. ( 1 9 6 7 ) .  

The calculated long -te rm reference value A repr e s ents the me -
cr 

dian attenuation to be expected, ass uming minimum monthly mean value s 

of surface refractivity N ( s e e  s e c .  2 .  1) . Therefo re , differenc es 
s 

are to be expected between the reference value A and the long-term 
er 

median A ( O .  5) that repr e s ents all hours of the yea r .  In the northern 

temperate zone, for example , minimum monthly mean value s of N 
s 

occur during the winter month s . 
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The all-year median attenuation A(O. 5 )  differ s  from the computed 

value A by an amount V(O.  5 )  dB : e r  

A{ 0. 5) = A  - V( 0. 5 )  dB . er ( 1. 1 )  

This diffe rence V(O.  5 )  between the all-year median attenuation and A er  
i s  s hown in  figure 1 .  1 for s everal climatic regions as a function of a n  

effective distance, d , expressed in kilometer s .  e 
The effe ctive distance d depends on the distance at which diffrac­e 

tion and forward s catter lo s s e s  are approximately equal over a smooth 

earth, and on d , which is  the sum of the smooth-earth horizon di s ­Lo 
tances for an effective earth 's  radius a = 9 0 00 km . Define 9 as the S l  
angular distance where diffraction and s catter los s e s  are approximately 

e qual over a smooth earth of effective radius a = 9 00 0  km . Then, 

l 
d = a 9 = 6 5 (  1 0 0/  f )3 km , and S l  S l  

d = 3{ � + vz h  ) km , Lo el  ez 

( 1. 2a) 

{ 1. 2b )  

where f i s  the frequency in megahertz and h are the effective an-e1 , z 
tenna heights in mete r s ,  defined in se ction 2 .  4 (4). The effective dis -

tance d is then defined as follows : e 

For d !:: ( dL + d ) km , 0 S l  

For d > (dL + d ) km , 0 S l  

d = 1 30 d/ ( dL + d ) km ( 1. 3a) e 0 S l  

de = 1 30 + d -{dL0 + ds 1 ) km . ( 1 . 3b) 

In each climatic region the calculated reference value s hould be ad­

justed by the amount V(O .  5, d ) to obtain the predicte d all-year median e 
value of attenuation. 

The curves shown in figure 1. 1 represent V(O.  5 ,  d ) for all hours e 
of the day throughout the entire year . For s ome applications it is  im-

portant to know something about the diurnal and seas onal changes that 

1 - 3  
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may be expe cte d. Such changes have been s tudied in the continental 

United State s wher e  a large amount of data , r e c o r d e d  for pe riods of at 

leas t  a year, is availabl e .  The variation of long-term median levels 

with s e a s on usually s hows maximum attenuation in midwinter, e sp e c ially 

on winter afte rnoons, and minimum attenuation during the s umme r 

month s, particularly during the morning hour s .  

The data were divided into s umme r  and winter periods , May through 

October, and Novemb e r  through April, and the hou r s  of the day w e r e  di ­

vided into four groups p r oviding the following eight time blocks : 

No. Months Hour s 

1 Nov - Apr 0600 - 1 300 

2 Nov - Apr 1 300 - 1 800 

3 Nov - Apr 1 800 - 2400 

4 May - Oct 0600 - 1 300 

5 May - Oct 1 300 - 1 800 

6 May - Oct 1 800 - 2400 

7 May - Oct 0000 - 0600 

8 Nov - Apr 0000 - 0600 

The data for time blocks 1 ,  2, 3, and 8 were c ombined to form a 

winter all-hours g r oup and the data for time blocks 4, 5 ,  6 ,  and 7 w e r e  

c ombined to form a summer all-hour s group. The adjustment factor 

V { O .  5 )  for each of the se periods of time is s hown in figure 1. 2 for the 

Unite d State s ,  which is typical of a continental temperate cl imate . 

For other climatic re gions an indication of the s e a s onal variation to 

be expe cted may b e  obtaine d from the annual range of monthly mean N 
s 

s hown in figure 1 .  3 .  Much o f  the data in the Unite d State s w a s  r e c or d e d  

whe r e  the annual range of monthly mean N i s  40 t o  5 0  N-units . I n  re ­
s 

gions whe re the annual range is les s than 20 N -unit s ,  s e a s onal va riations 

1 - 5 
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are expe cted to be negligibl e .  One would als o  expect less  diurnal chang e ,  

for example ,  i n  a maritime temperate climate where changes i n  temper ­

ature during the day are le s s  extreme .  In climates where the s urface 

refractivity N changes considerably throughout the year, the conse cu-
s 

tive 4- to 6-month period when the monthly mean value of N is lowe s t  
s 

is as sumed to corres pond to 1 'winte r 1 1 ,  whatever months are involved. 

1 - 1 .  2 Long - Term Variability About the Median 

Long-term variability, identified with the variability of hourly me ­

dian value s of attenuation, usually re sults from slow changes in average 

atmospheric refraction, in the de gree of atmospheric stratification, or 

in the intens ity of atmospheric turbulenc e .  E s timates of long - term var ­

iability to be expected are important to insure adequate s e rvice and to 

avoid pos s ible inte rfe rence between service s operating on the same or 

adjacent frequencie s .  

Es timates of variability in time about the long-term median attenua ­

tion are ba sed on measurements . Hourly median value s of transmis s ion 

loss recorded for a long period of time over a s ingle path may show wide 

variations , e spe cially in areas where marked seas onal change s occur in 

the surface refractivity N and in the refractive index gradient. 
s 

Figure 1 .  4 s hows the variability expe cte d at 1 00 MHz in a contin-

ental temperate climate for all hours of the yea r,  for the summer hour s ,  

and for the winter hour s .  The curve s show the interdecile range of at-

tenuation as a func tion of the effective dis tance d They were drawn 
e 

through medians of a large amount of data re corded in the frequency 

range 88 to 108 MHz . The curve Y ( 0. 1 )  is the diffe rence between the 
0 

median attenuation A(O.  5 )  and the attenuation A(O.  1 )  not exceeded 1 0  

per cent of the time . Similarly, the curve Y ( 0. 9 )  repr e s ents the dif­
o 

fe rence between the median attenuation and the attenuation A{ O .  9 )  not 

exceeded 90 pe rc ent of the time : 

1 - 8  



 

Y 0( 0 . 1 )  = A( O. S )  - A(O. 1 ) :: 11, ( 0 .  S )  - 11,(0.  1 )  dB ( 1 .  4a) 

Y 0( 0 .  9 )  = A( O .  S) - A( O .  9 )  :: 11,(0.  S) - 11, ( 0 .  9 )  dB ( 1 . 4b) 

The variability in time of attenuation over a given path als o depends 

on frequency-related effects .  The frequency factors g(O .  l ,  f )  and 

g ( O .  9 ,  f )  shown in figure 1 .  S adjust the predicted variability for 1 0 0  MHz, 

s hown in figure 1 .  4 for use at other frequencie s :  

Y ( O .  l )  = Y ( 0 . 1 )  g(O .  l ,  f )  dB 0 ( 1 .  Sa) 

Y ( O .  9) = Y ( 0. 9 )  g ( O .  9 ,  f )  dB . 
0 

( 1 .  Sb) 

The empirical curves g(q,  f )  should not be regarded as an e s timate of 

the dependence of long-term variability on frequency; they repre sent 

only an average of many effects , some of which are frequency -s ens itive . 

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 pr ofile s 

for which data are available . An allowance for year-to-year variability 

is included in g( q, f ) .  

The e stimates of A , V ( O .  5) , Y ( O .  1 )  and Y ( O .  9 )  may be used to er 
pre dict an entire cumulative distribution of attenuation relative to free 

space using the following ratios : 

Y ( O .  0001) = 3 .  3 3  Y ( O .  l) 

Y ( O .  0 01) = 2. 7 3  Y ( 0 . 1) 

Y ( O .  01) = 2. 00 Y ( O .  l) 

1 -9 

Y ( O .  9999)  = 2. 90  Y ( O .  9) 

Y ( O .  9 9 9) = 2 .  41 Y ( O . 9 )  

Y ( 0 . 99) = l. 8 2 Y ( 0 . 9 )  
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Figure 1 .  6 shows such a predicte d  dis tribution compared with values 

measured over a path for more than 2 years.  The figure s hows the bi­

variate distribution that is typical of a continental temperate climate . 

The preceding di s cus sion and figur es l .  2,  l .  4,and l .  5 are for a c on­

tinental temperate climate and are bas e d  largely on data from measu r e ­

ments made in the United State s and i n  West Germany. Data from other 

geographical regions were used to develop curves for other climates ,  

notably data from the Briti sh Isles and the west coastal areas of Europe 

that characte rize the mar itime temperate overland and maritime tem­

perate ove r s ea curves .  The curves pres ented by Rice et al.( 1 9 6 7 ) for 

other climatic regions are bas ed on relatively few measurements . 

1 - 1 .  3 C omputer Method for Es timating Long -Term Variability 

Long -te rm variability about the median attenuation may be e s timated 

in terms of a standard deviation, er , and a standard normal d eviate , Ta 
z (q) . The symbol q ,  repre senting any fraction -between 0 and l ,  and 

0 

the standard normal deviate z ( q )  may be expr e s s e d  in terms of the e r -o - 1  r or function, e rf x ,  and its inve r s e ,  e rf x .  

q = 0. 5 + 0.  5 e rf( z J .,./2) 
0 

- �  -1  z (q )  = V c. erf (Zq- 1 ) . 
0 

( 1 .  6a) 

( 1 .  6b) 

Then the long -term variability about the median excee ded at least a fra c ­

tion qT of the time may be expres sed as 

( 1 .  7)  

whe re qT is any desired fraction of time and Y(qT) is  the diffe rence 

between the median attenuation A(O.  5) and tne attenuation not exceeded 

a fraction qT 
of the tirr.e . 

1 - 1 2  
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F or a c ontinental temperate climate, Y (O . 1) is not equal to Y (0 . 9) . 

The cumulative dis tribution may be c onside r e d  as consisting of two par ts, 

r e pr e s e nted by s tandard deviations er 
Ta 

(0 . 1) and er Ta 
(0 . 9) , where 

Y (0 . 1) = 1 .  2 8 2  erTa 
( O .  l ) ,  and 

Y (0 . 9) = -1 . 28 2 er Ta 
(O . 9) . 

Define x = d I 1 0 0 . 
e 

For d s 20 0 :  
e 

2 2 
er Ta 

(0 . 1) = 8 x g (0 . 1 , f) exp ( - 0 .  36 x ) .  

For d > 20 0 :  
e 

er Ta
(O . l) = g ( O . l, f) [4 . 2 +  1 6 . 5 exp ( - 0 . 7 7 x) ] . 

F or d s 2 50 :  
e 

2 2 
erTa

(0 . 9) = 4 . 6 x  g ( 0 . 9 , f) exp ( -0 . 2 6 x  ) .  

For d > 2 50 :  
e 

erTa
(0 . 9) = g ( 0 . 9 , f)  [2 . 3 +  1 5 exp ( - 0 . 6 x) ] 

F or 60 s f s 1 60 0  MHz: 

g (O .  l , f) = 0 . 2 1 sin [5. 2 2  log
1 0

( £/ 200)] + 1 . 28, 

1 - 14 

( 1 .  8a) 

( 1 .  8b) 

( 1 .  9a) 

( 1 .  9b) 

( 1 .  lOa) 

( 1 .  l O b) 

( l .  l l a) 



g( O .  9, f )  = O .  18 s in �· 2 2  log 10 ( f / 2 0 0 )] + 1 .  2 3 . ( 1 .  1 1  b) 

F or f > 1 60 0 :  

g( 0 .  1 ,  f )  = g( 0 .  9. f )  = 1 .  0 5 • ( l . l l c) 

Equations ( 1 .  l l a - c) r e p r e s ent appr oximations to the empirical e s timate s 

of g(O . 1) and g ( O .  9) plotted in figure 1 .  5 for all year. 

1 - 2 .  Variability with L ocation 

The r e  is a path - to- path variation in the available wanted signal 

p ow e r  that ma y be r efe r r e d  to a s  location variability. S uch random 

variations from location to location for any given qT may be a s s umed 

to be normally distributed with a s tandard deviation er La dB . Then 

A ( qL) is the attenuation be low fr ee s pace not exceeded for at least a 

fr action qL of all randomly chosen paths for which other paramete r s ,  

su ch a s  frequency, antenna heights, and path length, a r e  fixed. A value 

qL = O .  5 would r e pr e s e nt me dian c onditions, while qL = O .  1 would 

mean that the antennas are a s s umed to be located at site s s e lected to be 

among the be s t  10 p e r c e nt of all p o s s ible locations within a given a r e a .  

F or low antennas, over irre gular te rr ain, the be s t  e s timate from pr e -

se ntly available data indicate s a value of cr L a :: 10 d B , as shown in 

annex 2 .  The location var iability Y(q L) for any fraction q L  may be ex­

pre s s e d  in terms of the s tandard deviation cr La and a s tandard normal 

deviate 
z 0(qL) , 

( 1 .  1 2 a) 

where 

( 1.  1 2  b) 

1 - 1 5  



1 - 3 . Pr e diction Error and S ervice Pr obability 

A c ommunication link is a s s wned to provide s atisfactory s e rvic e of 

a given grade g if the available signal-to-noi s e  ratio R exceeds the 
r 

r equired pr otection ratio R ( g  ) for at least a fraction q
T 

of the time 
r r 

and a fraction q
L 

of all similar links . The nois e-limited s e rvice r e -

quirement may b e  written as 

R(q
T, q

L, Q) = R
o

+ y T + y 
L 

+ y 
c 

dB ' ( 1 .  l 3a} 

whe r e  R is the median available signal-to-noise ratio and the s ymbols 
0 

Y
T

' Y 
L

' and Y 
c 

repr e s ent bia s e s  or safety fa ctor s r equired to achieve 

prote ction for at least the de sired fraction qT of the time, the desired 

fraction q
L 

of locations, and with a pr obability Q .  The s e  bia s e s  are 

conside r e d  in the order given, allowing fir s t  for time availability q
T , 

then for location var iability qL , with qT fixed, and finally for s e rvice 

pr obability Q ,  with both q
T 

and qL fixed � That is, we may write 

( 1 .  1 3a) as 

In this di s cus sion we c onsider inte rfe r ence due to noise at the te rm-

inals of the r e ceiving antenna, including both internal s ys tem noi s e  and 

exte r nally generate d  unwanted signals whose effect can be repres ented 

by an equivalent noise power whe never the pr obability of powe r ­

independent di stortion i s  ne gligible . Further discussion of interference 

fr om unwanted signals may be found in annex V of the r e port by Rice 

et  al.  ( 1 967) . 

The bia s e s  Y
T

' Y 
L

' and Y 
c 

expr e s s e d  in decibels are a s s umed to 

be normally distributed in time and with location, with errors of pr e ­

diction als o normally dis tributed.  The biases may then be expr e s s e d  in 

1 - 1 6  



terms of a s tandard normal deviate z (q) , and the variance of the avail-
. 0 

able s ignal-to- noi s e  ratio in time, r:T i ,  with location, rT f ,  and with p r e -

diction error, r:J� . 'The variance r:T i is defined in terms of variances in 

time r:J�
a 

and r:J�
n 

ass ociated with the available wanted signal power W 
a 

and the noise power W 
n

, r e s pe c tively, and of p
T

, the c oefficient of cor­

relation be tween them: 

2 2 
rT Ta + rT

Tn 
- Zp

T rT
Ta rT

Tn 

where r:T 
Ta 

is defined by ( 1 .  9) and ( 1 .  1 0 ) . 

dB
2

, ( 1 .  14a) 

2 
Similarly the path - to- path variance r:T 

L 
of the available signal-to-

noi s e  ratio may be expr e s s ed a s :  

( 1 .  1 4 b} 

whe r e  r:T 
La 

and r:T 
Ln 

are the location-to- location s tanda rd deviations of 

the available wanted signal power W and the noi s e  power W , r e spec -
a n 

tively, and p
L 

is the normalized c oefficient of correlation between 

them. For s e rvice limited by a backgr ound of man-made noise,  a s tudy 

of available data indicate s that r:T 
Tn 

'=°' 4 dB and r:T 
Ln 

'=°' 4 dB , while 
r:T La

'=°' 

10 dB, as pr eviously stated. The c or r elation coefficients p
T 

and p
L 

are usually a s s umed to be positive because when the r e ceived signal is 

high as a r e s ult of g ood pr opagation conditions the noise level is  likely 

to be high als o.  

The e s timated s tandard e rror of prediction rT may be defined in 
c 

terms of the variance r:Jz a s s ociated with the re c eiv ed power exceeded 
ca 

at lea s t  a fraction q
T 

of the time at a fraction q
L 

of the locations, the 

variance r:Jz a s s ociated with the corres ponding noi s e  power,  and the 
en 

corr elation p between them, with additional allowances for time and 
c 

lo ca ti on variability: 

1 - 1 7  



dB2 • 

where o- = 5 [l + 0 .  6 exp( - d I 100}] dB . ca e 

( 1 .  1 5) 

( 1 .  16) 

The estimate:i pr ediction error crc includes an allowance °x for errors 

in predicting the r equired signal-to-noise ratio Rr (gr) .  The coefficients 

0 . 12 and 4 in (1. 1 5) and 5 and O .  6 in (1. 16) represent the best empirical 

e stimates pres ently available. 
Estimates of o- ::< 4 dB , o- ::< 5 dB are pr obably adequate, and the en x 

s tandard deviation o- is computed using ( 1 .  1 6) as a function of the ef-ca 
fective distance d , defined by ( 1 .  3) . Little information is available e 
regarding the correlation p between prediction errors for wanted c 
s ignals and nois e .  The correlation is expected to be positive and less  

than unity. 

The safety factors or biases shown in ( 1 .  1 3) may be allowed for 

separately in the order given. The bias YT , assuming qT = 0 .  99,  is 

the difference between an available signal-to-noise ratio R(O . 99, qL) dB 

exceeded at leas t 99 percent of the time at any location and the median­

time value R(O . 5, qL) . Then the bias Y L , assuming qT = 0 .  9 9  and 

qL = 0 .  1 ,  is the difference between the ratio R(O . 99, 0 .  1) exceeded at 

least 99 percent of the time at 10 percent of the locations and the median­

time, median-location value R(O . 5, 0 .  5) : 

( 1 .  1 7a) 

( l . 1 7b) 

where p T is the time correlation and pL is the path-to-path correla­

tion between wanted signals and noise . 

The bias or safety margin, 

y c 0- ( p ) z (Q) c c 0 

1 - 1 8 
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r equir ed to achieve a given signal- to-noise ratio with a s e rvice 

pr obability Q depends in turn on the c or r elation p as sumed be tween 
c 

prediction errors  for wanted signals and noise in ( 1 .  1 5) .  

The available wanted s ignal power i s  

W = W + G - L dBW , 
a t p b 

( I .  18 )  

whe r e  W
t 

i s  the total radiated power in  dBW, G
p 

is the path antenna 

gain in dB, and L
b 

i s  the basic trans mis sion los s in dB.  The path an­

tenna gain may be expre s s e d  as 

G = G + G - L dB , 
p 1 2 gp 

( 1 .  19)  

whe r e  G 
1 

and G
2 

are the fr e e  space antenna gains in decibels re lative 

to an is otr opic radiator . The los s in path antenna gain, 

appr oximated as follow s :  

F or G 
l 

+ G
2 

s 50 dB 

For 50 s G
1 

+ G
2 

s 1 0 0  dB 

L s 1 dB , 
gp 

L � o . 0 7 exp [0 . 0 5 5 (G + G )] 
gp 1 2 

dB . 

L , may be 
gp 

( l . 20a) 

( 1 .  2 0 b) 

In most situations we a s s ume that fr e e-space gains are r ealiz ed.  Where 

the loss in gain may be appr eciable, other methods for e s timating G are 
p 

de s cribed in the r eport by Ric e et  al .  ( 1 9 6 7) . The appr oximation in 

( 1 .  2 0 b} tends to give subs tantially larger value s of L for lar g e  G 
1 

+ 
gp 

G 
2 

than the me thods r e ported by Rice et  al .  Expe r ience with actual 

c ommuni cation links at 4 50 0  MHz using 10 m parabolic refle ctor s sug ­

g e s ts that ( 1 .  20b) may pr ovide more r eali s tic  e stimates of link perform­

anc e .  However, more theoretical and experime ntal s tudie s are needed 

to r e s olve this pr oblem. 

1 - 1 9  



The available s ignal to noi s e  ratio R is 

R = W W dB , 
a n 

( 1 .  2 1) 

whe r e  W is the total equivalent r-f noise  power in dBW. It is often c on­
n 

venient to expre s s  W and W as power spectral densi ties,  in dB( W/ kHz ) ,  
a n 

rather than expres sing the total power in the r -f pas sband of the re ce iver 

in dB W . 

The powers, or power spectral densitie s, W and W and the basic 
a n 

transmi s sion loss  L
b 

are as sumed to be normally distributed in time 

and fr om path to path. The median values of W 
a

, W 
n

, and L
b 

may 

be denoted as W , W and L
bo

. The n the median available signal-
o no 

to-noise ratio R is 
0 

R = W W = W + G - L - W dB , 
o o no t p bo no 

( 1 .  22) 

and the s ignal-to-noise ratio R may be expr e s sed in terms of its median 

value R
0 

and the bia s e s  Y
T

, Y L and Y 
c

: 

where 

R = R
o + y T + y L + y c 

dB. 

Y = - er z (Q) dB . 
c c 0 

( 1 .  2 3) 

The grade of s e rvice at any rec eiving location i s  satisfactory if the 

available wanted s ignal-to-noise ratio R exceeds the ratio R requir ed 
r 

for sati s factory s e rvice in the pre s ence of fine - grained time and s pace 

variations of signals and noise, that is, if R - R > 0 ,  whe r e  
r 

R - R = R + Y + Y - R - er z (Q) dB . 
r o T L  r c o  

1 -ZO 

( 1 .  24) 



Subs tituting ( 1 .  2 2 )  in ( 1 .  24) and defining 

we can write 

S
o 

= W
t 

+ G
p 

- R
r 

- W 
no 

+ y T + y L 
dB , ( 1 .  2 5) 

R - R = S - L
b 

- CJ z (Q) • 
( 1 .  2 6) 

r o o c o 

The s ervic e pr obability Q i s  calc ulated by s e tting R - R equal to 
r 

z e r o  and s olving for Q in terms of the e r r or function: 

CJ z (Q) = S - L
b 

dB , 
c 0 0 0 

Q = 0 . 5 + 0 . 5 erf[{S - L
b

) / ( CJ  Vz)] . 
0 0 c 

( 1 .  2 7a) 

( 1 .  2 7b) 

Or, for a given value of Q ,  such a s  Q = 0 . 9 5 ,  ( 1 . 2 7a) may be 
0 

s o lved for the value of S requi r e d  to achieve this s e r vice pr o bability. 0 
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1 -4 Li s t  of Symbols and A bbreviations 

In the following list  the English alphabet precedes the G r e ek alpha­

bet and lower case  lette r s  precede upper case  lette r s .  In general, 

uppe r c a s e  lette r s  ar e used for quantities expre s sed in de c ibels . 

a an effective ear th' s radius that allows for average r efraction 

of radio rays near the surface  of the earth, ( 1 .  2a) . 

A a predicted reference value of attenuation be low fr ee s pace,  
er 

expr e s s e d  in decibels, ( 1 .  1 ) . 
A ( qL) attenuation be low fr e e  s pace not exceeded for at  least a frac ­

tion qL of all randomly chosen paths for which other par am ­

ete r s , such as frequency, antenna heights, and path le ngth, 

ar e fixed, 

A ( O . 5) long -term median value of attenuation below free s pace for 

a spe cified period of time, climatic region, etc .  ( 1 .  1) . 
A ( O . 1 ) ,  A ( O , 9) attenuation below free s pace not exceeded for 10 

percent and 90 pe r cent of the time, r e s pectively, ( 1 .  4) . 
d great cir cle distance in kilomete r s  

d B  abbreviation for decibel .  

d an effective distance in kilometer s ,  defined by ( 1 .  3) . 
e 

d
Lo 

the sum of the s mooth-earth horiz on dis tances for an effe c -

tive earth' s radius a = 9000 km , ( 1 .  2) . 

d the distance between horizons for which diffr action and for -S l  
ward scatter los s e s  ar e appr oximately equal over a s mooth 

earth, ( 1 .  2a) . 

e r f  x the e r r or function of 
- 1  erf x the inv e r s e  error 

x 2 
2 f -a 

x .  ( 1 . 6).  defined a s  H(x) = � e 

function of x • ( 1 .  6) . o 
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f radio wave fr equency, expre s s e d  in megahertz, ( 1 .  2) . 
g(q, f) frequency factor s used to adjust the pr edicted variability in 

time at 100 MHz for u s e  at other frequencie s,  ( 1 .  5) and 

figure 1 . 4 .  

g( O .  1 ,  £) ,  g(O . 9, f) fr equency factor s used to adjust Y ( 0 .  1) and 
0 

Y (O . 9 ) ,  r e s pectively, ( 1 .  5) and figure 1 .  4.  
0 

G path antenna gain in de cibels above the unit gain of an is  o-
p 

tr opic radiator, ( 1 . 1 9) .  
G 1 , G 2 free-space antenna gains , in de cibels relative to an iso­

tr opic radiator, of the trans mitting and r e c eiving antennas,, 

r e s p e ctively, ( 1 .  1 9) . 
h ' h 

e 1  ez 
effe ctive heights in mete r s  of the trans mitting and re -

ceiving antennas, r e s pectively, ( 1 .  
2

b) .  
basic transmis sion loss in decibels,  ( 1 .  18) . 

L
bo

' L
b

(O .  5) long - term me dian value of basic  trans mis sion los s  

in decibels, ( 1 .  4) and ( 1 .  22) . 

L
b 

( O .  1 ) ,  L
b 

( 0 .  9) basic trans mission los s not exceeded for fr ac­

tions 0 .  1 and 0 .  9 of hourly medians, ( 1 .  4) . 

L loss in pa th antenna gain, ( 1 .  19)  and ( 1 .  20) . 
gp 

N atmospheric refractivity at the s urface of the earth. s 
q a s ymbol that r e pre sents any fraction between 0 and 1, ( 1 .  6) . 

q
L 

any desired fraction of all randomly chosen paths for which 

such parame te rs  as frequenc y, antenna heights, and path 

length are fixed. ( 1 .  1 2) .  
q T 

any desired frac tion of time, { 1 .  7) . 

Q a s ymbol that repres ents se rvice pr obability, { 1 .  1 7) and 

( 1. 2 7) . 
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R the available signal - to-noise ratio expr e s s e d  in de cibels,  

( 1 . 2 1) .  

R the signal- to - nois e  ratio r equir e d  to pr ovide satisfactor y s e r -
r 

vice in the pr e s ence of fine -grained time and space variations 

of signals and noise ,  ( 1 .  24) . 

R median value of the available signal-to-noi s e  r atio expr e s s e d  
0 

in de cibels, ( 1 .  22) . 

R ( q
T

, q
L

, Q) the signal-to-noise ratio available for at least a de ­

sired fraction q T  of the time at a de sired fraction qL of 

locations, with a pr obability Q ,  ( 1 .  1 3) .  

R(O . 5, qL) the median time value of the available s ignal-to-nois e  

ratio a t  any location. 

R(O .  99 ,  qL) the available signal-to- noise ratio exceeded at least 

99 pe rc ent of the time at any location. 

R( O .  99, 0 .  1) the available signal -to-nois e  ratio exceeded at least 

99 percent of the time at 10 percent of the locations . 

S a term defined by ( l .  2 5) . 
0 

V(O . 5) the difference in decibels between a c omputed reference 

value A and the median attenuation A ( O .  5)  expe cte d  for a 
e r  

spe cified climate, s e a s on, time of day, or desired gr oup of 

paths, ( 1 .  l } . 

V(O . 5 ,  d ) the adjustment factor V(O . 5) as a function of the effec ­
e 

tive dis tance d , figure 1 .  1 .  
e 

W radio frequency signal power or power spectral density that 
a 

w 
n 

w ould be available from an equivalent lo s s -free r e ceiving 

antenna, ( 1 .  18) . 

the total equivalent r - f  noi s e  power or power spe ctral density 

at the terminals of a los s -fr e e  receiving antenna, including 
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both internal s ys tem noise r eferred to the se  te rminals and 

externally g ener ated .unwanted signals whose  effe ct can be 

repres ented by an equivalent noi se  power, ( 1 .  2 1 ) .  

W the total power radiated from a transmitting antenna in a 
t 

given band of radio frequencie s,  ( 1 .  18) . 

W the median value of W , ( 1 .  22) . 
no n 

W the median value of W , ( 1 .  22) . 
o a 

x a parameter defined as x = d / 100 used in ( 1 .  9) and ( 1 .  10) . 
e 

Y an allowance in decibels for pr ediction error, ( 1 .  1 3) and 
c 

( 1 .  1 7) . 

Y 
L 

an allowance in decibels for random variations in trans mis ­

s ion los s from location to location, ( 1 .  1 3) and ( 1 .  1 7) .  

Y
T 

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

( 1 .  1 3) and ( 1 .  1 7) . 

Y ( qL) the location var iability for any fraction q
L 

of all randomly 

chosen paths for which other paramete rs. such as frequency, 

path length and antenna heights , are Iixed, ( 1 .  l 2a) . 

Y ( q
T

) the variability in time about the long - term median exce eded 

at least  a fraction q
T 

of the time, ( 1 .  7) . 

Y ( O . 1 ) ,  Y(O . 0 1 ) the diffe rence between the long- ter m median at­

Y(O . 9), Y ( O . 9 9) tenuation and that not exceeded for fractions 0 .  l , 

0 .  0 l ,  0 .  9 ,  and 0 .  99 of the time, r e spective ly, ( 1 .  5) and fol-

lowing dis cussion. 

Y (O . 1) , Y ( 0 .  9) value s of Y(O . 1) and Y(O . 9) , respectively, ex-
o 0 

pe cted at 100  MHz in a c ontinental temperate c limate, 

plotted ver sus an effective distanc e d , figure 1 .  4 and ( 1.  4) . 
e 
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z 
0 

a s tandard normal deviate, ( 1 .  6) . 

z ( q) a s tandard normal deviate where the s ymbol q repre sents 
0 

any fr action between z e r o  and unity, ( 1 .  6) . 

z
0

(qL) a s tandard normal deviate where  the s ymbol qL r e p r e s ents 

any desired fraction of all randomly chosen paths for which 

such paramete r s  as frequency, dis tance ,and antenna heights 

are fixed, ( 1 .  12 )  and ( 1 .  1 7) .  

z
0

(q
T

) a s tandard normal deviate whe r e  the s ymbol q T repre sents 

any desired fraction of time, ( 1 .  7) and ( 1 .  1 7 ) . 

z (Q) a s tandard normal deviate wher e  the s ymbol Q repres ents 
0 

the desired s e rvice probability, ( 1 .  l 7) . 

e the angular dis tance at which s catter and diffraction trans -S l  
mis sion los s e s  are appr oximately equal over a s mooth earth 

of effective radius a = 9000 km ,  ( 1 .  2) . 

the cros s - corr elation coefficient between the var iations of 

the received signal power exceeded at leas t  a frac tion q T 

of the time at a fr action qL of locations and variations of 

the corresponding noise power,  ( 1 . 1 5) .  

the coefficient of corr elation between the location- to- location 

variations of the available wanted s ignal power and the noise 

power, ( 1 .  14b) . 

the coefficient of cor r elation in time between the available 

wanted signal power and the noi s e  power,  ( 1 .  1 4a) . 

o- e s timated prediction er ror, defined by ( 1 . 1 5) .  
c 

o- , CJ the s tandard deviations of the received wanted signal 
ca en 

power and noise  power, r e s pe ctively, exceeded at least a 
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fr a c tion q T  of the time at a f r a c tion qL of the locations, 

(1. 15) ; CT i s  defined by ( 1 .  1 6) ,  CT � 4 dB . c a  e n  
CT ( p  ) a  value of CT c omputed using a s p e cified value of p , (1. l 7 c) . c c c c 
CT L ' CT f, the s tandard deviation and varianc e, r e s pe ctively, from 

location to loc ation of the available signa l - to - n oi s e  ratio, 

( l . 1 4 b) . 

CT La' CT Ln the location - t o - location standar d deviations of the avail­

able wanted s ignal power and noi s e  power r e s pe c tively, 

( 1 .  1 4b) ; 

4 d B . 

available data indicate CT L a """ 1 0  dB and CT Ln """ 

CT L ( p L) the location -t o - lo c ation s tandard deviation of the available 

signal - to - noi s e  ratio a s s uming a s p e c ified value of pL , 

( 1 .  1 7b) . 
2 

<r 
T

' CT T the standard deviation and varianc e ,  r e s pe c tiv ely, of the 

available wanted signal - t o - noi s e  ratio in time, ( 1 .  1 4a) . 

CT Ta' CT Tn the s tandard deviation in time of the available wanted 

signal pow e r  and noi s e  pow e r ,  r e s p e ctiv e ly ,  ( 1 .  1 4 a) ; CT Ta 
is computed u s ing ( 1 .  9) and ( 1.  10) ;  available data indicate 

CT Tn """ 4 dB . 

CT Ta ( O . 1) , CT Ta ( O .  9) s tandard deviations r e p r e s enting the bi - n ormal 

time di s tribution of attenuation r e lative to fr e e  s pace, illus -

tr ated in figure 1 .  6, ( 1 .  9)1 and ( 1 . 1 0 ) . 

CT T( p T) the s tandard deviation in time of the available signa l - t o ­

noi s e  ratio a s s uming a s p e c ified value of p T ,  ( 1 .  1 7a) . 

CT a t e r m  u s e d  in e s timating pr e di c tion e r r o r that allows for 
x 

e r r o r s  in p r e dicting the r e quir e d  signa l - t o - noi s e  r a tio, CT """ 
x 

5 dB , ( 1 .  1 5) .  
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ANNEX 2 

ST UDIES OF TE RRAIN PROFILES 

2 - 1  Intr oduction 

Radio transmis s ion l o s s  over irregular ter rain, for the frequencies 

and distance s  c onside r e d  in this report, depends mainly on the pr ofile 

cha racteristics of a great cir cle  path between transmitting and r e c e iving 

antennas .  S ome allowance i s  made for vegetation and man - made clutter,  

while large buildings and dense vegetation a r e  treated in the same way 

as features  of the ter rain itself. 

For point-to-point transmission l o s s  calculations for a given ter ­

rain profile and antenna locations , the paramete r s  of interest, in order 

of their  usual importance,  are the s um of horizon ray elevation angles  

e ' the e ffe ctive antenna heights 
e 

h , the path dis tance d ,  the in-
e1 , z 

te rde c ile range of ter rain e levations �h( d) , the horizon distance s  

d
L l , 2 , and the effe ctive dielectric c onstant e , and c onductivity er ,  

for a terrain or sea surfa c e .  The definition, u s e ,  and importance of 

the se  paramete r s  are explained in the body of the r eport.  

To obtain calc ulated reference value s of pr opagation attenuation for 

s pe cified sets of terr ain pr ofiles and antenna locations, or to obtain e s ­

timates of variability fr om location to location with several or all of the 

above paramete r s  fixed, within limits, and to e s timate prediction er  -

r o r s ,  statistical de scriptions of the s e  paramete r s  are needed, es pe cially 

e s timate s of median values for c ommonly occur ring situations . Ter ­

r ain statistics were developed for s e le cted areas by r e ading a lar ge 

number of ter rain pr ofile s .  Each pr ofile is  r e pr e s ented by di s -

c r e te elevations at uniform di stanc e s  of half a kilome te r .  The areas 
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s ele cted for te r r ain s tudy include one in the tr e e - c ov e r e d  r olling hills 

of northeastern Ohio, and one in the plains and foothills of Color ado, 

whe r e  an exha us tive transmission los s meas urement program was car ­

ried out ( Miles and Bar sis, 1 966) . A bout 1 0 0  paths, each 60 km in 

lengt� w e r e  s ele cted at random thr oughout the continental United States 

to p r ovide an e s timate of 11average11 te r rain statis tic s .  Tw o limited r e ­

gions, one entirely in the mountains c r o s sing the C ontine ntal Divide and 

the other entirely in the plains, w e r e  chosen for an intensive s tudy of 

c o r r e lation along and between pr ofile s .  

Within each re gion s el e c te d  for intensive study, 36 pr ofile s, 60 km 

in lengt� w e r e  read in each of six dir ections s e parated in az imuth by 

30 ° ,  providing a total of 2 1 6  profiles tha t form a rather clo s e ly s paced 

" g rid" over a 100 km square area. The 10 1 " r andom" paths throughout 

the c ontine ntal United State s  were s o  chosen that they would not ap­

p r oach or c r o s s each othe r .  The s e paration between adjacent paths 

rang e s  from 60 to 320 km with a median s eparation of about 200 km . 

T he s e  " random" paths lie chiefly in four dire ctions, N -S, E -W, NE -SW, 

and NW -SE . N one are located in Colorado which is w e ll r e p r e s ented by 

the " plains" and "mountains" grids and the area over which radio propa­

gation meas ur ements were mad e .  

In the meas urement program antenna s ite s w e r e  located randomly 

on or near roads without r e gard to the pr oximity of natural or man-made 

obstacle s .  To c o r r e s p ond with the s e  mea s ur ements the path pr ofile s 

w e r e  als o s elected ar bitrarily, without reg ard to the location of hills or 

othe r obstacle s .  Each of the 60 km pr ofile s in the mountains, plains, 

and random U. S. samples was considered in lengths of 5, 10, 20, 30, 40, 

50, and 60 km, s tarting from one end of each pr ofile, to study the effe ct 
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of path length on various terrain parameter s .  A further statistical ter­

rain study, a s suming antenna site s placed advantage ously on hilltops ,  

should b e  carried out to show the improvement in radio trans mis s ion to 

be  e xpected by increasing the effec tive height of one or  both antennas . 

2 - 2 The Terrain Parameter Ah 

The path profiles de s c ribed above were used t-0 obtain e s timate s of 

s everal terrain parameters for paths of a given length. Of the s e  the 

interde cile range Ah{ d) of terr ain he ight s,  above and below a s traight 

line fitted by least  s quare s to elevations above sea level, was calculated 

at fixed distance s .  Usually the median value s of A h{d) , for a specified 

g roup of profile s ,  inc rease with path length to an asymptotic value, A h . 

As explained in detail in the b ody of the report, this parameter A h  is 

used to characterize nondete rminis tic aspects of ter rain irre gularity. 

Figur es  2. 1 and 2. 2 s how cumulative distributions of A h{d) for the 

random U . S. mountain, and plains paths . Each distribution r epre sents 

101 profil e s  fo r random terrain and 216 profiles  each for mountain and 

plains terrain. These distributions s how a consistent increase in the 

median value of A h{d) with in creasing path length. As one would expect, 

the variance of A h{d) for the randomly cho s en paths is much greater 

than that for the mo r e  homogeneous terrain included in the plains and 

mountain ar eas . 

Di s tributions of Ah{ d) for the area in C olorado whe re radio meas -

ure ments were  made are shown in figure 2 .  3 .  The s e  paths are located 

in an area that includes plains , foothill s ,  and mountains , but were c on­

sidered in only two groups .  For the s e  much smaller groups of pr ofiles ,  

the same trends are ob s erved, the median value of A h{d) increasing c on­

sis tently with increas ing path length. This trend was not obse rve d  in the 
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distribution of Ah{ d) for northeastern Ohio, as shown in figure 2 .  4a, 

where for path lengths from 2 0  to 50 km no cons istent increase in Ah{d) 

i s  shown. The se  data include a group of pr ofiles that form radials from 

the location of the " central transrnitter 1 1 ,  and a smaller group of pro­

file s  that radiate from each of 5 peripheral transmitter locations . When 

the profiles from each of the peripheral transmitter locations are 

grouped togethe r,  the usual trend is ob served,with the median Ah{d) in­

creasing consis tently with path length, as shown in figure 2. 4b . For the 

groups of paths from the location of the central transmitter the median 

Ah{ d) is higher at all distances  but particularly for the 1 0 - and 2 0-km pro­

file s .  This indicates that the terrain is more rugged in the vic inity of 

the central transmitter than in the remainder of the area. 

Median values of Ah(d) are plotted ve rsus distance in figures 2.  5,  

2.  6 ,  and 2.  7 for random, plains , and mountain paths . For each median 

Ah{d) , an e s timate of the as ymptotic value Ah was calculated using ( 3 )  

of the main body of this report: 

Ah{d) = Ah [l - 0. 8 exp( - 0. 02 d)] m ,  ( 3) 

whe re Ah{ d) and Ah are in mete r s  and the distance d is in kilometer s .  

Choos ing appr opriate values of Ah from the s e  calculations ,  the smooth 

curve s on the figures we re plotte d.  Figure 2 .  5 shows for the 1 0 1  ran­

domly chosen paths how the medians of data at each distance compare 

with a curve compute d a s suming the asymptotic value , Ah = 9 0  m .  In 

the plains and mountain areas 36 pr ofil e s ,  6 0  km in length, were read in 

each of 6 directions . To dete rmine whether the terrain change s in a 

pre dictable way from one direction to another the paths in each direc­

tion were considered s eparately. In figure s  2 .  6 and 2 .  7 each symbol 
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repres ents the median value of 6h(d} for 36 paths in a specified direc­

tion. Figure 2 .  6 shows that paths in an east-wes t  direction consistently 

show a larger inte rdecile range of terrain heights than those in a north­

s outh direction. Data from the E -W paths sugge st  an asymptotic value 

6h = 80  m ,  while those from the N-S paths suggest 6h = 50 m .  The 

median value for paths in all six dire ctions is 6h = 62 m .  In the figtir e 

smooth curves calculated from ( 3) for 6h = 50, 62 and 80  m are com­

par e d  with medians from profile s in each direction. The data for the 

mountain profiles do not show as  cons istent a directional trend, but in 

this case the east-we st paths show the smallest value s and the east­

northeast paths tend to yield the large st  val ... es of 6h( d) as shown on 

figure 2 .  7 .  The data for the most part fall between the limits 6h = 8 0 0  m 

and 6h = 1 0 0 0  m ,  and the terrain is  repres ented by the as ymptotic value 

.D.h = 9 0 0  m. 

Figure 2 .  8 shows me dian value s of .D.h( d) for the few C ol orado 

mountain paths over which measurements were made , and a curve of 

.D.h( d) for .D.h = 6 50 m .  The value .D.h = 6 SO m was a s sumed in calculat­

ing trans mis s ion loss to be expected over the se paths . For the shorter 

paths this value is too large, as indicated in the figure .  For the paths in 

Ohio and those in the C olorado plains , the value 6h = 90 m was a s ­

sumed in calculating expected transmis sion los s e s .  Figure 2 .  9 shows 

the cor re sponding smooth curve of 6h(d) versus d compared with 

median value s of .D.h{ d) from path profiles .  The symbol x, repres enting 

median value s of .D.h{d) for C olorado plains paths, shows good agreement 

with the curve e specially at the greater distances where most  of the radio 

data were recorded. The square symbol repres ents median value s of 

.D.h( d) for all Ohio paths at each dis tance ,  the circle r epresents value s 

2 - 1 2  
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for the central transmitter, and the triangle those for the peripheral 

transmitter s  at each dis tanc e .  A lthough the ter r ain in this Ohio ar e a  is 

obviously not homogene ous,  the value �h = 90 m was chos en as being 

r e p r e s e ntative of the ter r ain. 

The following value s of �h were chosen as r e pr e s e ntative of the 

te r rain in each of the areas for which ter r ain statistics  wer e obtained: 

A r ea 

U . S .  r andom 

Plains grid 

Mountain grid 

Colorado plains (me a s .  paths) 

Color ado mountains (meas . paths ) 

NE Ohio (meas . paths) 

�h in m 

90 

62 

900 

90 

6 50 

90 

The s e  figure s  pr ovided mos t of the basis for the values of D.h lis ted 

in table 1 of the main body of the report.  

2 - 3 The Horiz on Distance, d
L 

When a detailed ter rain pr ofile is  available for a given path, the 

horizon dis tanc e s  d
L l  

and d
L2 

and their sum dL may be obtained di ­

r e ctly from the pr ofile information and an estimate of the effective 

ear th1 s radiu s .  When individual path pr ofile s are not available, median 

value s of dL 1 and dL2 
are e s timated as functions of the median effe c ­

tive antenna heights, the terrain irregularity factor D.h , and the cor r e s ­

ponding dis tance s  to the horizon over a s mooth earth.  

2 - 1 5  



The e s timates dL l 
and dLZ 

computed using equation ( Sc) of the 

main body of the repor t, 

dL l , Z = 
d exp( - 0 . 0 7 -v�h/he) km ,  L s 1 ,  z 

( Sc) 

appr oac h  the s mooth-earth values d and dL as  the terrain factor L s 1  sz 

�h approaches zero  or as the antenna heights become very large . To 

determine the c onstant in ( Sc),  horizon dis tance s  were obtained for the 

s e ts of U .  S.  random, plains, and mountains pr ofile s with pairs  of an-

tenna heights above ground, h and h • chosen as follow s :  
g 1  gz 

h h h h h h 
g1 gz g 1  gz g 1  gz 

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 horizon dis tanc e s  dL l
, 

d
L2

, and the s um of the horizon dis tances dL were obtained fr om each 

profile . Figur e s  2 .  10, 2 .  1 1 , and 2 .  1 2  show cumulative dis tributions of 

dL 1
, dLZ 

and dL . A s  shown in table 2 .  1 ,  the s e  horizon dis tance s  are 

independent of path length, provided that the path length chosen is  gr eater 

than dL . Figure 2 .  10 shows cumulative distributions of dL l
' dL2

, and 

dL for 1 0 1  random paths with h = h = 1 m .  Figur e s  2 .  1 1  and Z .  1 2  
g1 gz 

show similar distributions for 2 1 6  paths in the plains and in the r ugged 

mountains with h = h 
g1  gz 

= 10 m .  N ote that the median value of dL is 

always greater than the s um of the medians of d
L l  

and d
L Z

. 

2 - 1 6  
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Tab le 2 .  1 

Median V a lu e s  of Horizon D i s ta n c e s  

h 
g l , 2 

1 ,  1 3, 3 3 ,  1 0  1 0 ,  1 0  m 

d km dL l 
dL 2 

d L dL l 
dL2 

dL dL l 
dL2 

dL dL l 
dL2 

dL 

H. andom 

30 4 . 0  2 .  5 1 0 .  5 6 . 0 3 .  5 1 3 .  5 5 . 8 8 . 0  1 5 . 5 9 . 0 8 . 0  1 8 .  5 
40 4 . 5 2 . 0 1 2 . 0  6 .  5 3 . 0 1 3 .  5 6 . 2 6 . 5 1 8 .  0 9 .  5 6 .  5 2 0 . 0  
50 4 . 5 3 . 0  1 0 .  5 6 .  5 4 . 0  1 3 .  5 6 .  5 6 . 0 1 8 . 0  1 0 .  5 6 . 0 2 1 .  0 
60 5. 0 1 .  8 1 2 . 2 6 .  5 3 .  5 1 5 .  0 6 .  5 5 .  5 1 7 . 0 1 0 .  5 5 .  5 1 9 .  5 

N 
I 

N 
0 Plains 

30 3. 5 4 . 0 1 1 .  0 5 . 0 5. 0 1 4 .  5 4 . 8  9 . 0  1 8 .  5 8 . 0 9 . 0  2 1 .  5 
40 3 .  5 4 . 2 1 2 .  5 5 . 5 5 . 0 1 4 . 5 5 .  5 9 . 5 1 8 .  0 8 .  5 9 . 5 2 1 .  0 

50 3 .  5 4 . 0 1 2 .  5 6 . 0 5 .  5 1 6 . 0  6 . 0 9 . 0  1 9 . 0 9 . 0 9 . 0 2 2 . 0 
60 3 .  5 4 . 5 1 2 .  5 6 . 0 6 .  5 1 6 . 8 6 . 0 8 . 5 1 9 . 0 9 . 0  8 . 5 2 1 .  2 

Mountains 

30 3 . 0 1 .  5 6 .  5 3 . 0 1 .  5 6 .  5 3 . 0 2 . 0 6 . 8 3 .  5 2 . 0 7 . 0  
4 0  3 . 0 2 .  5 1 0 . 5 3 . 0 2 .  5 1 0 .  5 3 . 0 3 . 0 1 1 .  0 3 .  5 3 . 0 1 1 .  0 

50 3 . 0 2 .  5 9 . 0  3 . 0  2 .  5 9 . 0 3 . 0 3 . 0 1 0 .  0 3 . 5 3 . 0 1 0 . 5 

60 3 . 0 2 . 0 9 .  5 3 . 0  2 . 0  9 .  5 3 . 0 3 . 0 1 0 .  5 3 .  5 3 . 0 1 1 .  5 



The constant in ( 5c)  was e s timated by computing the smooth earth 

di s tanc e s  dL and d that corre spond to the s e  median values of s1 Lsz 
dL l and dL2 and rewriting ( S c) a s  

d = d exp( - k 1 2 .J�h/ h e )  L l , 2 Ls1 , 2  , 
( 2 .  l a )  

- 1 /  2 
k1 2 = log ( dL / dL l  2 ) (�h / he ) . , e s 1 , z , ( 2 .  l b )  

The me dian o f  all computed value s was k = 0.  07 . 

Table 2 .  2 shows calculated value s of d and d L l  for four an-L s 1  
tenna heights for the rand om. plains. and mountains path s .  Table 2 .  3 

s hows a) median value s of dL from profile s and b) c orr e s ponding cal­

culated values for s even antenna height c ombination s .  

T h e  value s show rather good agreement in all areas for low t o  

medium antenna height s ,  with a decided tendency t o  overe stimate d
L 

when b oth antennas are as much as 3 0  m ab ove ground, e specially in 

the mountains . The s e  c ompa r i s ons are all made a s s uming effective an­

tenna heights e qual to structural heights . 

2 - 4. The Elevation Angle 9 e 
For each of the large number of te rrain profiles available , the e l e -

vation angles 9 and 9 we r e  c omputed us ing ( 3. 1 )  o f  annex 3 ,and for e 1  ez 
each pr ofile the sum of the se angles 9 was als o compute d. Figure s e 
2 .  1 3 , 2 .  14, and 2 .  1 5  show cumulative distributions of e e , and 

e given in rnilliradians . e 

e 1  e z  
The s e  a r e  plotted on logarithmic p robability 

pap e r ,  but it should be kept in mind that a small percentage of the s e  

angles a r e  ne gative , e s pecially in the gr oup of plains path s .  A s  p r e ­

viously ob s e rved for the horizon distances dL l , dL2 , and d
L

. the s e  

2 - l  l 



h 
e 1  

Random Paths, 

d 
L s 1  

dL l 

Table 2 .  2 

Calculated values of d
L s i  

and d
L l * 

1 3 10 

Ah = 90 m ,  N = 3 10 ' a =  8 640 km . 
s 

4 .  1 6  7 . 20 1 3 .  1 5  

3 .  1 5 . 6 10 . 7 

Plains Paths, Ah = 62 m , N = 290 , a = 8 3 30 km . 
s 

d 
L s 1  

4 . 08 

3 . 2 

7 .  0 7  1 2 . 9 1  

5 .  5 10 . 8  

Mountain Paths, Ah = 900 m ,  N = 2 50 , a = 78 50 km . 
s 

d 
L s 1  

3 . 9 6  

1 .  6 

':' d = d
L 

exp( - 0 . 0 7 >/Ah/he) 
L l  s 1  

6 . 8 6  1 2 .  53 

2 .  7 6 . 4 

2 - 2 2  

30  m .  

2 2 . 7 7  

20 . 2  

2 2 . 3 6 

20 . 2  

2 1 .  70 

1 4 . 8  



 

Table 2 .  3 

The Sum of the Horizon Distances d
L 

h 
e l , 2 

Random Paths 

a }  

b }  

Plains Paths 

a )  

b }  

Mountain Paths 

a )  

b }  

1,  l 

l l .  2 

6 . 2 

1 2 . 5 

6 . 4 

9 . Z 

3 . 2 

3, 3 l ,  1 0  

1 3 . 5 1 5 . 2 

l l .  2 1 3 . 8 

1 5 . 2. 1 7 . 2 

1 1 . 0 1 4 . 0 

9 . 2. 1 0 . Z 

5 . 4 8 . 0 

a} Me dian value from profiles 

b }  Calculated us ing ( S e }  

2 - 2 3  

3, 1 0  

1 7 . 5 

1 6 .  3 

1 8 .  7 

1 6 . 3 

1 0. 2. 

9 .  1 

1 0, 1 0  

1 9 . 7 

2 1 .  4 

Z l .  4 

2. 1 .  6 

1 0 .  7 

l l .  8 

3,  30 

24. 2 

2 5 . 8 

l 5 . 5 

2. 5 .  7 

1 1 .  2. 

1 7 . 5 

3 0 ,  30 

35. 2 

40. 4 

3 5 . 4 

40. 4 

1 3 . 5 

2 9 . 6 

m 



e levation angle s are independent of path length, pr ovided that the path 

length chosen is greater than the s um of the horizon distanc e s .  

Figure 2 .  1 3 shows cumulative distributions 9 , 9 , and 
e 1  ez 

10 1 random paths with h = 1 m ,  and figure s  2. 14 and 2 .  1 5 
g 1 , z 

e for 
e 

show 

similar dis tr ibutions for 2 1 6  paths in the plains and in the mountains, 

with h = 1 0  m . A s  with the horizon dis tances, the median value of 
g 1 '  z 

e is always greater than the s um 
e 

of the median values of e and e 
e 1  ez 

Table 2 . 4 shows median values of 9 
e 1  

, e 
ez 

and e for several antenna 
e 

height c ombinations . 

E s timate s of the e levation angles were made using the expre s sion 

( 6a) given in the main body of this report, 

_ 0 . 0 0 0 5  � (dL s 1  z 
-

d 1 . 3 d 
-

L s 1 , z  L l , 2 
4 h J e1,  z 

radians . ( 6a) 

Table 2 . 5 shows median values of 9 , 9 and 9 calc ulated using 
e 1  ez e 

this expr e s s ion and ac tual values of dL l 
and dL2 

as read from the pr o-

files . Since no c onsistent distance dependence is obse rved, median 

values of 9 for each antenna height c ombination are c ompared with the 
e 

calculated values . F or the random and plains paths, the me dian e s ti-

mates of 8 are appr oximately equal to the me dian values given in 
e 

Table Z .  4 .  For the mountain paths the e s timated values of 8 are al­
e 

most twice as large as those obtained directly fr om pr ofile s .  

Conside ring the situation whe re predictions are based s olely on e s ­

timate s of ter rain characteristic s, without actual pr ofiles for individual 

paths, values of e , e 
e l  e 2  and 8 were calculated using equation ( 6a) 

e 

2 - 24 
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Table 2 .  4 

Median Values of the Elevation Angle s 

e 7 e , and e in Millir adians 
e 1  e z  e 

h 1 ,  1 
g l 7 2 

3, 3 m 

d
km 

e 9 e e 9 e 
e 1 ez  e e 1  ez e 

Random 

30 2 .  9 5  1 0 . 72 1 9 .  73  2 . 59 9 . 3 3 1 7 . 63 
40 3 . 8 4  1 2 . 64 2 5 .  1 0  2 .  8 5  1 1 .  0 0  2 1 .  38 
50 3 . 98 1 3 .  1 1  2 2 .  52 3 . 2 5  1 2 .  78 1 9 . 34 
60 3 . 96 1 5 . 36 30 . 38 3 .  30 1 3 . 7 1  2 9 .  73  

Plains 

30 3 . 9 1  7 .  30 1 3 .  5 1  2 . 62 6 . 20 1 1 .  72 
40 3 . 6 7  8 .  58 1 5 .  24 2 .  68 8 . 0 6 1 3 . 0 4 

50 3. 5 1  1 0 . 4 6 1 5 . 50 2 .  59 9 .  18  1 3 .  68 

60 3.  69 1 1 .  0 7 1 5 . 94 2 .  7 1  1 0 .  1 7 1 4 .  1 9  

Mountains 

30 1 0 8 . 4  1 2 4 . 8 268 . 1 1 0  6 .  1 1 2 2 . 6 2 6 3 .  1 
40 10 5. 0 8 1 . 8 2 1 2 . 2  1 04 . 4  8 1 . 3 20 7 .  3 
50 9 9 .  5 7 5 .  7 20 6 .  5 9 9 .  1 7 3 . 9 2 0 3 .  4 
60 1 00 . 0  8 5 . 0 22 7 . 9 9 7 .  1 8 4 . 4 2 2 5 .  9 

2 - 2 8  



Table 2.  4 ( c ontinued) 

h 3, 10 10,  1 0  rn 
g 1 '  l 

d
km 

8 e 8 8 e e 
e 1 ez  e e 1 ez e 

Random 

30 2 .  68 6 . 92 1 5 . 04 1 .  59 7 . 2 6 1 3 . 2 2 
40 3. 42 7 . 54 2 0 . 0 4  1 .  6 7  7 .  70 1 9 .  72 
50 3 . 28 1 0 . 53 1 6 . 44 1 .  8 3  1 0 .  8 6  1 4 . 79 
60 3 . 40 1 1 .  2 6  2 5 .  22 1 .  33 1 1 .  2 6  2 3 .  1 6  

Plains 

30 2 .  70 4 . 40 9 .  8 6  1 .  3 7  4 . 44 8 . 4 7 
40 2 .  70 6. 2 5  10 . 90 1 .  47  6 . 26  9 .  7 5  
50 2 .  59 7.  78 1 1 .  88 1 .  58 7 .  78 9 . 80 
60 2 .  7 1  8 . 62 1 2 . 2 2 1 .  28 8 . 62 10 . 62 

Mountains 

30 1 0 6 .  1 1 1 7 . 1 2 5 5 .  8 1 00 . 9 1 1  7 .  1 249 . 0 
40 1 0 4 .  4 7 7 .  1 20 1 . 7 1 0 2 .  2 7 7 .  1 1 9 7 . 9 
50 9 9 .  1 6 8 .  3 1 9 9 . 3 94 . 9 6 8 .  3 1 9 2 .  1 
60 9 7 . 3 7 9 . 0  220 . 1 9 3 . 2 79 .  0 2 1 5 . 4 
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h 
g l .  z 

d
km 

Random 

30 
40 
50 
60 

Plains 

30 
40 
50 
60 

Mountains 

30 
40 
so 
60 

Table 2 .  5 

Median Value s of the Elevation Angles Calculated 
U s ing ( 6a) , With dL l

, d
L2 

from Profile s  

e • e • e in millir adians 
e1  ez e 

1 ,  1 3, 3 

e e e e e 
e 1  ez e e 1  ez 

0 .  1 1  8 . 88 2 4 .  1 7  0 . 8 1  7 .  78 
0 1 4 .  73  33 .  7 1  0 . 0 6 10 . 56 
0 4 . 98 3 3 .  3 6  0 . 0 6 5 . 69 

- 2 .  1 7  8 . 88 30 . 0 1  0 . 0 6 7 .  78 

1 .  1 5  0 1 1 .  5 1  1 .  5 1  1 .  5 1  
1 .  1 5  - 0 .  14 20 . 0 9 0 .  78 1 .  5 1  
1 .  1 5  0 1 7 . 65  0 .  1 7  0 .  78 
1 .  1 5  - 1 .  4 1  1 4 . 28 0 .  1 7  0 

4 6 .  8 24 1 .  8 678 . 6 10 8 . 9 30 3 .  9 
4 6 . 8 8 5 . 8 3 59 . 6 10 8 . 9 1 4 7 . 9 
4 6 . 8 8 5 . 8 4 18 . 6 1 08 . 9 1 4 7 . 9 
4 6 . 8 144 . 3 58 1 .  l 1 08 . 9 20 6 . 4 

2 - 30 

m 

e 
e 

2 5. 4 6  
2 5 .  6 3  
2 3 .  79  
2 6 .  54 

10 . 10  
8 .  78  
9 . 9 3  
9 . 6 5  

7 54 . 0 
4 79 . 6 
510 . 2 
70 5. 2 



Table 2.  5 ( continued) 

h 3 ,  1 0  g1 ' 2 10,  10 m 

d
km 

e e e e e e e 1  ez e e 1  e z  e 

Random 

30 1 .  2 6  1 .  3 6  1 5 . 20 0 .  54 1 .  3 6  1 7 . 9 9  
40 0 . 44 3 . 0 4 2 3 . 36 0 . 20 3 . 04 20 . 68 
50 0 .  0 6  3 .  79  1 5 . 8 5 0 3 .  79  14 .  5 5  
60 0 . 0 6 4 . 68 1 5 . 59 0 4 .  68 1 4 .  74 

Plains 

30 1 .  9 6  0 5 . 9 6  0 . 37 0 4 . 4 7  
40 0 . 78 0 4 . 9 9  0 .  0 7  0 2 .  68 
50 0 .  1 7  - 0 .  1 9  4 .  7 7  -0 . 1 9  -0 . 1 9  3 .  1 2  
60 0 .  1 7  0 . 0 7  5. 72 -0 . 1 9  0 . 0 7 2 .  0 3  

Mountains 

30 1 0 8 . 9 244 . 2 6 5 1 .  1 1 18 .  8 244 . 2 6 18 . 4 
40 1 0 8 . 9 1 4 6 .  7 50 4 .  7 1 1 8 .  8 1 4 6 .  7 52 6 . 8 
50 1 08 . 9 1 4 6 . 7 4 9 5 . 6 1 1 8 . 8  1 4 6 .  7 520 . 9  
60 1 08 . 9 1 4 6 .  7 580 .  6 1 18 .  8 1 4 6 .  7 544 . 1 

2 - 3 1  



 

with value s of dL l 
and dL2 calculated as functions of .6.h ( Sc ) .  As one 

would expe ct, the s e  e s timates of 8 do not c o r r e spond clos ely to me ­
e 

dian values from individual pr ofile s .  

Table 2 .  6 s hows the comparison between ( a )  median value s of 8 
e 

obtained directly from terrain profile s ,  (b)  tho s e  e s timated using actual 

horizon distan c e s  in (6a),  and ( c )  value s calculated using (6a)  and e s ti­

mates of d
L l  

and d
!...,2 

computed us ing ( 5c ) .  For the random and plains 

h 
g 1 '  2 

Random 

a) 
b )  
c )  

Plains 

a )  
b )  
c )  

Mou..ll.tains 

a) 
b )  
c )  

Table 2 .  6 

Elevation Angle s 

1 ,  1 

2 3. 8 

3 1 .  7 

8. 7 

1 5 . 4 

1 6 .  0 

4. -- . '.) 

2 2 0 . 0 

49 9 . 8 

459 . 2 

3, 3 

2 0 . 5 

z. 5 .  6 
3. 9 

1 3. 4  

9 . 8 

1 .  5 

2 1 8 . 6 

6 0 7 . 7 

2 6 4 . 0 

8 in Milliradians 
e 

3, 1 0  

1 8 . z. 
1 5. 7 

1 .  5 

1 0 . 9 

5 . 4 

- 0 . 2 

Z. 1 0 .  9 

54 2 . 6 

1 7 4 .  4 

a ) :nedian value s of 8 from pr ofiles 
e 

1 0 '  1 0  

1 7 .  2 

1 6 .  4 

- 1 .  0 

9 . 8 

2 . 9 

- 1 . 9 

2 06 . 6 

5 35 . 4 

8 4 . 8 

b) median value s of 8e calculated using ( 6 a )  and value s of 
d

L l
' d

L2 
:ram profiles 

c) values of 8e calculated using ( 6a) with values of dL l ,  Z 
calculated us :ng { Sc )  
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paths, method ( c) underestimates e for all antenna height c ombinations 
e 

tes ted, but for the mountain paths it pr ovide s a better e s timate than 

method ( b) ,  which ove r e s timates the e levation angle by a wide margin, 

yielding value s more than twice as large as the median value s from ter -

rain profile s .  Sinc e the elevation angle e is probably the single mos t 
e 

important terr ain parameter for predicting transmi s s ion los s, this wide 

range in es timate s intr oduc e s  c onsiderable prediction e r r or .  

2 - 5 Te r rain Parameters for Colorado Plains, 

Mountains 1and Northea s tern Ohio 

Pr ofiles of the paths in the foothills and plains of Colorado and in 

northea ste rn Ohio were used to obtain horiz on dis tanc e s  and elevation 

angle s .  The s e  are c ompared with value s calculated as pr eviously de s ­

cribed in se c tions 2- 3  and 2 - 4  for the U .  S .  random, plains, and moun­

tain paths . 

The s e  paths repres ent much smaller sample s than those  pr eviously 

dis c us s ed, so one w ould expe ct the terrain s tatistics  to be le s s  c onsist-

ent. Table 2 . 7 shows median value s of the horizon di s tanc e s  d
L l

, d
L2,  

and d
L 

for the antenna height c ombinations us ed in the measur ement 

pr ogram, at distances  of 20, 30, 50 and 80 km. The total number of 

paths , N ,  in each g r oup is also tabulated. The horizon dis tance s  do not 

appear 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 s mall 

sample size, and in Colorado to the fact that all paths radiate fr om a 

single transmitter located in the plains, r e s ulting in median values of 

d
L l  

much greater than those  of d
L2

, even with c omparable antenna 

2 - 3 3  



Table 2 .  7 

The Horizon Distances,  Colorado Plains, Mountains , and Ohio 

Median Values from Pr ofiles 

h 4 h 0 . 6  1 .  7 3 6 9 m g1 gz 

d
km 

N dL l 
dL2 dL dL 2 dL dL2 d

L 
dL 2 dL dL 2 

dL km 

Colorado Plains, Ah = 90 m ,  � 
s = 2 90 . a = 8 3 2 7  km 

20 14  1 1 .  2 2 . 0  1 9 .  1 2 . 7 18 . 1 4 . 7 1 9 . 2 7 . 2 19 . 4  7 . 2 1 9 . 4 
30 3 3  1 2 . 6 2 . 0 2 1 .  6 2 . 0  2 1 .  6 2 . 0  2 1 .  6 2 . 0  20 . 4 4 . 4 2 3 . 4 
50 43 1 4 . 4 5 . 0 28 . 9  6 . 0 29 . 0  6 . 0 2 9 . 6 9 . 2 3 2 . 3 18 . 0  3 3 .  7 
8 0  52 2 1 .  0 4 . 5 28 .  5 10 . 8  3 3 . 3 1 6 .  5 3 5 .  8 

Colorado Mountains, Ah = 6 50 m ,  N 
s 

= 290 . a =  8 3 2 7  km 

20 10  7 . 6 1 .  2 1 0 .  5 1 .  2 10 . 9 1 .  2 10 . 9 2 . 0 10 . 9 2 . 0 10 . 9 
30 14 9 . 8 1 .  5 1 1 .  5 1 .  5 1 1 .  5 1 .  5 1 1 .  5 1 .  5 1 1 .  5 1 .  5 1 1 .  5 
50 1 6  1 0 .  2 2 . 8 1 5 .  0 2 . 8 1 5 .  0 2 . 8 1 5 . 0 4 . 3 1 5 . 3 4 .  3 1 5 .  3 

NE Ohi o ,  Ah = 90 m ,  N s = 312 ,  a = 8676 km 

20 42 5 . 0 2 . 2 14 .  1 2 . 8  1 2 . 3  3 . 0 1 2 . 6 5 . 0 1 5 .  0 
30 62 7 . 0  2 . 5 18 . 0  2 . 8  1 8 . 0  5 .  5 2 3 . 2 6 . 0 2 3 .  5 
50 92  8 . 6  3 . 8 2 2 . 3 4 . 4 2 3 .  1 5 .  3 2 5 . 3 7 . 9 2 6 .  3 
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heights . The median value of d
L 

i s  not always much g r eater than the 

s um of the medians of d
L l 

and d
L Z 

e s pecially with the higher r e c eiver 

heights . The paths in Ohio radiate from six differ ent antenna locations 

and show median values of d
L 

much g r eater than the s um of the medians 

of d
L l 

and d
L Z

. 

The smooth-earth distan c e s  d and d
L w e r e  calc ulated for 

L s 1  s z  
each antenna height and u s e d  i n  ( Sc) t o  calc ulate value s of dL l , d

L Z , 
and dL : 

= d 
L s 1 , z exp( - 0 . 0 7  V.6.. h/he) . ( S c) 

Table 2. 8 shows the s e  calculated value s c ompa r e d  with median values 

f r om the pr ofile s .  The calc ulated values of dL 
are c on s i s tently le s s  

than the median values from terrain pr ofiles) e s pe cially in the Colorado 

plains . The calculated values of d
L Z

, however, c o r r e s p ond quite well 

with tho s e  from the pr ofile s .  This better agr eement with dL Z 
i s  to be 

expe cte d  as the r e ceive r s  are much more randomly located than the 

trans mitte r s .  The calc ulated values of d
L l 

and d
L Z

, using ( S c ) , never 

exceed the c or r e s ponding smooth- earth values, but for the Colora<lo 

plains paths the median d
L 

is always much greater than the cor r e s ­

ponding value of d
L s

. This r e s ults from the fact that the transmitter 

is locate d in a bowl or depr e s sion with rising gr ound in all dir e ctions s o  

the horiz on i s  much farther away than it would be due to the normal fall­

off of the earth. 

F o r  each of the terrain profiles in the Colorado plains and foothills 

and in northea stern Ohio, the elevation angles 9 , e , and their s um 
e 1  ez 

9 were c omputed using ( 3 .  1) from annex 3 of this r e port. Table z .  9 
e 

shows median values at each distance for the ante nna heights used in the 

Z - 3 S  



Table 2 .  8 

The Horizon Dis tances ,  Colorado Plains, Mountains# and Ohio 

Median and Calculated Value s 

h = 4m, h O .  6 g1 �� gz���� 1 .  7 3 6 

C olorado Plains,  6.h = 90 m ,  N = 290 , a = 8 32 7 km 
s 

a) 
b) 
c) 

1 3 . 8 
6 .  1 
8 . 2 

3 . 5 2 5 . 7 
2 . 4 8 . 5 
3 . 2 1 1 . 4 

4 . 0 2 5 . 3 
4 . 0  1 0 . 1 
5 . 3 1 3 . 5 

4 . 0  28 . 5 5 . 6 3 2 . 3 
5 . 2 1 1 . 3 7 . 6 1 3 . 7 
7 . 1 1 5 . 2 10 . 0  18 . 2  

C olorado Mountains, 6. h = 6 50 m , N 
s 

= 290 . a =  8 3 27 km 

a) 9 . 8 1 .  5 1 1 .  5 1 .  5 1 1 .  5 1 .  5 1 1 .  5 2 . 0 1 1 .  5 
b) 3 .  7 1 .  4 5 .  1 2 . 4  6 .  1 3 . 2 6 . 9 5 . 0 8 .  7 
c) 8 . 2 3 . 2 1 1 .  4 5 .  3 1 3 .  5 7 .  1 1 5 .  2 10 . 0 18 . 2 

NE Ohio , 6.h = 90 m ,  Ns = 312,  a = 8 6 7 6  km 

a) 
b) 
c) 

7 . 0  
6 . 2 
8 .  3 

2 .  5 18 . 0 
3 .  2 9 .  4 
4 . 2 1 2 . 5 

a) Median value s fr om profiles 

b) Calculated value s using ( 5c) 

2 . 8 18 . 0  5 . 3 2 3 . 2 
5 . 4 1 1 . 6 7 . 8 1 4 . 0 
7 . 2 1 5 . 5 1 0 . 2  1 8 . 5 

c) Smooth earth value s, d 
L s 1 , 2 

2 - 3 6  

9 m 

1 1 . 2 3 3 . 7 
9 . 8 1 5 . 9 

1 2 .  2 20 . 4 

2 . 0  1 1 .  5 
6 . 8 1 0 .  5 

1 2 . 2 20 . 4  

6 .  0 2 3 .  5 
10 . 0  1 6 . 2 
1 2 .  5 20 . 8 



Table 2 . 9 

The E levation Angle s, Colorado Plains, Mountains and Ohio 

Median Value s in Milliradians 

h 4 h 0 . 6 1 .  7 3 6 
g 1  gz 

d
km 

e e e e e e e e e 
e1  ez  e ez  e ez  e ez e 

C olorado Plains,  Ah = 90 m ,  N 
s 

= 290 ' a =  8 32 7 km 

20 1 .  3 5 . 5 1 0 .  4 6 .  5 1 0 .  3 6 .  1 1 0 . 1 5 .  1 9 . 3 
30 0 . 5 1 6 . 8 1 6 . 9 1 4 .  5 1 4 . 6 1 1 .  9 1 2 . 1 8 . 8 7 . 4 
50 0 . 9 2 . 5  5 .  7 2 . 0 5 .  6 1 .  8 5 . 0 1 .  0 4 . 6 
8 0  - 2 . 1 1 .  9 0 . 8  1 .  3 -0 . 9 

Colorado Mountain s, Ah = 6 50 m ,  N = 2 90 , a =  8 3 2 7 km 
s 

e 
ez 

4 . 3 
7 .  1 
0 . 4 
0 . 4  

9 m 

a 
e 

8 . 2 
6 . 9 
3 . 4 

- 1 .  4 

20 2 5 . 4 7 7 . 4 9 9 . 8 7 6 . 6 9 8 . 6 7 5 . 7 9 7 . 3 7 3 . 7 94. 2 7 1 . 5 9 1 . 2 
30 3 3 .  7 1 1 2 . 9 1 3 5 . 2 1 1 1 .  2 1 34 .  3 1 0 9 .  2 1 3 3 .  3 1 0 4 .  7 1 2 9 .  4 100 . 1 1 24 .  9 
50 4 7 .  2 1 0 5 .  4 1 58 .  8 1 0 4 .  2 1 58 .  6 10 2 . 8 1 58 .  5 99 .  8 1 58 .  3 98 . 6 1 58 .  0 

NE O hio,  Ah = 90 m ,  N5 = 312 , a= 8 6 7 6  km 

2 0 3 .  5 6 . 0 1 1 .  2 5 . 6 1 1 .  4 4 . 8 1 1 .  0 4. 0 9 . 9 
30 1 .  0 6 .  1 10 . 6 4 . 8 9 . 6 3 . 6 9 . 0 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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measur ements . The s e  value s show no c onsis tent dependence on distance, 

and a decreases  only s lightly with incr easing height of the r e ceiving 
e 

antenna. Table 2 .  10 shows values of a a , and a calculated using 
e 1  ei e 

( 6a) , compared with median values of 9 for each antenna height. 
e 

a = 
e 1 ,  2 

0 . 000 5 
d 

L s 1  
Ah - 4 h J 

e l  

2 - 6  Location Variability 

radians . ( 6a) 

The path-to- path variation in available wanted signal power is dis ­

cus s e d  in annex 1 .  Such random variations from location to location 

are as sumed to be normally distributed with a s tandard deviation cr 
La 

dB. 

An e s timate of er La 
is required to calculate the s ervice probability Q .  

A nalysis of path-to-path variability of radio transmi s s ion los s  for a 

given fr equency and terrain variance as sumes s tatistical homogeneity of 

the ter rain . It has been noted that the plains and mountain areas show a 

pr edictable change in the variance of ter rain from one dir ection to 

another ,  and that in the area studied in NE Ohio the greate s t  terrain ir ­

regularity occur s  in the vicinity of the central trans mitte r .  

Transmis sion los s  data from the measurement pr ogram repor ted by 

Mile s and Bar sis ( 1 96 6) were used to obtain an e s timate of er La . The 

interdecile range, AL , of values of transmission los s  recorded for each 

fr equency, polarization, antenna height combination, and distance was 

tabulated for the Colorado plains and mountain areas, and the area 

s tudied in NE Ohio. The se  inter decile ranges,  given in table 2 .  1 1, 

show no consistent dependence on antenna height combinations or on path 

length, but do increase quite consis tently with frequency and ter rain ir ­

r egularity. The inter decile ranges of transmission los s AL were  

plotted ver s us the parameter Ah(d) /A.  and a smooth curve was drawn 

through over lapping median value s ,  The analytic expr e s s ion, 
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Table 2 . 10 

The E levation Angle s ,  Color ado Plains, Mountains ,and Ohio 

Median and Calculated Value s in Milliradians 

h 
g 1  

4 

e 
e 1  

h 0 . 6 
gz 

e 
ez 

e 
e 

Colorado Plains 

a) 
b) 

0 . 9 
1 .  5 

5 .  5 10 . 4  
5 .  7 7 . 2 

Color ado Mountains 

e 
ez 

1 .  7 

e 
e 

6 .  5 1 0 .  3 
3 . 0  4 . 5 

e 
ez 

3 

e 
e 

e 
ez 

6.  1 10 . 1 5 .  1 
2 . 2 3 . 7 0 . 6 

6 

e 
e 

e 
ez 

7 .  4 4 .  3 
2 .  1 - 0 .  3 

9 m 

e 
e 

6 . 9 
1 .  2 

a) 3 3 . 7 1 0 5 . 4 1 3 5 . 2 10 4 . 2 1 34 . 3 10 2 . 8 1 3 3 . 3 9 9 . 8 1 2 9 . 4  9 8 . 6 1 2 4 . 9 
b) 6 1 . 7 1 6 9 . 4 2 3 1 . 1 9 5 . 7 1 57 . 4  7 1 . 7 1 3 3 . 4 4 1 . 0 1 0 2 . 7 2 6 . 0 8 7 . 7 

NE Ohio 

a) 
b) 

1 .  0 
1 .  4 

6 .  0 10 . 6 
3 .  5 4 . 9 

a) Median values from pr ofile s 

4 . 8 
1 .  9 

9 . 6 3 . 6 9 . 0 3 . 0 
3 . 3 0 . 6  2 . 0  -0 . 3  

b) Calculated using (6a), with dL l ,  2 
calculated using ( Se) 

2 - 39 
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Table 2 . 1 1  

Interdecile Rang e s  of Transmi s s ion Los s  �L in dB 

Frequency 1 0 0  MHz 

Polarization V e r tical 
hg = 4 hg = 

l , 
2 

3 

C olorado Plains 

d = 1 0  km. 2 4 . 5 

2 0  2 1 .  2 

3 0  32 . 3 

5 0  1 7 .  4 

8 0  1 7 . 0 

C olorado Mountains 

d = 1 0  km. 2 5 . 4 

2 0  2 6 . 3 

30 3 0 . 5 

5 0  1 9 . 6 

NE Ohio 

d = l O km. 34. 6 

2 0  2 5 .  6 

30 3 3 . 5 

6 9 

2 1 .  9 2 0 . 9 

2 1 .  8 2. 6 .  6 

3 1 .  3 2 9 . 8  

2 2 . 0 2 2 . 0  

2. 1 .  8 2 1 .  0 

3 1 .  6 2 7 . 0 

2. 8 .  3 2 9 . 2. 

2. 6 .  1 2 7 .  3 

2 6 . 6 2 8 .  3 

2 6 . 7 2 7 .  3 

2 3 .  4 2 3. 5 

2 7 . 5  2 2 . 0 

5 0  MHz 

Horizontal Vertical 

3 6 9 o . 6  1 .  7 

2 3 . 2 2 5 . 5 24. 7 2 3 . 4 22. .  1 

2 1 .  8 2 5 . 9 2. 6 .  l 2 2 . 6  1 6 . 0 

3 1 .  0 3 3 . 3 34. 5 1 7 . 5 1 5 . 8 

2 0 . 0 2 0 . 6 2 2 . 5 1 6 .  3 1 7 . 5 

1 9 .  7 1 8 . 4 1 7 . 8 

3 9 .  1 6 7 . 3 2 0 . 0 36 . 0 

4 0 . 6 4 6 . 9 4 3 . 4 2. 7 . 2 2 7 . 3 

3 5 .  1 3 6 .  1 2.2 .  3 2. 4 . 2 

1 8 . 8 1 2 . 7 

22. .  5 2 7 . 3 2. 7 .  5 2 1 .  2 2. 0 .  1 

24. 8 2 4 .  6 2 4 .  2 1 6 .  3 1 9 . 4 

2 6 . 6 2 1 .  1 2 0 . 3 1 6 . 6 2 3 .  1 

2 - 40 

2 0  MHz 

V e rtical 
1 .  3 m 

9 . 4 

9 . 0 

1 9 . 6 

8 . 6 

3 8 .  3 

2 9 . 6  

2 1 .  6 

1 6 . 7 

1 9 . 9 

1 5 .  3 

1 6 . 7 



er 
La 

= [ 0 • 1 + 0 • 2 A/ 6 h( d) ]-l dB , ( z .  2) 

was then fitted to the se  values, wher e  er 
La 

= 0 .  39 6L • This function in­

creases  rapidly to about 9 dB for 6h( d) / A  = 20 and then s lowly in­

creases  further to a maximum value of 1 0 dB . 

The pres ently available data indicate larger value s of rr La 
with hori­

z ontal than with vertical polarization at 100 MHz in the mountains, but 

no s ignificant polarization effect  is observed in the Colorado plains or in 

Ohio. F ur ther s tudies of location variability s hould be made, espe cially 

at higher frequency ranges and with higher antenna s .  The e s timate of 

rr La 
given by ( 2 .  2) depends entirely on the examination of data at 20, 50, 

and 10 0  MHz in Colorado and Ohio. 

2 - 7  The Ter rain R oughnes s Factor er 
h 

The ter rain r oughne s s  factor, in ( 3 .  5) annex 3, for line - of- sight 

calculations r e pr e s ents the rms deviation of terrain and terrain clutter 

within the limits of the fir st  F r e snel zone in the dominant r eflecting 

plane. F or this re por t the factor er 
h 

is defined by ( 3 .  6) as 

er 
h

( d) = O .  78 6h(d) exp{- O .  5 [6h(d)] 1 / 4} m ,  for 6h( d) > 4 m , ( 3 . 6a) 

rr 
h

( d) = 0 .  39 6h(d) m ,  for 6h( d) S 4 m .  ( 3 .  6b) 

The s e  analytic expre s s ions were developed fr om a s tudy of about 70 

line - of-sight radio paths where detailed terrain pr ofile s were  available. 

F o r  each of these paths the inte r decile range of ter rain heights 6h(d) 

was calculated, and er 
h 

was computed using the formulas given in section 

5, volume 1, and annex III, volume 2, of the report by Rice et al. ( 1 9 67) . 

2 -4 1  



 

The s e  formulas define the points at which the fir s t  F r e snel e llipse c uts 

the great cir cle plane. The factor CJ 
h 

was then calculated a s  the rms 

deviation of modified ter rain e levations relative to a s mooth curve within 

thes e  limits .  

The c omputed value of CJ 
h 

was plotted ver s us the corres ponding 

value of .6h{d) for each path. Equation ( 3. 6) defines a smooth curve 

fitted to the se  c omputed value s .  
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ANNEX 3 
EQUATIONS AND METHODS FOR C OMPUTING THE 

REFERENCE ATTENUATION A er 

The minimum input parameters required to compute the reference 

attenuation relative to free space are the radio frequency f in megahertz, 

th� path distance d in kilometers , and antenna heights above ground h g1 
and h in mete r s .  Estimate s of surface refra ctivity N , terrain ir -gz s 
regularity �h , and the ground constants o- and E may be sele cted as 

des cribed in s ection 2 ,  when measured value s are not available .  

When detailed profiles of individual paths are not available , equa­

tions ( 3) through ( 6 ) ,  se ction 2, are used to e stimate median value s of 

the additional paramete rs h ' d and a e1 , z  L l , 2 e1 , z 
When detailed pr ofile information is available for a spe cific path, 

the actual horizon distance s  dL l  and dL2 , horizon elevation angles 

e and e ' and effective antenna heights h el ez el and h ez above the dom-
inant reflecting plane are used in computing A . er The lo ca ti  on of a 

horizon obstacle may be determined by te sting all pos sible horizon ele -

vations and selecting the one for which the horizon elevation angle a e1 
or e is a maximum: ez 

e = 
e1 

e = 
ez 

0. 00 1 {hL l  
dL l  

- h } Sl  

0 .  0 0 1  {hLZ - hsz ) 

dL2 

dL l  radians - -za (3. la) 

dL2 radians , - -za ( 3. lb) 

where h are the antenna heights above sea level in mete r s ,  a is  the s l > z 
effe ctive earth' s radius in kilometer s ,  hL l ,  2 are the heights in meters 

above sea level of the horizon ob stacle s ,  and dL l ,  2 are the great cir cle 

distances in kilometers from each antenna to its horizon. The predic -

tion method is limited to value s of e � 0.  2 radians.  For larger e 1 , z  

3 - 1  



elevation angles the a s s umption of an effe ctive earth' s radius a ,  ba sed 

on the surface refractivity N , i s  not applicable. 
s 

An alternative procedure is first  to c ompute a least-square s  fit of 

a straight line to terrain elevations above s ea level. The heights h 
s 1 J z. 

and h
L l ,  

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 1 1a 1 1  that is a least-squares  fit to the great circle path terrain 

profile . 

For line -of-s ight paths , the effective antenna heights h are de -
e 1  , z. 

fined as the height of each antenna above the dominant reflecting plane 

between the antenna s ,  or the s tructural height, whichever is greater .  
The effective heights may be  calculated as  heights above a s mooth curve 

fitted to great circle pr ofile terrain elevations that are intervisible to 

both antenna s .  A straight line is first  fitted by leas t  s quares  t o  equi­

distant heights h. , and an amount d� / 2a is then subtracted at each dis -
1 l 

tance d. to allow for the path curvature 1 / a .  When terrain is s o  ir -
1 

regular that it cannot be reas onably well approximated by one or more 

such reflecting plane s ,  the effective heights are es timated using ( 4a )  or 

( 4b) in the main body of this report. 

The total input required to c ompute A is then: f, d, h , h 
er g1 gz 

polarization, and actual or e s timated values of N , .6.h , er , and E • 
s 

When available for specific paths , the paramete rs  �h(d) , d
L l

, d
LZ

, 

e e ' h > and h are als o included as input. 
e l  ez e1  e z  

3 - 1 .  Two-Ray Optics Formulas for C omputing A and A 
0 1 

At distances d 
0 and d 1 ,  which are well within radio line of s ight, 

but are so chosen that the differe nce between the direct and ground­

reflected rays never exceeds one fourth of the wavelength, the following 

formula is us ed to compute the attenuation relative to free space : 
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( 3. 2)  

Here g and g represent the directive gain for each antenna in the 
01 oz 

direction of the othe r ,  while 2rr Ar/A. is the path length difference be -

tween direct and ground-reflected rays , expr e s sed in ele ctrical radians 

and in degrees as 

2rrAr 
4. 19 17 x 1 0 -

S 
f h 

e1 
h I d  

ez 
radians , 

= 2 . 40 1 7 x l0
- 3 f h  h / d  degree s , 

e1 ez 

( 3. 3a) 

( 3. 3b) 

with f in MHz , h in meters , and d in kilometer s .  R is the rnag -
e 1 , z e 

nitude of an effective reflection c oefficient and c is its phase relative to 

rr radians . As suming matched polarizations , the median path antenna 

gain may be approximated as 

G = 10 log lO (g g ) dB , 
p 01 oz 

and the se terms in ( 3. 2) then cancel each other. 

( 3. 4)  

No dive rgence factor is included in the definition of R since its use 
e 

will not add significantly to the accuracy of the method de s cribed for ir -

regular te rrain. {See the smooth-earth formulas for D, h , h in te re 
Rice et al . ( 19 6 7) .  

Let g and g repre sent the directive antenna gains in the dir e c -
r 1  rz 

tion of a point of ground reflection. Then, 

� = 
R 

(
-
g

ri
_

g
_
r 2 )Yz exp 

(-
e h, v g g 

01 oz 

3 - 3  
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Usually, g = g and g = g , unle s s  beams are very narr ow or are 
r 1 01 rz oz 

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

surface. R_ is the magnitude of the theoretical plane earth reflection 
-n, v 

coefficient, the subsc ripts h and v referring to horizontal and vertical 

polarization re spe ctively, and the factor CT h 
in the exponent is the rms 

deviation of terrain and terrain clutter within the limits of the first 

Fresnel zone in the dominant reflecting plane . For this report the 

factor CT 
h 

and the grazing angle y.s are defined a s  follow s :  

� CT
h

(d) = 0,  7S 6h{d) exp { - 0. 5 [6h(d)] } m ,  for 6h(d) > 4 m ,  ( 3. 6a) 

If 

Otherwi s e ,  

CT h(d) = 0. 3 9  6h(d),  for 6h(d) � 4 m ,  

y.s = tan -
1 [ ( h + h ) I ( 10 o o d)] • 

e 1  ez 

R
h, v 

exp [- ( 2 TT  O"
h 

s in ljJ) / X.] > 0 . 5 and > -tJs in ljJ , 

R 
e 

= 
[g

" R 
e g

Ol  

/\ 
= R  . 

e 

g r rz . sin l.!J g
oz 

( 3 .  6b) 

( 3. 7) 

( 3.  Sa) 

( 3 .  Sb) 

The the oretical plane earth reflection coefficients R
h

, R
v 

and the 

pha se angle c are functions of the radio frequency f ,  grazing angle � ,  
and the gr ound constants CT and E • Their magnitudes may be read from 

figure s  III. 1 through III. S, volume 2 of the report by Rice et al. (196 7) , 

or computed as follows:  

x = l SO O O  O"/ f ,  q = x/ (Zp) 

2 2 2 Ya 2 
= [( e  - cos 4; )  + x J + (e - cos � )  

3-4 

( 3. 9a} 

( 3 .  9b) 



Then 

2 2 
E + X b = ----

v 2 2 '  p + q 

1 
bh = 2 2 radians 

_ 2 (p e + qx) mv - 2 2 ' p + q 

p + q 

� = 2 2 . 
p + q 

2 p  

[ 1 + b s in 2 lj; - m s in lj;] / [l + b s in 2 lj; + m sin 4i] v v v v 

( 3 .  10)  

{ 3 .  1 1 ) 

( 3 .  12a) 

2 2 2 Rh = [l + bh s in lj; - � s in 4i] /  [l + bh sin lj; + � sin 4i] . ( 3. l2b) 

The phase angle c in ( 3. 2) is define d below for both horizontal and 

vertical polarization, ch and cv . The angle ch defined as 

c = tan - tan - 1 ( q ) - 1  ( q ) h p + s in ljJ p - sin ljJ radians ( 3. 1 3) 

is always negative and ranges in value from . ...O � ch � - 0 .  1 radians . The 

angle c changes suddenly from near zero to n / 2 at the p s eudo-B rewster v 
angle, sin - l -,.J 1 / b . To define c , let v v 

y 1 = ( x s in lj; + q) / ( E sin 4i + p) , y 2 = ( x sin Yi - q) / ( E s in ljJ - p ) . 

If e sin y � p :  

- 1  - 1  c v = tan y 1 - tan y 2 + n radians . 

If E sin lj; < p and p sin lj; > 0. 5 : 

- 1  - 1 cv = tan y1 + tan y2 radians . 

If E sin 4i � p and p s in lj; � 0. 5 : 

- 1  - 1 
c v = tan y 1 - tan y 2 radians • 

3 -5 

( 3. 14)  

( 3 .  15a) 

( 3. 15b ) 

( 3. 1 5 c )  



- 1  In the above formulas ,  tan y i s  in the first  quadrant if y is pos itive 

and in the fourth quadrant if y is negative . 

The two -ray optics  formulas ( 3 .  2 )  to ( 3 . 1 5 }  are  used to compute 

values of attenuation A and A at dis tanc e s  d and d , re spe ctively. 
ot 1 t o i 

For A
ed

::::: 0 ,  define 

d
0 

= 4 x i o -5 h
e 1  

h
ez 

f km , or 0. 5 d
L

, whichever is s malle r , ( 3 . 16a}  

For A
ed 

< 0 ,  define 

d
01  

= - A
ed

/ m
d 

km , or (d
L 

- 2) km , whicheve r i s  s maller , ( 3 . 16b}  

d
o 

\ do1 
for d

ol ::::: 0 . 5 d
L 

0 .  5 d
L 

othe rwise 

( 3 . 1 6 c }  

( 3 .  16d} 

In ( 3 .  16}  the radio frequency f i s  in MHz, the effective antenna heights 

h are  in mete r s ,  d
L 

is the sum of the horizon dis tance s  in kilo -
e i ,  z 

mete r s  and the attenuation A
e d  

and slope m
d 

are defined in the next 

sub s e c tion ( 3 . 3 8 ) .  

In addition t o  the two- ray-theory e s timates A and A of attenua-
ot 1 t 

tion at the distanc e s  d
0 

and d
1 

, e s timates of diffraction attenuation A
0d

, 

A
1 d

, and A
Ls 

are als o computed at d
0

, d1 , and d
L s

: 

A
od = A

e d  + m
d 

d
o 

( 3 . 1 7a}  

Al d = A
ed + m

d 
dl ( 3 . 1 7b} 

A
Ls = A

e d  + m
d 

d
L s

, ( 3 . l 7c}  

whe r e  A
e d  

and m
d 

are  defined in the next subse ction b y  ( 3 . 38 ) .  
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The e s timate s of attenuation A 0 and A 1 at the dis tanc e s  d0 and d 1 
are  then computed as weighted av erages of the two -ray the or y and the 

diffr a c tion e s timate s 

A 0 = w 0 A 0t + ( 1  - w0) A 0d or A od ' whiche ver is smaller, ( 3 . 1 8 a) 

A 1 = w 0 A l t + ( 1  - w0) A l d or A l d ' whichever is smaller, ( 3 . 1 8 b) 

- 1  
w = ( 1  + f Ah 10

- 4
) ( 3 .  1 8 c) 0 

For distanc e s  le s s  than the smooth-earth horizon dis tance dL s , the 

calc ulated r e fe r ence value A is defined by a smooth curve fitted to e r  
the thr ee values of attenuation below fr e e  space, A , A , and A L , at 0 1 s 

F or 0 < d ::: d : L s  

( 3 .  1 9) 

The c o�s ta n�s k 1 and k2 in ( 3 . 1 9 )  are evaluated as follows . Fir s t  e s ti­

mates k1 , k2 of the s l ope s k1 , k2 in ( 3 .  1 9) are computed as 

(A - A ) ( d - d ) - (A - A ) ( d - d ) L s  o 1 o 1 o L s  o 

or 0 ,  whichever is la rger algebraically, 

3 - 7  

d B ,  

( 3 .  20) 

dB/ km . ( 3 . 2 1 )  



/\ 
If k

1 < 0 set k1 
= 0 and 

( 3.  22)  

If the reference attenuation A c omputed from (3.  19 ) is les s  than 
er 

zero at any distance 0 !: d 5 d , let A = 0 for that distance.  
Ls er 

3-2.  Formulas for C omputing Diffraction Attenuation A
d 

In the far diffraction region, the attenuation A
d 

is c omputed as a 

weighted average of two e stimate s ,  A
r 

for s mooth terrain and A
k 

for 

highly irregular terrain. In general, A
d 

is defined by ( 1 3 )  as 

A
d 

= ( 1 - w) � + w A
r 

dB , 

where the empirically determined weighting factor w is defined as ::: ::: : � 
+

a \+ d
L
)J!f' . 

( 3 . 23 )  

with 
6h�d) 

:::: 1000 . In the accompanying computer program and output 

C = 0 . For low antennas with known path parameters  C = 10 . 

In ( 3 .  2 3 ) the radio wavelength >-. ,  terrain irregularity 6h{d) , and 

effe ctive and structural antenna heights h , h are in mete r s ;  
e 1 , z g i ,  z 

the effective earth 1 s radius a ,  the horizon dis tance d
L

, and the dis -

tance d ,  at which � and A
r 

are computed are in kilomete r s ;  and the 

sum of the elevation angles 8 is in radians . For very s mooth terrain, 
e 

the weight w = 1 and A
d 

= A
r

, and for highly irregular ter rain, the 
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weight w = 0 and A
d 

= � .  The prediction approaches � when either 

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

limit is placed on this ratio. 

The diffraction attenuation is computed at distances  d
3 

and d
4

, 

chosen well beyond the horizon: 

2 .!. 2 .!. 
d

3 
= d

L 
+ 0 . 5 (a / f ) 3 km , d

4 
= d

3 
+ (a / f ) 3 km .  

If d
3 

< d
Ls 

set d
3 = 

d
Ls . 

( 3 .  24) 

At the se distance s ,  d
3 

and d
4

, the attenuations A
3 

and A
4 

are 

computed using the following formulas , sub s tituting d
3 

and d
4 

for d m 

( 3. 2 3) to obtain w
3 

and w 
4

: 

(3 . 25a)  

( 3. 25b )  

( 3. 25c ) 

The estimates � and �4 for highly irregular ter rain are c om­

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

attenuation is computed for a double knife -edge path. 

( 3. 26a)  

( 3 .  26b )  

( 3 .  26c )  

( 3 .  26d) 
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2 {A(v) = 6 .  0 2  + 9 .  1 1  v - 1 .  2 7  v 

A{v) = 1 2 .  9 5 3  + 20 log
10 

v for 

for 0 s v s  2 .  4 

v > 2 .  4 

The r ounded earth attenuations A and A are defined as 

A 

rJ r4 

dB)' 

{ 3 .  2 7a) 

{ 3 .  2 7b) 

( 3 .  27 c) 

( 3 .  28) 

whe r e  the functions F{ x
1 , 2

) and G(x
3 , 4

) depend on the r adio fr equency, 

polarization, and gr ound cons tants er and E ,  the distance s  dL l ,  2
, d

3 ,  4
, 

and the effective earth' s radii a
1 , 2 

for the te rr ain between the antennas 

and their horizons and a
3 , 4 

for the terrain between horiz ons . 

latter are  defined as 

= d
2
L 

/ ( 0 . 002  h ) al 1 e1 
km , a = 2 

Then the distance s  x are defined as 
1 ,  2 ,  3,  4 

2 
x 1 = B 

1 
a 1 - 3 d L 1 

km ' 

2 

x 
3 

= B 
3 

a 
3 

-
3 ( d 

3 
- d 

L
) + x 

1 
+ x 2 km 

x = 
4 

The 

( 3 . 29 a) 

( 3 . 29b) 

( 3 .  30) 

( 3 .  31 a) 

( 3 .  3 1  b) 

whe re  the parameter B
l , Z , 

3 , 4 
is  defined for both vertical and horizontal 

polar ization as 

3- 1 0  



l 

B 1 , 2 ,  ·3, 4 = 4 1 6 . 4 f 3 [1 . 6 0 7  - �. v (a 1 ,  2 , 3 , 4)] . ( 3 .  32)  

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

are defined as 

_.!.r, 2 2] - 1  
�(a) = O. 36278 (a f )  3 L(e - 1 )  + x 4 ( 3. 3 3a)  

( 3. 3 3b)  

where x is  defined by ( 3 . 9a)  as x = 18000 er/ f ,  and the g r ound constants 

er and e are included in the input. 

The functions F(x1 ) and F(x2 ) may be read from figure s  8 .  5 or 8.  6 
of the report by Rice et al. ( 1 9 6 7 )  or may be computed us ing the following 

for mula s .  

1 .  - 5  For 0 < x 5 2 0 0  and 0 5 K (a ) 5 1 0  : 1 ,  2 -- h, v 1 ,  2 

F(x 1 2 } = - 1 1 7 dB , 
' 

whichever yields the smaller abs olute value . 

2 .  

F{x 1 , 2 } i s  calculated using ( 3 . 34a}. Othe rwise , 

or ( 3. 34a} 

( 3 .  34b} 

-5 2 F(x1 , 2 } = 2 0  log 1 0  � . )a l, 2 } + 2 .  5 x 1 0  x 1 1  2
/ �. )a l ,  2 ) - 1 5 dB , 

( 3 .  34c }  

3 - 1 1  



Note that when �. 
v{a

1 • 2
) > 6 .  1 no test on x is required and ( 3 .  34c }  is 

always used. 

3. For 200 < x 1 2 :::= 2 000 , define 
• 

w
l ,  2 

Then 

= O. 0 1 34 x1 2 exp{- 0. 005 x1 2 ) . ' . 
{ 3. 35a} 

F{x 1 , 2 ) = w
1 , 2 {40 log

10 x1 1 2 - 1 1 7) + { 1 - w
1 1 2 ) { 0 . 0575 1 x1 , 2 - 10 log

10 x1 1 2 ) dB . 

( 3 . 35b) 

4 .  For x 1 2 
> 2 000 , 

• 

F{x1 ,  2 ) = 0 .  0575 1 x1 , 2 - 10  log
10  x1 ,  2 dB . 

The parameter G{x
3 

) is  defined as 
, 4 

G{x3, 4
) = 0

. 0575 1 x3, 4 
- 10 log

10 x3• 4 
dB . 

{ 3 .  36) 

( 3 . 37) 

Values of A
k 

as given by { 3 .  2 7) and of A as given by { 3 .  2 8 )  
3 1 4  rJ , 4  

are substituted in { 3 .  24a , b) to obtain A
3 

and A
4

. Thes e  c omputed 

values of A
3 

at d
3

, and A
4 

at d
4 

are used to compute the slope m
d 

and inter cept A
ed 

that define a s traight line . The refer ence attenuation 

A at any distance d s d s d is then 
er Ls x 

whe re A
fo 

is a " clutter factor " ,  defined as 

3 - 1 2 

( 3 .  3 8a)  

{ 3 . 38b) 



A
f 

= 5 log 
1 0  

[l + h h f er 
h 

( d
L 

) 1 O -
5 J dB , 

o g1 gz s 

or 15  dB , whichever i s  s maller , ( 3 .  38c ) 

and the ter rain r oughne s s  term cr
h 

( d
L s

) is  obtained by s ubs tituting d
L s  

for d in ( 3 .  6) and ( 3) . 

3 - 3 .  Formulas for Computing Scatter Attenuation A 
s 

At dis tances d5 and d
6

, defined be low, the following formulas 

used to obtain initial e s timate s � and � of forward s catter at-5 6 
tenuation r e lative to fr ee s pace: 

H 5, 6 = (� + h 
1 ) I ( a  

5, 
6 £ I  o . oo 7 - o . o 58 a 

5, 6 1 ) dB 
e1  ez  

or 1 5 dB , whichever is  smaller . 

are 

( 3 .  39) 

( 3 .  40) 

( 3 .  4 1) 

4 
S

5 = HS + 10 log
10 (£ a S) - 0 . 1 (N

s 
- 30 1 ) exp( - a

S 
d

S
/ 40) dB ( 3 . 4 2a) 

4 S
6 

= H
6 + 10 log

10 ( £  a6
) - 0 . 1  (N

s 
- 30 1 ) exp( - a

6 
d

6
/ 40) dB . ( 3 . 4 2 b) 

Subs titute d
S

, a S , S S
, and d

6
, a 6 , S 

6 
in the following expr e s s ions to 

/\ /\ /\ /\ 
obtain A 5 = A

s 
at d5 , and A

6 
= A

s 
at d

6
. 

For ad ::: lO :  

/\ 
A

s
= S + 10 3 . 4  + 0 . 3 3 2  ad - 1 0  log

1 0  
( ad) dB . 

For 1 0  ::: ad ::: 70 : 

/\ 
A

s 
= S + 9 7 .  1 + 0 .  2 1 2  Sd - 2 .  5 log 

l O 
( ad) dB.  

3 - 1 3  

( 3 .  4 3a) 

( 3 .  4 3  b) 



For 9d � 70 : 

/\ 
A

s = S + 86 . 8  + 0 . 1 S 7  9d + S log
1 0  

( 9d} dB . ( 3. 4 3c}  

3 - 3 .  1 .  For  H
S 

5 10  dB 

When the frequency gain function, H
S

, computed at  d
S 

is le s s  than 

or equal to 10 dB , formulas ( 3 . 39} through ( 3 . 4 3} give the actual p re ­

dicted scatter l o s s  at the distances  d
S 

and d6 , and 

and 

The s catter attenuation A , at any distance d ,  is then given by ( 1 7} 
s 

and ( 1 8 )  a s  

whe r e  

A = A + m  d dB , 
s e s  s 

A = A - m  d 
e s  s s s '  

The distance d , where diffraction and s catter attenuations are 
x 

e qual, is  

d = (A - A 
d

) / ( m
d 

- m ) km , 
x e s  e s 

2 .!. 
or d

L 
+ 0 .  ZS  (a I f )  3 log 

1 0  
f ,  whichever is greater , 

( 3 . 44a) 

( 3. 44b) 

whe re  A
e d  

and m
d 

are  defined by ( lS ) ,  and ( 3 .  3 8b ) .  When ( 3 .  44b) is 

used to define d , re define A as 
x e s  

A = A 
d 

+ (m
d 

- m ) d 
e s  e s x 

The reference attenuation A for trans horizon paths is then 
er 

for 

for 

d ::: d 5 d , A 
= 

A
d = A

e d  
+ m

d 
d 

Ls x er 

d 5 d 5 l S 00 km , A = A = A + m 
x er  s e s  s 

3 - 14 
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( 3. 44c )  
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3 - 3 .  2 .  For H
5 

> 1 0  dB and :::: 1 5  dB 

When the fr equency gain function H 
5 

computed at d
5 

is  greater 
/\ /\ 

than 10  dB , the e s timates A 
5 

and A 
6 

are modified by compari s on with 

the s catter los s expe cted over a s mooth ear th, 6.h = 0 . To determine 

the dis tance d , whe re  diffraction and scatter los s e s  would be equal X O  
over a s mooth earth, the diffr action los s ,  with 6.h = 0 ,  is als o computed .  

F or the special case,  
/\ 

6.h = 0 ,  let A
d 

= A  
d

, m
d 

= m
d

, and A 
o e o 50 

be the preliminary e s timate of s catter attenuation at d
5

. A s s ume that 

the s lope m is not changed. Then one e s timate of d is obtained by 
S X O  

s ubs tituting in { 3 . 44) : 

d 
Xl 

/\ /\ 
= d = (A 

X O  5 0  
- m  

s 

When H
5 

is  large,  a good e s timate of d is  
X O  

m )  
s 

/\ 2 � 
d

xz = d
xo 

= dL + 0 . 2 5  (a  / f ) 3 log
1 0  

f km .  

km . ( 3 .  46a) 

( 3 .  46b) 

F or s maller value s of H , d is  the better e s timate of d , and 5 Xl X O  
for larger value s d is the better e s timate . 

X2 
Therefor e, a weighted 

function is used to c ompute d as follows :  X O  

d = d  ( 3 - 0 . Z H ) + d  (0 . Z H 5 - Z) k 
XO X l  5 XZ m • ( 3 .  46c)  

For 6.h = 0 ,  scatter and diffraction los s e s  are equal at d The 
XO 

diffr action attenuation A at d is X O  X O  

A = A  + m d dB . 
X O  do do X O  

( 3 .  4 7)  

It  is  a s s umed that, in gene ral, the forward s catter attenuation A at 
sx 

d = d for any value of 6.h is X O  

A = A + (� 5 - A ) dB . SX X O  5 0  

3 - 1 5  

( 3 . 48) 



 

The inte rcept at d = 0 would then be 

A = A  m d dB .  
e s  sx s xo 

( 3 . 4 9 }  

Sub s tituting this value of A i n  ( 3 .  44a or b }  determines the dis -
e s  

tance d , and for any distance d � d , 
x x 

A = A = A + m d dB • 

e r  s e s  s 

3 - 1 6  



3 -4 .  List of Symbols and A bbreviations 

In the following lis t  the English alphabet precedes the G r e e k  alphabet 

and lower cas e letter s  precede upper case lette r s .  In general, upper 

case letter s  are u s e d  for quantitie s  expr e s s ed in decibels . 

a an effective earth' s radius that allows for average refraction 

of radio r ays near the surface of the earth, ( 1 ) and ( 3 .  1 ) . 

effective earth' s r adii for the te rrain between the transmit-

ting or .receiving antenna s, r e s pectively, and the cor re s -

ponding horizon, ( 3 .  2 9a) . 

effective earth' s radii for the ter rain between horizons at 

distance s  d
3 

and d
4 

re spectively, ( 3 .  29b} . 

A attenuation relative to free s pace. expr e s sed in de cibe ls.  A t­

tenuation b elow free space is written as positive values of A .  

A a pr edicted reference value of attenuation be low free space, 
er 

expr e s s e d  in decibels. 

A
d 

the diffr action attenuation in dB, ( 1 3) ,  ( 1 6) , and se ction 3 - Z .  

A 
do 

the diffrac tion atte nuation in dB equivalent to A 
ed

, but com­

puted a s s uming a smooth spherical earth, ( 3 . 4 7} .  

A attenuation be low free s pace in dB defined by ( 1 1) ,  to sim-
e 

plify ( 10} . 

A e s timated diffr action attenuation below fr ee space in dB, 
ed 

extrapolated to z e r o  distance, ( 1 5) and ( 3 .  38 ) .  

A e s timated scatter attenuation be low free space in dB, ex-
e s  

trapolated to z e r o  dis tance, ( 1 7} and ( 3 . 49) . 

A
fo 

an e s timate of attenuation due to surface c lutter, ( 3 .  38c) . 

A
k 

an e s timate of knife - edge diffr ac tion attenuation, ( 1 3) . 

A
k3

, A
k4 

an e s timate of knife - edge attenuation computed 

d
3 

and d
4

, re spe ctively, ( 3 .  2 7} . 
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A 
r 

diffraction atte nuation in dB, computed at the distance d
L 

. 

diffraction attenuation in dB, c omputed at the dis tance d
L s

, 

( 3 . 1 7 c) .  

an e s timate of the diffr action attenuation over the bulge of 

the ear th, ( 1 3) ,  and subsection 3 - Z .  

A
r 3

, A 
r 4  

the diffraction attenuation A
r 

computed at distance s  d
3 

and d
4

, r e s pe ctively, ( 3 .  28) . 

A forward s catte r attenuation in dB, ( 18) . 
s 

A forward scatter attenuation computed at d = d , ( 3 . 48) . 
S X  X O  

f;, an e s timate of the forward s catter attenuation, ( 3 .  4 3 ) . 
s 

A an e s timate of the diffraction attenuation over a s mooth ear th, 
X O  

computed a t  d , ( 3 .  47) . 
X O  

A ( v} an e stimate of knife - e dge diffraction as a function of the 

parameter v ,  ( 3 .  26) . 

A , A attenuation below fr ee s pace computed at the distance s  d 
0 1 0 

and d
1

, re spectively, ( 1 0 )  and ( 3 .  1 8 ) . 

A 
ot' 

A 
1 t 

e s timate s of attenuation be low fr e e  s pace c omputed at the 

distance s  d
0 

and d
1

, r es p ectively, using two- ray optics,  

( 3 . 1 8 ) . 

A 
3

, A 
4 

predicted diffraction attenuation computed at di stanc e s  d
3 

and d
4

, r e s pective ly, ( 3 .  2 5) .  

A
5

, A
6 

predicted scatter attenuation computed at distanc e s  d
5 

and 

d
6

, r e s pe c tively .  

� J. e s timate s of s catter attenuation c omputed at dis tance s  d
5 s' 6 

and d
6

, r e s p e c tively, ( 3 .  43) . 

� 50 
a pre limina r y  e s timate of scatter attenuation computed over 

a smooth e a r th at the distance d
5

, ( 3 .  46) . 
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A(O . S) a long - term median e s timate of attenuation r e lative to fr ee 

space for any particular set of data. 

b
h

, b
v 

paramete r s  us ed in computing the theoretical plane earth r e :­

flection c oefficients for horiz ontal and vertical polarization, 

r e s pe ctively, ( 3 .  10) . 

B 1 , 2 ,  3 ,  4 
paramete r s  used in computing 

x
l , 2 , 3 , 4 ' ( 3 . 3 2) . 

the modified distanc e s  

c phase angle r e lative to -rr radians of an effe ctive r efle ction 

coefficient, ( 3 .  2) . 

c
h

, c
v 

the phase angle c for horiz ontal and vertical polar ization, 

r e spe ctively, ( 3 . 1 3) to ( 3 .  l S) .  

d gr eat cir cle path distance in kilome ter s .  

dB decibels, 10  log 
10  

(power ratio) . 

d . one of a series of equal distance s  at which ter r ain heights h. 
l l 

are r e ad, p .  3 - 2 .  

dL sum of the distances dL l 
and dL2 

fr om each antenna to the 

corres ponding horizon, ( Sd) . 

dL l ' dL2 
the distances from the tr ansmitting and r e c eiving antenna, 

r e spe ctively, to their cor r e sponding hor izons, ( Sc) . 

the sum of the smooth-ear th horizon dis tances  d and 
L s l  

dL s2 · 
dL s 1

, dL s 2  
distanc e s  fr om the transmitting and r e c eiving antennas, 

re spe ctively, to their cor r e s ponding horiz ons over a smooth 

earth, ( Sa) . 

d the distance at which diffr action and scatter attenuations are 
x 

equal, ( 3 .  44) . 

d the distance at which diffr action and scatter attenuation would 
X O  

be equal over a smooth earth, ( 3 .  4 6c) . 
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d
x l

' d
xz 

e s timate s of the distance d
xo

' defined by ( 3 . 46a) and 

( 3 .  46b) . 
/\ 
d a p r eliminary es timate of the dis tance d , ( 3 .  46a) and 

XO XO 
( 3 .  46 b) . 

d a dis tance chosen to appr oximate the greate st distance at 
0 

which the attenuation be low fr ee s pace is zero  dB, ( 3 .  1 6) .  

one e s timate of the distance d , ( 3 . 16) . 
0 

a dis tance gr eater than d
0 

but l e s s  than d
L

, defined by 

( 3 . 1 6d) . 

d
3

, d
4 

dis tances defined by ( 3 .  24) at which diffraction attenuation is 

calculated.  

d
5

, d
6 

distances defined by ( 3 .  39) at which s catter attenuation is 

calculated. 

e the base  for natural or Naperian logarithms, e � 2 .  7 1 8 3 ,  

( 3 . 2 1) . 

f radio wave fr equency, expr e s s e d  in megahertz (MHz) in this 

r eport. 

F(x
1

) , F(x
2

) a function used in computing diffraction attenuation, 

( 3 .  34) . 

g
0 1

, g
02 

dir ective gain of each antenna in the dir ection of the other , 

( 3 .  2} and ( 3 .  5) . 

g
r 1

, g
r 2 

dir ective gain of each antenna in the dir e ction of a point of 

gr ound r eflection, ( 3 .  5) . 

G p  path antenna g ain expr e s sed in decibels above the unit gain of 

an is otr opic r adiator, ( 3 .  3) . 

G(x
3

, x 
4

) a function used in computing the diffraction attenuation at 

the dis tance s  d
3 

and d
4

, ( 3 .  3 7) .  
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h subs cript refer ring to horizontal polarization. 

h. any one of a s erie s of equidistant heights of ter rain above 
1 

sea level. 

h a height in mete r s  used in computing the horizon distanc es,  
e 

( 5c) . 

h
e l ' h

e 2  
effe ctive antenna heights of the transmitting and r e ceiving 

antennas ,  r e s pe ctively, (4) and ( 3. 3) . 

h
g l

' h
g2 

structural antenna heights above gr ound, (4) . 

h
L l ' h

L2 
height above sea lev el  of the horizon obstacle for the trans ­

mitter and r e ceiver, r e spectively, ( 3 .  1 ) . 

h 
s 

height of the surface of the gr ound above s e a  level, ( 2) .  

h
s l ' h

s2 
height above sea level of the transmitting and receiving an-

tenna s, r e s pe ctively, ( 3 .  1) . 

H
5

, H
6 

fr equency gain function computed at the distances d
5 

and d6
, 

r e spe ctively, ( 3 .  4 1} . 

k a c oefficient used in defining effective antenna heights,  ( 4} . 

k
1

, k
2 

coefficients that define the s lope of a s mooth curve of A 
er 

versus dis tance for dis tances  0 5 d 5 d
L s ' ( 10} and ( 3 . 1 9} . 

/\ /\ 
k

1
, k

2 
e s timates of the coefficients k

1 
and k

2 , ( 3 .  20} . 

K
h

( a} ,  K
v

( a} paramete r s  for horiz ontal and vertical polarization, 

r e s pe ctively, used in computing diffr action attenuation, ( 3 .  3 3} . 

log 
10 

logarithm to the base 10 . 

L
bf 

basic trans mission los s in fr e e  space, ( 9) .  

L 
er 

median r efe rence value of tr ansmis sion los s  (8) . 

m
d 

slope of the curve of diffraction attenuation A
d 

ver sus di s ­

tance, ( l 5b) and ( 3 .  38) . 
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m
do 

s lope of diffr action attenuation in dB/ km for Ah = 0 ,  ( 3 .  4 6a) . 

m slope of the curve of s catter attenuation A versus distance, 
s .. s 

( 1 7b) and { 3 . 45) . 

�· m
v 

paramete r s  used in computing the magnitudes  of the the oret­

ical plane ear th r e flection coefficients R
h 

and R
v

, ( 3 .  1 1) .  
N the surface r efractivity, (2) . 

s 
N s urface refractivity re duced to sea  leve l, fig.  1 .  

0 

p parameter used in computing the theoretical plane earth r e -

fle ction coefficient, ( 3 .  9b) . 

q parameter used in computing the the or etical plane earth r e ­

fle c tion coefficie nt, ( 3 .  9a) . 

R the magnitude of an 1 1 effe ctive 1 1  r eflection c oefficient, ( 3 .  5) 
e 

and ( 3 .  8) . 
R

h
, R

v 
the magnitude of the 1 1 theor etical1 1  plane ear th refle ction coef­

ficient for horiz ontal and vertical polariz ation, r e spe ctively, 

( 3 .  1 2a) and ( 3 .  12b) .  
/\ 
R e s timate of an effe ctive r e flection c oefficient, ( 3 .  5) . 

e 
s

5
, s

6 
terms defined by ( 3 . 42) that are used in e s timating the for -

ward s c atter attenuation A , ( 3 .  4 3) . s 
v subscript refer ring to vertical polarization. 

v 
l .  3

, v 
2 .  3

, paramete r s  used to compute the double knife - edge at-

v , v te nuation, ( 3 .  2 5) thr ough ( 3 .  2 7) . 
1 . 4  2 . 4 

w weighting factor,  determined empir ically as  a function of 

radio fr equency and terrain paramete r s ,  ( 3 . 2 3) . 

w
l ,  2 

paramete r s  used in computing r ounded earth attenuations, 

defined by ( 3 .  3 5a) . 
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w
3

, w
4 

e stimate s of w c or r e s ponding to d = d , d = d , ( 3 .  2 5) .  
. 3 4 

x a parameter used in c omputing the theoretical plane earth 

r eflection c oefficient, ( 3 .  9a) .  

x
1 ,  2, 31 4 

dis tance s defined by ( 3 .  30) through ( 3 .  3 l b) .  

y 1 ,  y2 
paramete r s  used in computing the theore tical plane earth 

r efle ction c oefficient, ( 3 .  1 4) .  

�h an asymptotic value of �h(d) which is  used to characterize 

the ter r ain, table 1 ,  and ( 3) .  

�h(d) interdecile r ange of ter r ain heights above and be low a s traight 

line fitted to e levations above s e a  level, ( 3) . 

� r  the diffe rence in path length of the direct and refle cted r ay, 

( 3  . . 2)  and ( 3 .  3) . 

E the permittivity or r e lative dielectric constant of the gr ound, 

( 3 .  9) through ( 3 .  1 5) . 

e angular dis tance for a trans horizon path, { 7) . 

e 
e 

the s um of the elevation angles e
e l  

and e
e2

, ( 6b) . 

e
e l

' e
e2 

the angle s  by which the hor iz on rays are  elevated or de -

pr e s s e d  re lative to the horiz ontal at each antenna, ( 6a) and 

fig . 2.  

e
3

, e
4 

angular distances c or r e s ponding to d
3

, d
4

, d
5

, d
6 

in ( 3 .  26) , 

e
s, e6 

( 3 .  29 ) ,  ( 3 .  40) ,  ( 3 .  4 1 ) and ( 3 .  42) . 

X. r adio wave length, used for example in ( 3 .  2 3) .  

a- the conductivity of the earth' s s urface, ( 3 .  9) and following . 

the rms d�viation of te r rain and ter rain clutter within the 

limits of the fir s t  F r e snel z one in the dominant refle c ting 

plane, ( 3 .  6) .  

the grazing angle of a ray reflec ted from a point on the sur -

fac e  of a smooth earth, ( 3 . 7) . 
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3 - 5 . Computer Program Listing and Sample Output 

A computer program lis ting and a sample of the output are given in 

this s ec tion. The program is written in F or tran IV for a digital c om­

puter. * A lis t  that r e late s pr ogram s ymbols to corres ponding te rms 

and equations in the r e port is provided as well as a brief flow chart of 

the program. Attenuation is computed at fixed distances in addition to 

the paramete rs  r equired to obtain curves of A versus d .  
e r  

The sample output shows c omputations for paths in northeastern 

Ohio and in the Colorado plains and rnou..-rta.ins that correspond to thos e  

whe r e  measure ments were  made . The curves of A versus d shown 
er  

in figur es  3 through 8 were plotted from this output. Calc ulations were  

made at  fr equenci e s  of  100 ,  50  and 20 MHz , for appropriate antenna 

heights above g r ound. The terrain of the area in Ohio and th£ Colorado 

plains is characte rized by 6.h = 90 m, while for the mountain paths 

6.h = 6 50 m .  Value s of surface r efractivity used are N = 3 1 2  in Ohio 
s 

and N = 290 in Colorado. 
s 

F or the long e r  mountain paths a s omewhat 

lower value of 

e 
e 1 

and 

N would be appropriate . 
s 

6 were calculated using 
ez 

The terrain paramete r s  d
L l

, 

equations { 5) and { 6) ,  and for 

the s e  low, randomly located antennas we as sumed h = h In 
e 1 , z g 1 , z  

each area the fir st  three sets at 100 MHz are for vertical polariEation 

and the s e cond thr e e  s e ts are for horiz ontal polarization. At frequen­

cies of 50 and 20 MHz only vertical polarization is shown. The s mooth ­

earth horizon distance s  dL s
, and corres ponding attenuation AL s 

are 

listed. Similarly, the distance d , at which diffraction and s c atter at-
x 

tenuation are equal, and the corres ponding attenuation A dx are given. 

"' The program was written for a Control Data Corporation CD C - 3 600 
computer and may r equire s light modification for use with other c om­
pute r s .  
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From this output the calculated refe rence attenuation A may b� 
er 

obtained at any desired distance d :  

For 0 ::s: d ::s: dL s 

For d ::s: d ::s: d 
L s  x 

For d 2: d 
x 

3 - 2 5  

A e r  = 
A 

e d  
+ m 

d 
d dB . 

A = A  + m d dB.  
er e s  s 



R eference Li s t  of Program S ymbols 

Program Report Equation Pr ogram Report Equation 

A a ( 1 ) AOG A 
0 

A CR A ( 8 )  
er  

A l  A
l 

( 3 .  1 8 b) 

AD A 
d 

( 1 3) A 1 ,  2 a 
1 ,  2 

( 3 .  29a) 

ADO A 
do 

A 3, 4 a
3 ,  4 

( 3 . 2 9b) 

ADX A
dx 

A 3,  4 A
3, 4 

( 3 .  2 S) 

AED A
ed 

( 3 .  38b) B b ( 3 .  10) 
AES A ( 18 )  B l , 2 B ( 3 .  32) 

e s  1 ,  2 
A F O  A 

fo 
( 3 .  38c)  B 3 , 4 B

3, 4 
( 3 .  32) 

AG A ( 3 .  2) c c ( 3 .  1 3) to ( 3 . 1 S) 

A H S, 6 � A
S, 6 ( 3 . 48) D d 

A H SO � so ( 3 .  48) DEDO A
od 

( 3 .  l 7a) 

AK3, 4 A 
k 3, 4 

( 3 .  27c)  DED l  A 1 d 
( 3 . 1 7b) 

ALS A L s 
( 3 . 1 7 c) DH 6.h ( 3) 

A R 3 ,  4 A 
r 3, 4 

( 3 . 28)  DHD 6.h( d) ( 3) 

AS A ( 1 7) DHD3, 4 6.h( d
3,  4

) ( 3) 
s 

ASX A ( 3 . 48) DL dL ( Sd) 
sx 

AV 1 3, 2 3  A( v
l . 3, 2 • 3

) ( 3 . 2 7) DLS dL s 
( Sb) 

AV 14, 24 A(v
l . 4, 2 . 4

) ( 3 . 2 7) DL l ,  2 d 
L l ,  2 

( Sc) 

AXO A ( 3 .  4 7) DLS l ,  2 d ( Sa) XO L s 1 , z. 

AO A ( 3. 18a) DX d ( 3 .  44) 0 x 
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Reference List of Program Symbols (continued) 

Program R epor t Equation Program Report Equation 

DXO d ( 3 .  46) MS m ( 1 8)  
XO s 

DX l,  2 d ( 3 .  4 6) NS N ( 2) 
x 1 ,  2 s 

DO d ( 3 .  1 6c) p p ( 3 .  9b) 
0 

DO l ,  2 d ( 3 .  1 6b) POL polarization 
0 l, 2 

D l  d
l 

( 3 .  l 6d) PSI � ( 3 .  7) 

D 3, 4 d
3, 4 

( 3 .  24) Q q ( 3 .  9a) 

D 5, 6 d
5, 6 ( 3 . 3 9) RE R ( 3 .  5) &: ( 3 .  8 ) 

e 
E E ( 3 .  9) to ( 3 .  1 5) s er ( 3 .  9) 

F £ in MHz SH crh 
( 3. 6) 

FX l : 2 F(x l ,  2
) ( 3 .  34) SHDLS crh

{ d
L s

) ( 3 .  38) 

G X 3, 4 G {x3, 4
) ( 3 .  3 7) SP s in � ( 3 . 8a) 

H l E, 2E h 
e1 , 2 

( 4b) S5, 6 s
5, 6 ( 3 .  42) 

H lG,  2G h 
g 1 , 2 

figure 2 TD ea ( 3 . 4 3) 

H5, 6 h
5, 6 ( 3 .  41)  TE ee ( 6b) 

K l , 2 k 
1, 2 

( 3 .  10)  to ( 3 .  2 2) TE l ,  2 a 
e1 , 2 

( 6a) 

K l ,  2 K(a
l , 2

) ( 3 . 3 3) T3, 4  8 3, 4 
( 3 . 2 5c) 

K 3, 4 K(a
3, 4

) ( 3 . 33) T 5, 6 8 s, 6 ( 3 .  40) 

M m ( 3 .  1 1) v 1 3, 2 3 v ( 3 . 2 6) 
1 .  3, 2 .  3 

MD m
d 

( 3 .  38b) v 14, 24 v 
1 .  4, 2 .  4 

( 3 . 26) 

MDO m
do 

( 3 .  4 7) w w 
0 

( 3 .  18) 
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Referenc e  List of Program Symbols ( c ontinued) 

Pr ogram Report Equation 

W l, 2 w 
1 ,  2 

( 3 .  3 5) 

W 3, 4 w
3,  4 

( 3 .  2 3) 

x x ( 3 .  9a) 

X l ,  2 x
l ,  2 

( 3 .  30)  

X 3, 4 x
3, 4 

( 3 .  3 1) 

Y l, 2 y 
1 ,  2 

( 3 .  1 4) 

3 -28 



Call DIFF 
Compute � -1 AED, MD 

Flow Charts 

Main Pr ogram 

Input 

F, D H, HlG,  H2G 
NS, D, S, E, POL 

C ompute 

H l E, H2E, DL1 
DL2, TE 1 ,  TE2 

Compute 

A, DL, DLS, TE 
is D < DLS 

Ill 
� 

>-< 

Call LOS 
Compute 

AG 

No 

3 - 2 9  

Optional Input 

H l E, H2E, D L l 
D L2 ,  TE l ,  TE2 

Call DIFF 
Compute 

AED, MD 

Call S CA TT 
Compute 

AES, MS 



Line - of-Sight Subr outine, LOS 

K M = 2 
Call DIFF 

K M = 0 
Compute 

AED, MD 
( entr y 2) 

RE = R E  

. 

i 

Compute 

DO, D l , DEDO 
DED l,  DHD 

! 
Compute 

i X , Q, P, B, M for 
: RH or RV 

SH SP 

I Compute 

, Y e s  RE 
, is RE > O .  5 & 

..___ ______ I > SQR (SP) I 
.N2..., R E  = SQR ( S P) 

.--------.,�--�/ I 
Set K 1 = 0 j Y e s  

__ 

c

_

o 

K
_

m

_

:
_

u

_

t

_

e

_

r Compute 

C, AOT, A l  T, W 
AO, A l , K2,  K l 
is 

K l !:::: -K2 LOGE 
DLS 

�,-�� 
Compute 

j AG IA CR = MAX(AG, O) 
I 
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fr om LOS 

entr y 2 

C ompute 

KV(A 1 ,  2, 3, 4) - Y e s  

I to LOS 1�M = 2  

A CR = A D 
N o  

Diffr action Subr outine, DIFF 

fr om main program 
entry l 

KK = KK + 1 
Compute 

D 3 ,  D4,  T 3 ,  T4 � 
A V 1 3, AV23 

A V 1 4, AV24 

i 
Compute 

AK3, AK4, X 
A l , A 2 ,  A 3, A4 
K H(A 1 ,  2 ,  3 ,  4) 

is POL = 1 

21. 
Compute 

B l ,  B2,  B3, B4 
X l ,  X2, X 3 ,  X4 
FX 1, FX 2 ,  GX3 
GX4, A R 3 ,  AR4 

Compute 

W 3 , W4, A 3 ,  A 4  
AFO, AED, MD 

A D  

K M  = 0 
� 

is KK = 2 
Y e s _ 

0 
z 

• 

i s  TD > 0 .  5 Y e s _ 

3 - 3 1  

from S CA TT 
6.h = 0 

entr y 3 

A CR = AD 

0 
z 

� 

Compute 

MS, AES, AS, DX 
is D > DX 

--

Compute 

ADO, MDO, DXO 
AXO, ASX 

call 
S CA TT 

A CR = AS 

from S CA T T 
entr y 4 



 

Scatter Subr outine, S CA T T  

Compute 

from DIFF D S, D6, T S, T 6  -

K S = 0 HS, H 6 ,  S S, S 6 

KS = KS + 1 
T e s t  TD 

i ' 

TD :s 10 10 < TD :s 70 TD > 70 
C ompute C ompute C ompute 

A H S, AH6 A H S, AH6 AHS, AH6 

• 
s e t  D H = 0 

Y e s  N o  - N o  - Compute 
,. 

A H SO = A H S  is K S  = 2 l is H S  :s 1 0  D L l ,  D L 2 ,  TE 

save A H S, MS 

• � . .. 

to DIFF to DIFF A S = A H S  

entry 3 entr y 4 , A 6  = A H 6  � 

' 
I 
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Computer Program Listing 

PROGRAM COMTE 

C PROGRAM TO �E T E RM I N E  P A R A ME T E R S  A N D  W R I T E  OUTPUT 

c 

c 

COMMON / M/ F t O t N S t A t OH t DHS t S t E t POL t KM 

COMMON / M P / H l E t H2 E t H lG t H 2 G , D L S l t D L S 2 , DL l t DL 2 t D L , D L S t T E l t T E 2 t T E , KL 

COMMON / M L D S /  AG t AD t A S , AC R , A E D t MD , AH 5 0 , A H 5 , 0 5 , MS , AES , DX t H5 

COMMON / M L / DO t D l t D O l t D 02 t A O t A l t K l t K 2 t AL t AL S t A O G  

D I MENS I ON AN S ! 3 l t D KM ! 6 l t D E L H ! 6 1 t SD ! 6 1 • SA ! 6 1  

REAL N S t MD t MDO , M S t MSS t MD S t K l t K 2 t K 3 t K 4 t LBF 

D A T A  ! AN S = 2 9 0 . , 2 90 . , 3 1 2 • l  

D A T A  < DKM=5 • •  1 0  • •  2 0 . , 3 0 . , 5 0 • •  8 0 . )  

D A T A  ! D E L H = l 0 5 e t l 6 5 . , 23 4 . , 3 1 5 . , 5 75 . )  

C CALCUL AT I O N  OF I NPUT PARA M E T E R S  

c 
S = . 00 5  s E = l 5 .  

D O  5 0 0  I X = l t 3  

N S ::AN S !  I X l  

A c 6 3 7 0 . / ! 1 . - . 04 6 6 5 * E XP F ! . 0 0 5 5 7 7 *NS l l  

WR I T E  < 2 t 56 l l  

5 6  FORMAT < R l l 

I F  < I X . Ea .  l l  WR I T E < 2 t 5 7 l  

I F  < I X . Ea .  2 l  WR I T E  < 2 , 5 8 l  

I F  < I X . Ea .  3 1  WR I T E < 2 t 59 1  

5 7  FORMAT ! 2 X t *COLORAD0 P L A I NS NS= 2 9 0 e * / / l 

5 8  FORMAT ! 2 X t *COL0RAD0 MOUN T A I N S  N S = 2 9 0 . * / / l  

5 9  FORMAT < 2X t *O H I O  N S =3 1 2 o * / / l  

DO 4 0 0  I = l t 9  

K K = O  

D O  3 0 0  I Z = l t 6  

I F  ! I X . Ea .  2 . A N D .  I Z  . E a .  6 l  GO TO 3 00 

IF < I X . Ea .  3 . A N D .  < I Z . Ea. 1 . OR .  I Z  . Ea. 6 ) )  GO TO 3 0 0  

D zDKM ! I Z l  

DH=D H S = 9 0 .  

I F  < I X . EO o  2 l  DH=DHS= 6 5 0 .  

F : l o o .  

I F  ! I  . G T .  6 l  F = 5 0 . 

I F  < I  . E O .  9 l  F = 2 0 .  

POL=+ l .  

I F  ! I  . G T .  3 . A N D .  I . LT .  7 l  POL=- 1 •  

H l G = H l E = 4 .  

I F  < I X . NE .  3 . A N D .  

I F  < I X . Ea .  3 . A N D .  

I F  ! I X . Ea .  3 . A N D .  

H 2 G= H 2 E = 3 .  

. E Q .  9 1  H l G = H l E = 3 e 3  

. G T .  6 1  H l G= H l E = 4 . 2 4  

. E a .  9 1 H l G= H l E = 3 e 6 8  

I F  ( I  . EO .  2 . o R .  I . E a .  5 1  H 2 G = H 2 E = 6 ·  

I F  < I  • Ea. 3 . O R .  I . E a .  6 l  H 2 G = H2 E = 9 .  

I F  < I X . Ea .  3 . A N O .  I . E a .  7 l  H 2 G = H2 E = l .  

I F  < I X . N E .  3 . A N D .  I . E a .  7 1  H 2 G = H 2 E = e 5 5  

I F  < I X . N E •  3 . A N O .  I . E a .  8 l  H 2 G = H 2 E = l . 7  

I F  < I X . N E o  3 . A N D .  I . E a .  9 l  H 2 G = H2 E = l . 3  

D L S l = S a R T F ! . 00 2*A* H l E l  

DLS2 = Sa R T F < . 0 0 2*A*H2 E l  

D L S = D L S l + D L S 2  
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Computer Program Lis ting (c ontinued) 

Dl l = D L S l * E XP F C - . 0 7 *SQR T F C DH / H l E l l  

D L 2 = D L S 2 * E XP F ( - . 0 7 * SOR T F I DH / H2 E l l 

D L = D l l + D L 2  

T E l = l o 0 0 0 6 5 / D L S l l * I C DL S l / D L l - l o l *D H - 3 · 07 7 * H l E I 

T E 2 = C . 0 0 0 6 5 / D L S 2 1 * 1 ! DL S 2 / DL 2 - l • l *D H - 3 . Q 7 7 * H2 E l  

T E = M A X l F I C T E l +T E 2 1 , ( -DL / A l l  

K K = K K + l  

I F  I D  . G T .  D L S I  G O  T O  40 

CALL LOS 

SD I KK l =D 

SA I KK l = A C R  

G O  TO 3 0 0  

4 0  C A L L  D I F F  

S D < KK l =D 

SA < K K l = A C R  

c 

I F  ! I X . Ea .  1 . A N D .  KK . N E .  6 1  GO TO 3 0 0  

I F  < I X . Ea .  2 . A N D .  KK . N E .  5 1  G O  T O  3 0 0  

I F  < I X . Ea .  3 . A N O .  KK o N E •  4 1  G O  TO 3 0 0  
A E = A O G-K l * D O - K 2 * ALOG l O < DO l  

C W R I T E OUT P U T  

c 
W R I T E < 2 t 6 0 1 F t DH , H l G , H 2 G , T E t D X 

60 F O R M A T  ( 4X t * F = *F6 o l • *  D H = * F 6 o 2 • *  H l G = * F 6 o 2 • *  H 2 G = *F 6 . 2 .  

C* T E = * F l 0 o 6 • *  D X = • F B . 2 1  

W R I T E  < 2 , 6 1 1 A E t K l t K 2 , D L S , A L S  

6 1  FORMAT ( 4X . •A E = • F a . 2 . • Kl = * F l 0 . 5 t *  K 2 = * F l O o 5 • *  D L S =•F a . 2 .  

C *  A L S = *F 8 . 2 l 

A D X = A ED+MD*DX 

W R I T E < 2 t 62 1  A ED , MD , A E S , MS , A D X  

6 2  F O R M A T  1 4X t * A E D = *F 8 o 2 • *  MD= * F l 0 . 5 • *  A E S = * F 8 o 2 • *  M S = * F l O o 5 • 

C *  A D X = * F B . 2 1 

W R I T E < 2 t 6 3 l  < SD < J Z J ,  J Z = l , KK J  

W R I T E I 2 t 64 1 < SA I J Z J ,  J Z = l t K K I  

6 3  F O R M A T  1 4X t *D * 6 F l 0 . 2 1  

6 4  F O R M A T  1 4X • *A *6 F l 0 o 2 J 
WR I T E I 2 t 56 1  

3 0 0  C ON T I NU E  

4 0 0  CON T I NU E  

5 0 0  C ON T I NU E  

C A L L  E X I T  

E N D 

S U B ROUT I N E D I F F  

C SUBROU T I NE TO COMP U T E  D I F F R A C T I ON A T T E NU A T I ON 

c 
COMMON I N R I  J Z , w . s w 3 , 5w4 , 5�3 . s A4 , s A F O  

COMMON /MAR 1 4 / D3 , D 4 , T 5  

COMMON / M / F , o , N s . A , DH . DHS . s . E . PO L . KM 

COMMON /MP / H l E t H2 E , H l G t H 2 G , D L S l t D L S 2 , DL l , D L 2 t DL , D L 5 t T E l t TE 2 , T E , K L  

COMMON / M L D S /  AG t A O . A S t A C R t A E O . MD . AH 50 ,A H 5 t 0 5 . MS . AE S . DX t H5 

R E A L  N S , MO t MDO , M S , M S S t M DS t K l t K 2 , K 3 t K 4  

F N A ! C l =6 . 0 2 +9 . l l * C- l . 2 7 *C*C 
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F NB < C l = 1 2 . 95 3 + 2 0 • *ALOG 1 0 1 C l  

F NC ! C l = 4 1 6 . 4 * F ** • 3 ] 3 3 3 3 3 3 3 3* 1 1 . 6 0 7 - C I  

F ND < C l = l • 3 6 2 7 8 / I C* F ) ** • 3 3 3 3 3 3 3 3 3 3 > * l • / ( I E - 1 . l ** 2 + X * X l * * • 2 5  

F NE ! C l = C * S OR T F I E * E +X * X l 

R D L = D L  

K K = O  

1 0  K K = K K + l  

c 

D 3 =D L + . 5 * 1 A*A /F l ** · 3 3 3 3 3 3 3 3 3 3  

I F  ! 03 . L T .  D L S I D 3 = D L S  

D 4 = D 3 + 1 A* A / F 1 ** • 3 3 3 3 3 3 3 3 3 3  

T 3 = T E + D 3 / A  

T 4 = T E+D4 / A  

C CA LCUL A T I O N  O F  KN I FE E D G E  D I F FR A C T I ON 

c 

c 

V l 3 = 1 . 2 9 1 5 *T 3*SOR T F I F* DL l * < D 3 - D L l / C D 3 - D L 2 1 l  

V 2 3 = 1 . 2 9 1 5 *T 3 * S 0R T F C F•D L 2 * C D 3 - D L l / I D 3 - DL l l l  

V l 4 = l o 2 9 1 5 * T 4 *SORT F C F+DL l * C D4-DL l / C D4 - D L 2 1 1  

V 2 4 = 1 . 2 9 1 5 * T4*SOR T F I F * D L 2 * C D4-DL l / C D4 - D L l l l  

A V 1 3 = F N A I V 1 3 1 

I F C V 1 3  . G T .  2 . 4 1  A V 1 3 = F N B ! V l 3 1  

A V 2 3 = FN A I V 2 3 l 

I F I V 2 3 o GT . 2 o 4 1  A V 2 3 = FN B I V 2 3 1 

A V 1 4 = FN A C V 1 4 1 

I F  I V 1 4  . G T .  2 o 4 1  A V 1 4 = FN 8 ! V l 4 1  

A V 2 4 = F N A C V 24 1 

I F I V 2 4 · GT . 2 . 4 1 A V2 4 = FN B I V 2 4 1  

A K 3 = A V 1 3 + A V 2 3  

A K 4 = A V 1 4 + A V 2 4  

C CALCULAT I ON O F  ROUNDED E A R TH D I F F R A CT I ON 

c 
A l =D L l *D L l / C . 0 0 2 *H l E I  

A 2 = D L 2 * D L 2 / C . 0 0 2 *H 2 E I 

A 3 = C D 3 -DL l / T 3  

A 4 = ( D4-DL l / T 4  

X = l 8 0 0 0 . * S / F  

K l = F N D ! A l l  

K 2 = F N D C A 2 l  

K 3 = F N D I A 3 1  

K 4 = F N D C A 4 1  

I F  ! PO L  . E a .  - 1 · 1  GO TO 1 5  

K l = F N E C K l l 

K 2 = F N E ! K 2 1  

K 3 = F N E C K 3 1  

K 4 = FN E I K 4 1  

1 5  B l =F NC C K l l  

B 2 = F N C C K 2 1  

B 3 = F N C C K 3 1  

B 4 = F N C I K 4 1  

X l = B l *D L 1 / A l * * · 6 6 6 6 6 6 6 6 6 6  

X 2 = 8 2 *D L 2 / A 2 * * • 666 6 66 66 6 6 6  

X 3 = B 3 * C D 3-DL l / A 3 ** • 66 6 66 6 6 6 6 + X l + X 2  

X 4 = B4 * C D4-Dl l /A4** • 66 6 6 6 6 6 66+X l + X 2  
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X L 1 =4 5 0 . / A B S F < ALOG 1 0 ! K l l *"* 3 1  
X L 2 = 4 5 0 . / A B S F I A L0G l O < K 2 l ** 3 l  
I F < x 1 . G r . o  • •  A N D . x 1 . L E .  2 0 0  • •  A N D . K l  . G E .  o • •  AND . K l . L E • •  0 0 0 0 1 > 

C l 6 • 1 7  

1 6  T =4 0 . *ALOG 1 0 C X l l - 1 1 7 e  
T l = - 1 1 7 .  
T 2 = M I N 1 F ! C ABS F C T ) l , C AB S F ! T l l l I 
F X l = T  
I F  C T 2 . EQ .  ABS F ! T l l l  FX l = T l  

1 7  I F < x 2 . G T . o  • •  A N D .  x 2 . LE . 2 0 0  • •  A N O .  K 2  · G E . o  • •  A N D .  K2 . LE • •  0 0 00 1 1  
c 18 t l  9 

1 8  T =4 0 e *ALOG 1 0 ! X2 1 - 1 1 7 .  

T l = - 1 1 7 .  
T 2 = M I N 1 F ! C ABS F C T l l , ! AB SF ! T l l l l 
F X 2 = T  
I F  C T 2  . Ea .  AB S F < T l  1 1  F X 2 = T l  

1 9  I F < X l . G T . o  • •  A N D . X I  . L E . 2 0 0  • •  AN O . Kl . G T  • •  0 0 0 0 1  . A N O .  K l  . L T .  l ·  
C l  2 l t 2 2 

2 1  F X 1 = 4 0 o *ALOG 1 0 ! X l l - 1 1 7 •  
I F  ! X l  . L E •  X L l l F X 1 = 2 0 · *ALOG l O ! K l l + 2 . 5 * 1 •  E - 5 *X l *X l / K l - 1 5 .  

2 2  I F ! X 2 . GT . o  • •  A ND . X 2 . LE . 2 0 0 .  e ANO . K2 . G T  • •  0 0 0 0 1  . A N O .  K l  . L T .  l •  
C l  2 3 t 24 

2 3  F X 2 = 4 0 . • ALOG 1 0 1 X 2 1 - l l 7 e  
I F  ( X 2 . L E .  X L 2 1 F X 2 = 2 0 . * A L OG l O C K 2 1 + 2 e 5 * 1 •  E - 5 *X 2* X 2 / K 2 - 1 5 .  

2 4  W l = . O l 3 4*X l * E XP F < - . 00 5 *X l l S W 2 = . 0 l 34 * X 2 * E X P F ! - . 0 0 5 * X 2 1 
I F I X l o G T . 2 0 0  • •  ANO . X l . L E . 2000 . )  

c 

C F X l = W l * C 4 0 . *ALO G l O C X l l - l l 7 . l + C l . -W l l * C . 0 5 7 5 l * X l - l O e *AL0G l O ! X l l l 
I F < X 2 . G T .  2 0 0  • •  A N D .  X 2  . LE .  2 00 0 . 1  

C F X 2 = W 2 * ! 4 0 . *ALO G l O ! X 2 l - l l 7 • 1 + 1 1 . -W2 1 * C • 0 5 7 5 l * X 2-l O · *A L OG l O I X 2 l l  
I F I X l . G T .  2 0 0 0 . 1 F X 1 = . 0 5 7 5 l * X l - 1 0 • *ALOG 1 0 1 X l l  
I F < X 2 . G T .  2 0 0 0 . 1 F X 2 = . 0 5 7 5 l * X 2 - 1 0 . *A LOG 1 0 1 X 2 1 
GX 3 = . 0 5 7 5 l *X 3 - 1 0 · *ALOG 1 0 ! X 3 1  
G X 4 = . 0 5 7 5 l * X 4 - l O · * A L OG l O I X 4 1  
A R 3 = G X 3 - FX 1 - F X 2 - 2 0 .  
A R 4 = G X4-FX 1 - F X 2 - 2 0 .  

C COMB I N A T I O N  OF ROU N D E D  E A R T H  AND K N I F E  E D G E  D I FFRAC T I ON 

c 
2 8  D H D 3 = D H* ( l . - . 8  + E X P F ! - . 0 2 * 0 3 1 1  

DHD4=0H* l l · - · 8  * E X P F C - . 0 2 * 04 1 1 
P l 3 = SORT F I  ! H l E * H 2 E l / ! H l G * H 2 G I  l + C A* T E+D L l / 0 3  
P l 4 = SORT F !  ! H l �* H 2 E l / ! H l G * H 2 G l l + ! A * T E+ DL l /D4 
D O L 3 = M I N l F ! l O O O  • •  c o H 0 3* F / 2 9 9 a 7 9 2 5 1 I 
OOL4= M I N 1 F l l O O O . , C OH04* F / 299 . 7 9 2 5 1  I 

6 3  W 3 = 1 . / l l . + • l  *SOR T F ! DOL3* P l 3 1 l  

W4 = 1 . / l l . + o l  * S OR T F ! D O L 4 *P l 4 l l  
3 1  A 3 = ! 1 . -W 3 1 * A K 3 + W 3 * A R 3  

A4 = ( 1 . -W 4 1 *AK4+W 4 * A R 4  
MD= ! A4-A 3 1 / ( 04 -D 3 1  

A E O = A 4-M0*04 
OH0 L S = OH* < l . - . 8 * E X P F ! - . 0 2 * D L S l l  
S H D L S = . 7 8 * DH D L S * E X P F ! - . 5 * 1 DH D L S * * • 2 5 1 1  
A F 0 = 5 . *A L O G 1 0 1 l • +H l G * H 2 G * F * S HDLS* • 000 0 1 1 
AFO= M ! N l F I A F 0 , 1 5 . 1  
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9 1  A E D = AED+AF 0 

I F  ( KM . EQ .  2 1  GO T O  40 

I F  I KK . EQ .  2 1  GO T O  20 

S A F O = A F O 

S W 3 = W 3  $ SW4=W4 $ S A 3 = A 3  $ S A4 = A 4  

2 9  A D = AED+MD*D 

3 2  T D = I T E + D / A l *D 

c 

SD L l = D L l  S S D L 2 = D L 2  S S D L = D L  $ S T E l = T E l  S S T E 2 = T E 2  

S T E =  T E  

C C A L C U L A T I O N  O F  S C A T T E R  A T T E N UA T I ON 

c 
C A L L  S C A T T  

I F  I H 5 . L E .  l O e l  A E S=AH5 -MS*D5 

I F  ( H 5 . LE .  l O e l A S = A E S +MS*D 

I F ( H5 . L E . l 0 e l GO TO 30 

MDS = M D  

A ED S = A E D  

O H = O .  

GO TO 1 0  
2 0  A D O = A ED 

MDO=MD 
M D =  M O S  

A E D = A ED S  

DX l = ( A H 5 0 - M S * D 5 - ADO l / ( M00-MS l 

DX 2 = ( R DL + . 2 5* ( A* A / F l ** • 3 3 3 3 3 3 3 3 3 3 * AL0G l O < F l l  

D X O = D X 1 * ( 3 . - . 2*H5 l +D X 2 * ( • 2 * H 5 - 2 . l  

A X O = A DO+MDO*DXO 

A S X = AX0+ ( AH 5 -AH5 0 l  

A E S = A S X -MS*DXO 

A S = A E S+MS*D 
3 0  D X = ( A E S -A E D J / ( MD-M S J  

D X N = D L + . 2 5 * ( A*A /F l ** • 3 3 3 3 3 3 3 3 3 3 * A L OG 1 0 ( F J  
I F  ( OX N  . G T .  DX J A E S = A E D+ < MO -M S l *D X  

I F  ( D XN . G T .  DX l D X = D XN 

ACR = A D  
I F  ( 0  . G T .  D X l A C R = A S  

D L l = S D L l  $ D L 2 = S D L 2  $ D L = SD L  $ T E l = S T E l  $ T E 2 = S T E 2  

T E = S T E  

D H = D H S  

4 1  CON T I NUE 

40 R E TU R N  
E N D  

SUBROU T I NE S C A T T  

C SUBROU T I NE TO COMP U T E  S C A T T E R  P A R A M E T E R S  

c 
COMMON / M / f , D tN S t A t O H t DHS , S t E t POL t KM 

COMMON /MP / H l E t H 2 E • H l G • H 2 G t D L S l , O L S 2 • DL l • D L 2 • D L , OL S , T E l • T E 2 , T E , K L  

CO�MON / MA R l 4 / 0 3 t 0 4 t T 5  

COMMON / M L D S /  A G t A D • A S t AC R . A E O . MO . AH5 0 . A H 5 t 0 5 t MS . AE S . o x . H 5 

R E AL N S , MD t MDO , M S t MS S t M DS t K l t K 2 , K3 t K 4  

K K = O  
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1 0  K K = K K + l  
D 5 =D L +  2 0 0 .  

D 6 = D L +  4 0 0 .  

1 1  T 5 = T E +D 5 / A  

T 6 = T E + 0 6 / A  

H 5 = M I N l F l l ! l . / H l E  + l e /H2 E l / C T 5 *F*A B S F l . 00 7 - . 0 58 * T 5 1 l l •  1 1 5 . l l  
H 6 = M  I N  l F  I I I 1 .  / H l  E +  l • /H2 E I I I T6* F*AB S F  I •  0 0 7 - • 0 5 8 * T  6 )  l l • I  1 5  • l I 
S 5 = H� + l O . •A L OG l O I F *T 5* * 4 l - . l * C N S- 3 0 l · l *E X P F C -T S *D S / 4 0 • l  

S 6 = H6 + 1 0 e *ALOG 1 0 � F * T 6 * * 4 l - · l * I N S- 3 0 l · > *E X P F ! - T 6 * D 6 / 4 0 • l 

I F I T 5 * D5 e L E e l O · I AH S = S 5 + 1 0 3 e 4 + . 3 3 2 * T 5 •D5 - l O • *A L OG 1 0 1 T 5 *D 5 l 

I F I T 6 *D6 . L E . 1 0 · 1 A H 6 = S 6 + 1 0 3 e 4 + • 3 3 2 * T 6 * D6 - l O . *A L OG l O I T 6 *D6 l 

I F I T 5 * D S  . G T .  1 0 ·  . A ND . T 5 *D5 · L E .  7 0 • 1 A H 5 = S 5 + 9 7 e l + . 2 1 2 * T 5 * D 5 -2 . 5 * 
C A L0G l O I T 5 * D 5 1 

I F I T6 *D6 . G T .  1 0 ·  . A N D . T 6 *D6 . L E .  7 0 · 1  A H 6 = S6 + 9 7 . l + . 2 12 *T6*D6 - 2 . 5  

C•A LOG 1 0 ! T 6 *D6 l 

I F I T 5 *D5 . G T .  7 0 . l  A H 5 = S 5 + 8 6 . 8 + . 1 5 7 * T 5 •D 5 + 5 . *ALOG 1 0 1 T 5 * D5 1 

I F I T 6 * D6 . G T .  7 Q . I  A H 6 = S 6 + 8 6 • 8 + . 1 5 7 * T 6 •D6 +5 . *A L0G l O I T 6 *D6 1 

M S = ! A H 6 - A H 5 l / I D6 -D 5 l  

I F  I KK • EQ • 2 l GO T 0 2 5 

I F  ! H S  . L E .  1 0 . 1 GO TO 3 0  

I F  I KK . E a .  l l  G O  T O  2 0  

2 5  M S =M S S  

A H 5 0 = A H 5  
A H 5 = A H 5 S  

D 5 = D 5 5  

GO T O  3 0  

2 0  D H = O .  

DL l = D L S l * E X P F ! - . 0 7 * SOR T F I DH / H l E l l  

D L 2 = D L S 2 * E X P F l - . 0 7 • S Q R T F < DH / H 2 E l l  
D L = D L 1+D L 2  

T E l = l . 0006 5 / D L S l l * l l DL S l / D L 1 - l . J *D H - 3 . 0 7 7 •H l G I  

T E 2 = < . 0 0 0 6 5 / D L S 2 1 * < 1 DL S 2 / DL2 - l • l *DH- 3 . Q 7 7 * H2 G l 

T E = M A X l F l l T E l + T E 2 l t l -D L / A l l  

T = T E +D/A 

A H 5 S = A H 5  

M S S =MS 

D 5 S = D 5  

GO T O  1 0  

3 0  C ON T I N UE 

R E T URN 

E N D  

SUBROUT I N E L O S  

C SUBROU T I NE TO COMP U T E  L I N E  OF S I GH T  A T T E NUAT I ON 

c 
COMMON / M / F , D . N s . A . DH . DHs . s . E . POL . K M 

COMMON / N R /  J Z , W t SW 3 t SW4 , SA 3 , S A 4 t S A FO 

COMMON /MP / H l E t H2 E t H l G t H 2 G t D L S l t D L S2 t DL l • DL 2 • DL , D L S t T E l • T E 2 t T E t K L  

COMMON / ML D S /  A G t AD t AS t AC R , AED t MD , A H 5 0 , AH 5 , D 5 t MS , A E S t D X t H 5  

COMMON /ML / o o . 0 1 . 0 0 1 . 002 . A O . A l . K l t K 2 t A L t AL S t A OG 
R E A L  NS , MD t M OO , M S , MS S t MOS t K l t K 2 t K 3 t K 4 , M  
K M =2 

C A L L  D I F F 
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K M = O  

c 
C CALCUL A T I ON OF TWO R A Y  THEORY 

c 
DO l = . 0 0 0 0 4* H l E *H 2 E * F  
D 0 2 = M I N l F l ! -A E D / MD l t l DL- 2 · 1 1  
I F  I AE D  . G E .  0 . 1 D O =M I N l F ! DO l t C . 5 *DL l l 
I F  I AE D  . L T .  O . l D 0 = . 5 *DL 
IF I A ED . L T .  O • •  AND. D02 . G E .  DO I DO= D02 

D l = D 0 + . 2 5 * 1 D L-D O I  
I F  ! D l  . L E •  DO I D l =D0 + . 2 5 * 1 D L S -D O l  
J = O $ DS=D 
IF I J . Ea .  O J  D = D O  

2 2  D I V = l •  $ P S I = A T A N F I C H l E +H 2 E l / l l O OO . * D l l 
2 DHD=DH* C l . - . 8  * E X P F C - . 0 2 *D l l 

S H = . 7 8 * D H D * EX P F ! - . 5 * D H D ** • 2 5 l  
S P =S I NF C P S l l  
X = l 8 0 0 0 . * S / F  
P 2 = < Sa R T F C  I E- C O S F C P S i l *COSF < P S i l l * * 2 + X *X l +E-COSF ! P S i l *COSF ! PS i l 1 / 2  

c .  
P = SQR TF ! P 2 l  
a = X / 1 2 . *P I  
I r  C POL . E a .  l · I B = ! E*E+X * X l / I P 2 +0*a l 
I F C P OL . Ea .  - l . l B = l • / C P 2 +a•a l 
I F  ! P OL . E a .  l . l M = 2 • * 1 P*E+a*X l / ! P 2 +a*a l 
I F  ! P OL . E a .  - l · l M = 2 . * P/ ! P2 +a•a 1 
R 2 = C l . + B * S P * S P - M * S P l / l l • +B * S P * SP+M*SP l 
R E =SQRTF C S P I 
sa E X F = Sa R T F C R 2 l * E X P F l - . 02 0 9 5 8 4 4 7 3 * F *SH*SP l * D I V  
I F  ! S a E X F  . G T  • •  5 . A N D .  s a E X F  . G T .  RE I R E = S a E X F  
C = AT ANF C Q / C P + SP l l - A T A N F I O / C P -SP l l  
I F  C P OL . Ea .  - 1 . I G O  TO 40 
Y l = ( X * S P +a l / I E * S P+ P l  
Y 2 = 1 X* S P -Q l / C E * S P - P I 

I F  I E *SP . G E .  P l  C =A T A N F ! Y l l -AT ANF I Y 2 l + 3 . 1 4 1 5 9 26 5 4  
I F  C E •SP . L T .  P . A N D .  P * S P  . G T • •  5 1  C = A T AN F ! Y l l +A T A N F C Y 2 l  
I F  I E *SP . L T .  P . AN D .  P * S P  . L E • •  5 )  C = A T A N F C Y l l -A T A N F I Y 2 l  

4 0  I F  < J  . Ea .  0 1  
C A 0 = - 1 0 . •A L OG 1 o c 1 . + R E • R E - 2 . • R E *COS F ! . 00 0 0 4 1 9 1 7* F * H l E * H 2 E / D O - C I )  

I F  I J  . Ea .  l l  GO T O  3 
D = D l  $ J = l  
G O  TO 2 2  

3 CON T I N U E  

c 

D = D S  
I F  ( J  . E a .  l l  

C A l = - 1 0 . *A L OG 1 0 ! 1 . +R E * R E - 2 · * R E * COSF C . 00Q04 1 9 1 7 *F *H l E * H 2 E / D l - C l l  

C COM B I N A T I ON O F  TWO R A Y  THEORY AND D I F F RAC T I ON 
c 

A L S = AED+MD*DLS 
A L = A E D +MD*DL 
D E D O = A ED+MD*DO 
D E D l = AED+MD*D l 
S A O = A O  $ S A l = A l  

3 - 3 9  



Computer Program Listing (continued) 

W = ! M I N 1 F ! H 1 E t H 2 E l /MAX 1 F ! H l E , H2 E l l / ! l . +F*DH* • OO O l l 

W = l . / ! l . +F *DH• . 0 0 0 1 )  

A O =M I N l F ! < W*AO + ! l . - W l * D E D O l , D ED O l  

A l = M I N l F ! ! W* A l + ! l e -W l *DED l l t DE D l l  

1 0  K 2 = ! ! A L S - A O l * ! D l -D O l - ! A l - A O ) * ! D LS-DO l l / l l D l -DO l *A L 0G l O ! DL S /D O l -

C C DL S -D O l *ALOG 1 0 1 D l / DO l l 

K 2 = M A X 1 F C K2 t 0 • > 

K l = ! I A L S -A 0 ) - K 2 * ALOG l O I D L S / D0 l l / ( D L S-D O l  

I F  I K l  . G E . 0 . 1  GO T O  5 0  

K l = O .  

K 2 = ! AL S- AO l / I A L0G l O C DL S / D O l l  

5 0  A G = A O +K l * I D- D O > + K 2 * A L 0G l O I D /DO I 

I F  ! AG . L T •  O . l  AG = O .  

5 1  A O G = A O  

5 3 A C R = AG 

R E TURN 

E N D  

3-40 



Computer Program Output 

COLORADO P L A I NS NS•29 0 .  

F• i o o . o  DH• 9 0 . 0 0  H l G •  4 . 0 0  
A E• 28. 09 
AEO• 3 9 · 24 
D s . o o  
A 35. 24 

K l •  ch493S6 K2• 
MD• 0 . 2 8 1 5 1  

1 0 . 0 0 '  2 0 . 00 
3 9 . 72 44 e87  

AES• 

F • 1 0 0 · 0  OH• 90 . 0 0  H l G• 4 . oo 
AE• 24 . 93 
AEO• 36! 1 5  
0 s . o o  
A 3 1 . 9 1 

K l • 0 ! 4 0 1 59 K 2 •  

MO• 0 . 27636 
l o . oo ' 20 o 00 
36 . 05 4 1 . 6 8  

AES• 

F • l o o . o  DH• 9o . O O  H l G• 4 . 0 0  
AE• 22. 62 K l s  0 ! 36 162 K2• 
AED• 3 3 · 8 1  MO• O o 27609 AES• 
D 5 . 0 0  l o . oo 2 0 . 00 
A 2 9 . 47 3 3 . 44 3 9 : 23 

F • l o o . o  OH• 90 . 0 0  H l G• 4 . o o  
A E• Jo . i s  l<l •  0 !3200 K2• 

AEO• 4 0 ! 1 8  MO• 0 . 28 4 1 7  A ES• 

D s . oo l o . oo 20 . 0 0  
A 37 0 34 4 1 . 36 4S o 8 7  

F• l o o . o  DH• 9 0 a 0 0  Hl G• 4 o O O  
AE• 26 0 22 
A ED• 36 o l 6  
D 5 o 00 
A 3 3 . 30 

K l •  0!24421 K2• 

MD• 0 0 27885 
l o  . o i) "  20 . 0 0  
37 . os 41 . 73 

AES• 

F• 1 0 0 · 0  oH• 9 0 0 0 0  H l G• 4 . o o  
AE• 
A ED • 
0 
A 

F • 
A E• 
AED• 
0 
A 

F • 
A E• 
AEO• 
D 
A 

F • 
AE• 
AEO• 
D 
A 

2 3 0 10 
33 !88  
5 o 0 0  

3 0 . 79 

K l •  ih 2J397 K2• 
MD= 0 0 27858 

1 0 0 0 0 ·  2 0 0 00 
3 4 . 5 1  3 9 0 40 

AES• 

5 0 . o  DH• 9 0 . 0 0  H l G• 4 . o o  
3 1 . 3 1 

47·89  
5 . 0 o  

42. 07 

K l •  1 • 0 1536 K2• 
MOa 0 . 29676 

i o . o c» 20 0 0 0  
4 9 . 6 0  5 3 0 8 2  

AES• 

5 o . o  DH• 9 o . O O  H l G• • . o o  
29 . 15 l< l  • 0 • 47486 K 2 •  

4 2 · 92 MD• 0 . 24920 AES• 
s . o o  1 0 . 00 20 . 0 0  

38 0 1 6  4 3 . 39 47.90  

2 0 . 0  DH• 9(i . O O  H l G• 3 . 3 0  
3 o . 25 K h  0 !3 1 408 K2• 

4 3 e 48 MO• O o 20074 AES• 

s . o o  1 0 . 0 0  20 . 00 
3 9 . 49 4 4 0 36 47.SO  

H2G• 3 . 00 TF• 
6! 69918 OLS• 

69.�8 MS• 

3 0 . 0 0  5 0 ! 0 ii  
47 . 6 9  53!32 

H2G• 6 . o o  TE• 
7 ! 1 0267 OLS• 

64.85 MS• 

3 0 . 0 0  5 0 ! 0 �  
4 4 . 44 49 .97 

H2G• 9 0 00 TE• 
7 !20867 DL S• 

6 1 . 49 MS• 
3 0 . 0 0  SO!On  
4 2 . 09 47 · 61 

H2G• 3 . oo TE• 
7!97226 CLS• 

1 1 .29  MS• 

3 0 0 00 5 0 ! 0 n  
48 . 7 1  54 . 39 

H2G• 6 0 00 TE• 
8! 39353 DLS• 

64.98  MS• 

30 0 0 0 5 0 ! 0 n  
4! e 52 5 0 ! l O  

H2G:a 9 o OO TE= 
8 !47052 OLS• 

6 1 o 75 MS• 

3 0 0 00 5 0 ! 0 0  
42.24 47 0 8 ]  

H2G• (i . 55 TE • 
8! 14286 DLS• 

7 8 . �6 MS • 

3 0 . 0 0  5 0 ! 0 ii  
56 . 79 62!7'2 

H2G• l o 7 0  T E •  

9!49046 DLS• 
69.78  MS• 

30 . 00 5 0 ! 0 0  
50 . 40 55!3P 

H2G• l o 3 0  TE• 
1 0 !97428 OLS• 

64035  MS• 

30 . 00 5 0 ! 0 0  
49 . S l  53!52 

3 - 4 1  

0 · 0 04861 DX• 1 33 . 8 8  
1 5 . 23 ALS• 4 3 . 53 

o . oSH 8 ADX •  7 6 . 93 
0 0 . c; o  
6 1 � 76 

0 . 0 02464 DX• 1 30 . 1 1  
1 8 . 1 6 ALS• 4 1 . 1 7  

0 . 05515 A DX• 12 . 1 1  
a o . c; o  
5 8 • 26 

o . o o l s56 DX• 1 2 6 . 0 2  
2 0 . 4 1  ALS• 39 . 44 

0 . 05641 
8 0 ! 0 0  

ADX• 6 8 . 6 0  

55 • 89 

0 · 0048 6 1  DX• 1 3 5 . 25 
1 5 . 23 At.S• 44. 5 1  

0 .  o-541 8 
8 0 ! 0 0  

AOX• 7 8 . 62 

6 2 0 92 

0 . 0 02464 DX• 1 2 9 0 2 1  
1 8 0 1 6 A LS• 4 1 .22 

0 . 05575 ADX• 12 . 1 9  
8 0 ! 0 0  
58!46 

O o OO l S56 DX• 1 2 5 0 44 
20 o 4 l  ALS• 3 9 0 57 

O o OS64l ADX • 68 0 83 
8 0 ! Q O  
56 ! 1 7 

0 . 029474 DX• 1 2 1 . 70 
1 1 . 1 9 ALS• 5 1 . 2 1  

() . 046�4 ADX• 8 4 . 0 0  
8 0 • 0 0  
7 1 ; 6 3  

O o 0 08so5 D X •  1 36 . 42 
1 3 . 48 ALS• 4 6 . 2 8  

o . os221 A DX• 7 6 . 9 1  
8 0 • 0 0  
62;86 

0 0 0 1 1970  DX• 1 39 0 2 1  
1 2 . 07 ALS• 45 . 9 1  

o . o5o84 
8 0 o 0 0  
59 ;54 

AOX• 7 1 .43  



Computer Program Output (c ontinued) 

COLORADO MOUNTAINS 

F•  l O O o O  OH•6S o . oo H l G• 4 o 00 
AE• 52 . 42 K l •  0 .!68866 K2• 
AEO• 5 9 a 29 MO• 0 0 28955 AES• 
o 5 . o o i o . oo 2 0 0 0 0  
A 5 6 0 33 5 9 . 97 6 5 a 0 8  

F• l o o . a  OH•65 o . o o  H 1 G• 4 0 0 0  
A E •  4 7 0 62 K l •  Oo 57 1 13 K2= 
AEO• 5 3 0 9 9 MO• 0 0 26795 AES• 
o 5 0 0 0  l o . o o · - · 20 0 0 0  
A 50 0 95 5 4 . 02 59 035 

F• 1 0 0 0 0  OH•65o . oo H 1G• 4 0 0 0  
AE• 45 0 85 K l •  O o 52997 K2• 
AEO• 52 o l 7  MO• 0 0 26 0 6 1  AES• 
D 5 0 6 0  l O a O O 20 o 0 0  
A 480 94 5 1 . 78 5 7 0 27 

F•  l O O o O  DH•65o . o o  H lG•  4 . 00 
AE•  5 3 . 20 K l •  Q o 67804 K2• 
AEO• 6Q o 0 l  MO• 0 0 29374 AES• 
o 5 . o o  l o . o o · 2 0 0 0 0  -
A 57 . 1 6  6 Q . 79 6 5 0 88 

F•  l O O o O  OH•650 o 0 0  HlG• 4 o 0 0  
AE• 48 o l 3 K l •  O o 55941 K2• 
AEO• 5 4 0 43 MO= 0 0 27074 AES• 
0 5 . o o l O o O O 2 0 0 0 0  
A 5 1 0 51 54 0 56 59 .84 

F•  l O O o O  OH•65o . o o  H1G= 4 . o o  
AE •  46 . 33 Kl • 0 0 5 1 989 K2• 
AEO• 52 0 59 MO= 0 0 26327 AES• 
D 5 o 00 1 0 . 0 0  2 0 o 0 0 
A 490 47 5 2 0 3 1  5 7 0 7 4  

F• 
AE• 
AEO• 
0 
A 

F•  
AE•  
AED• 
0 
A 

5 0 · 0  OH•65o o o o HlG• 4 o OO 
68 . 73 Kh 1 0 8738 1  K2• 

8 6 � 2 1  
5 . oo  

79 . 2 1  

MO= O o 4 6 l l 5  
i o o oo · - 2 0 . 00 
8 9 o 0 6  95 043 

AES• 

5 0 0 0  OH•65o o o o  H 1G• 4 . o o  
51 . 08 Kl • l • O l 365 K2• 

62 • 7 1  MO• 0 0 32 0 0 4  AES• 
5 . o o  l o . oo 20 0 0 0  

57 0 56 6 3 . 23 69 o l l  

2 0 o 0  DH•6So . o o  H lG•  3 o 30 
44. 25 K l • l o 52346 K2• 

63 o l5 MD• o . 3331 5 AES • 
5. oo 1 0 . 0 0  2 0 . 0 0  

54. 80 63 . 68 6 9 o 8 l  

H2G• 3 . o o TE• 
0 • 66909 OLS• 

- 9 1 . 24 MS• 
3 0 . 0 0 5 0 • 0 ii  
67 .97 73!76 

H2G• 6 . o o TE• 
0 • 69038 

- 9 4 . 89 
3 0 0 0 0  
6 2 . 0 3  

OLS• 
MS• 
50 o O (i  
67! 39 

H2G• 9 e 0 0  TE• 
0 • 6 3 1 53 

-87 0 84 
3 0 . 0 0  
59 � 99 

OLS• 
MS• 
5 0 .! 0 0  
65,!20 

H2G• 3 . o o TE• 
0 • 80 526 DLS• 

- 9 l o 24 MS• 
30 0 0 0  5 0 • 0 0  
6 8 . 82 74!7ii 

H2G• 6 0 00 TE• 
0 08 3653 OLS• 

- 9 5 . 0 o  MS• 
30 o o o  so . o n  
6 2 ; 55 67:96 

H2Gc 9 o OO TE• 
O o78 1 75 DLS• 

- 8 8 0 6 8  MS• 
30 . 0 0  5 0 • 0 0  
6 0 . 49 65;75 

1 0 59156 
I 2 0 . 32 

3 0 . 0 0  
l 0 0 e 04 

DLS• 
MS• 
so . o o 

1 09 !_ 27 

H2G• l o 7Q TE• 
2 0 02007 OLS• 

- 9 5 . 0 6  MS• 
30 . 00  S O o O n  
12 . 3 1  79;1 1 

H2Ga l . 3 o  TE• 
4.!1 8953 OLS=i 

9 8 . 9 2  MS• 
30 . 0 0  5 0 • 0 n  
73 . 1 4 79;8ii  

3 - 42 

o . 1 8 0463 DX• 1 3 l o 08 
1 5 . 23 ALS• 6 3 . 70 

Q . 04574 ADX • 9 7 . 24 

o . 1 1 7 7 1 2  DX• 1 6 4 . 84 
1 8 . 1 6  ALS• 5 8 . 86 

O a 0 1984 ADX• 98 . 1 6  

O a l O Oi78 DX• 1 6 4 0 3 2  
2 0 . 4 1 ALS• 5 7 0 49 

0 0 04351 ADX• 94 . 99 

o . 1 8 0463 DX• 1 2 5 . 95 
1 5 . 2 3 ALS• 6 4 0 48 

O a 04574 ADX• 9 7 . 0 0  

o . 1 1 771 2  DX• 1 6 l o 69 
1 8 : 1 6 ALS• 5 9 . 34 

O a O l 9S4 ADX• 9 8 . 2 0  

O a l O Oi78 DX• 1 6 1 . 52 
2 0 . 4 1  ALS• 5 7 0 96 

O a 04351 ADX• 95 . l l  

1 0 482328 DX • 1 6 3 . 9 7  
l l e l 9 ALS• 9 1 . 37 

0 • 25309 ADX• 1 6 1 082  

g . 30 5643 DX• 1 2 8 0 3 5  
1 3 . 48 ALS• 67 0 0 3 

O o 06799 ADX• 1 0 3 . 79 

o .437 338 DX• 1 4 6 0 37 
1 2 . 0 7 ALS• 67 . 1 7  

0 . 08873 ADX• l l l o 9 1  



 

Computer Program Output (continued) 

O H I O  NS• 3 1 2 .  

F • l o o . o  OH• 9 0 . 0 0  H l G= 4 . 0 0  
A E •  2 8 , 1 3 K l •  0 • 47405 K2• 

AEO• 39•26 MO= 0 , 274 1 8 AES• 

o i o . o o  20 . 0 0  3 0 . 0 0  
A 39 , 6 0 4 4 . 74 4 7 . 48 

F • l o o . o  DH• 9 0 . 0 0  H 1 G •  4 . o o  
A E •  2 4 , 98 K l •  0 • 38606 K2• 
AEO• 36 · 1 9  MO= 0 . 26 9 1 2 AES• 
D i o . oo 2 0 . 0 0 ·  3 0 . 00 
A 3 5 . 97 4 l o 57 4 4 . 2 6  

F • i o o . o  D H =  9 6 . oo H l G •  4 . oo 
A E •  2 2 . 67 K l •  0 • 34787 K2• 

AE O •  3 3 . 8 6  MO= 0 , 26883 AES• 

o l o . Do 2 0 . 0 0  J o . o o  
A 3 3 , 39 3 9 e 04 4 l e92  

F• i o o . o  DH= 9 0 . 00 H l G •  4 . 00 
A E •  3 0 . 1 8  K l •  0 • 3 0 8 4 1  K2• 

A E O• 4 0 e l 9 MO= 0 . 27675 AES• 

0 l o . Do 2 0 • 0 0  3 0 . 0 0  
A 4 1 . 26 4 5 . 73 4 8 . 50 

F• i o o . o  OH• 9 Q , OO H l G• 4 . 00 
A E •  2 6 , 26 
AEO• 3 6 . 20 
0 l o . oo 
A 36 .99 

K l •  0!23228 K2• 

Mo= 0 . 21 1 5 1 
2 0 . 0 1 )°  J o . oo 
4 1 . 6 3  4 4 . 34 

AES• 

F • l o o . o  D H •  9 0 , 0 0  H l G •  4 . 00 
A E •  23. 74 
A EO• 33 .94 
0 l o . o o 
A 34 . 46 

F • s o . a  DH= 

AE• 3 0 , 00 
AED• 44 , 45 
0 l o . oo 
A 4 5 . 1 0 

F • 5 6 . o  DH • 
AE• 2 7 . 49 
AE O •  4l o53  
D 1 0 . 60 
A 4 1 . 0it 

F • 2 0 . 0  DH• 

AE• 27 . 77 
AED• 4 l e 83 
D l o . o o  
A 4 1 . 50 

K l •  0!223 1 3  K 2• 

M O• q . 21 1 2 1  AES• 
2 0 . 0 0  J o . o o  
39 . 25 4 2 . 0 1  

9 0 . 0 0  H l G •  4 , 24 
K l •  0!6 1595 K2:a 

MO= q . 25734 AES• 
2 0 . 0 0  3 0 . 00 
49 . 60 5 2 . 1 7 

9 6 . o o  H l G • 4 , 24 
K l •  0 !39565 K2• 

MO• 0 . 234 1 4 
2 0 . 0 0 · J o . o o  
46.22  • s . 56 

AES • 

9 0 . 0 0  H l G• 3. 68 
K l • 0 ! 1 � 176  K2• 

MD= 0 . 1 8 6 0 0 AES• 
2 0 . 0 0  3 0 . 0 0  
4 5 . 55 4 7 . 4 1  

H 2 G• 3 . 0o TE• 

6 • 72692 DLS• 

- 6 9 . 8 1  MS• 
5 0 . 0 0 
5 2 � 97 

H2G• 6 . o o  TE •  

7 • 1 3023 DLS• 
-64,94 M S •  

5 0 . 0 0  
49 , 65  

H 2 G •  9 . o o TE • 

7 • 23686 DLSc 
- 6 1 , 55 MS• 

s o . o o  
4 7 � 3 0  

H2G • 3 . oo T E •  

7.!99234 DLS• 
7 1 . 43 MSD 

5 0 . 00 
5 4 . 0 3  

H2G• 6 . o o  T E •  
8 ,! 4 1 2 7 1  DLS• 

6 5 . 0 7  MS• 
so . o o  
49 . 77 

H2G• 9 . oo T E •  

8,! 49031 D L S •  
6 1 . 8 1  MS • 

s o . oo 
47 , SO 

H2G• 1 . 0 0  T F. •  
8,!93820 DLS• 

7 2 . 89 MS• 
s o . o o 
57 , 32 

H2Ga 3 . oo  TE• 

9.!59 1 05 DLS• 
6 7 . 33 MS• 

5 0 . 0 0 
53 , 2it 

H2G• 3 . 00 TE • 

l l ,!8 1 777 DLS• 
6 1 . 1 4 MS• 

50 . 00  
s 1 . 1 3 

3 - 4 3  

o . 0 04762 D X •  1 40 . 0 4 
1 5. 5 5  ALS• 43 . 52 

0 . 05598 ADX• . 7 7 . 65 

o . 0024 1 4 D X •  1 35 , 88 
1 8 � 53 ALS• 4 1 , 1 8 

o . o57S4 ADX• 7 2 . 76 

o . 0 0 1 524 DX •  1 3 1 .49  
2 0 . 83 A L S •  3 9 . 46 

o . os821 A o x •  69 . 2 1  

0 . 0 04762 D X •  1 4 1 .46 
15 . 5 5  ALS• 4 4 , 5 0  

0 . 05598 AOX• 79 . 34 

0 . 0024 1 4  D X •  1 3 4 . 94 
1 8 . 53 ALS• 41 . 23 

o . os754 AOX• 7'2 . 8 3  

0 . 0 0 1 524 D X •  1 30 . 88 
20 . 8� ALS• 39 . 59 

0 . 05821 AOX• 69 . 43 

0 . 0 1 4366 D X •  1 38 . 42 
1 2 . 74 ALS• 47 . 73 

0 . 05 1 89 ADX• 8 0 . 01 

o . o045 64 o x .  1 44 , 9 2  
15 . 7 9  ALS• 45 . 23 

o . os6 1 0  AOX • 75 , 46 

0 . 0 05064 DX •  148.33  
1 5 . 2 1 ALS• 4 4 . 65 

o . 05580 ADX• 6 9 , 4 1  

USCOMM - ERL 

IOPO 84& - 0 2 1  
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